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1. Introduction

This report summarizes work donme at the Space Science and Engineering
Center from 1 October 1978 to 30 December 1981 to study the relationships
of low level cloud motions to near surface winds over the oceans, and in
particular the near surface winds measured by the active microwave
scatterometer on SEASAT-A. Our approach to this work was largely
empirical, with theoretical guidance only. Consequently, this report
largely discusses comparisons of data, and simple methods of handling the
data.

The purpose of this work was to develop a practical technique to
remove the directional ambiguity of fhe scatterometer winds recovered by
the processing algorithms for the geophysical data records (see Fig. 1).
This technique could then be used to "de-alias'" the data and produce
uniquely defined wind fields. Presumably, the technique could also be
incorporated directly into the processing stream for an operational
scatterometer of the SEASAT type.

Specifically, this report discusses the relationship of winds at cloud
level with mast level winds as observed by island-based radiosonde
stations, cloud motions, sun glint, and ships as well as SEASAT. We are
particularly interested in the veering, or rotation of the direction of the
wind with height, geographical variations of its mean value, and the
dispersion or standard deviation of the veering about the mean. The latter
is the most critical parameter. As long as it is of the order of 45° or
less, the alias removal technique should be workable. Another property
that must be considered is the horizontal variation of the wind direction
over the oceans. It largely determines how many clouds must be tracked, or

over how large a portion of a SEASAT swath each cloud motion may be used to



Fig. 1. SEASAT scatterometer surface winds. Aliases supplied by the
geophysical data record algorithms are shown.



select the best alias vector from those available. Further, we shall
mention results of some subsidiary investigations into the quality of the
"truth data". Finally, we discuss the future outlook for scatterometry
with respect to the alias problem.

2. Background

2.1 Cloud Motions

For the sake of readers unfamiliar with either the scatterometer or
winds determined from cloud motions, we will briefly discuss them and give
references to further information.

The United States GOES satellites normally occupy two stations in
geostétionary orbits. GOES-E is about 37,000 km above 0°N, 75°E and GOES-W
is about 37,000 km above 0°N, 135°E. During routine operation, each
spacecraft scans the earth once each half-hour and forms an image in a
visible band centered at 0.605 microns and a thermal infrared band at about
11 microns. The images are composed of digitally recorded samples (pixels)
whose size varies with distance from the subsatellite point. Maximum
resolution is just under 1 km for the visible image and about 8 km for the
infrared. The orbits are well behaved so that the orbital parameters
obtained from tracking data (with small corrections obtained from landmark
measurements) can be used to precisely locate each pixel. Thus, by
locating a cloud feature in a series of images, its displacement in
30-minute time increments can be determined. More general descriptions
have been given by Mosher (1979) and Hubert (1979).

Specifically, we display a representative portion of each of three or
more satellite images displayed on a television frame which is coupled to
our interactive data analysis system, McIDAS (Suomi et al., 1983). These

frames are looped to present an animated "movie" of the cloud motions. An



analyst selects a suitable cloud by placing a joystick-driven box over it
-— usually after the display has been stopped and frozen on the first
frame. He then slowly steps through the sequence, keeping the cloud
within the box. It is not necessary to precisely align the cursor; the
displacement is determined by a correlation method in which the best fit of
the cloud image at the second time to the image at the first time is used
as the criterion. Quality control procedures are invoked and the wind is
discarded if the wind measured from t2 to t3 varies too greatly from the tl
to t2 wind, or if the correlation peak is on the edge of the cursor box.
Selection of a suitable cloud is a critical step. Because they more
accurately reflect surface wind, very small, low-level, short-lived clouds
are desirable. On the other hand, very small clouds can only be located to
within a pixel. Larger clouds, having more than one identifiable feature,
can be located by the correlation algorithm to within a fraction of a pixel
(of the order of 1/n%, where n is the number of distinctly identifiable
features). Also, if the clouds are both small and too short-lived, false
tracking may result from matching a single pixel cloud, which disappears
and is absent from a subsequent image, with a new single pixel cloud which
forms nearby. To avoid false targets, one can track more clouds than would
otherwise be required and demand consistency with nearby cloud motions in
an editing process. In some cases, the small clouds will be dense enough
to allow a group of them to be contained within the allowable sizes of
cursor boxes and tracked as a group. In effect this is much like tracking
a larger complex cloud. A quantitative estimate of the height of cloud top
is available from the IR, and can often be discerned from the appearance of

the clouds in the visible.



2.2 Scatterometer Observations

The equipment constituting the SEASAT scatterometer is described by
Grantham et al. (1977) and by Johnson et al. (1980), along with the
principles of operation. (See also Grantham et al., 1982.) For
descriptive purposes, the scatterometer is sometimes compared to the
studies of Cox and Munk (1954) in which the scattering of visible light
from the sun by the sea is related to the distribution of slopes produced
by the action of wind roughening the water surface. However, the Cox and
Munk treatment is founded on the limiting case of geometrical optics. As
is mentioned in the references cited, geometrical optics are not adequate
in the microwave scatterometér case. The surface deformation usually has
prominent components at spatial wave numbers the same orders as the
scatterometer wave number. Hence, microwave scattering off the sea surface
arises from Bragg scattering from these short waves mixed with the effects
of tilting the surface by longer gravity waves and swell, which is
essentially a geometrical optics effect. The radar backscatter could be
calculated from first principles for a known surface shape, using the
dielectric properties of sea water. However, the ultimate application is to
know the surface stress, or the low level wind, and it is not possible at
present to relate these to specific surface shapes so that one must resort

to empirical studies.

3. Research Investigations for Alias Removal
3.1 Relation of Cloud Motions to Surface Winds
This research commenced before scatterometer data were available.

Consequently, we first investigated observed relationships between low



level winds with cloud motions, and the properties of low level wind
profiles over the oceans.

The terminology used in this report is not completely standardized,
and requires explanation. We use "veering'" to denote differences in
direction of the wind. The direction of the wind denotes the compass point
from which the wind is blowing; that is, a wind direction of 90° signifies
a wind blowing from the east toward the west. The magnitude and sense of
the veering with increasing height, a, are defined by (1) in which 8 is the
wind direction and Z altitude.

a=16(z,) -6(z) forz,>2 (1)
Thus, positive veering with height indicates a clockwise rotation of the
wind vector with increasing altitude in either hemisphere and must not be
confused with a cyclonic or anticyclonic rotation with height.

We obtained a set of rawinsonde observations for summer and autumn
1978 from real-time reports derived from the Global Telecommunications
System and carried on the WB604 communications line. Of the stationms
available on this circuit, Swan Island, Bermuda, St. Paul Island, and Ocean
Station-P (see Table 1 for station locations) were deemed to be
representative of marine conditions. Consideration was given to distance
from a continental barrier, size of island, and altitude.

Here we shall cite what we believe to be the salient results from this
study. Table 2 summarizes the results for veering between the surface and
the 850 mb level from the four stations. Table 3 gives the equivalent
results in terms of the zonal (u) component and meridional (v) component of
the wind. Mean and standard deviation values are shown in the form, XX+XX.

Dispersion denotes the rms error which would result if linear regression



Table 1.

Station Locations

Name Latitude Longitude ID Number
(deg.) (deg.)
St. Paul Island 57 N 170 W 70308
Swan Island 17 N 84 W 78501
Station-P 50 N 145 W 99021
Bermuda 32 N 65 W 78016
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equations derived from this data set were used to predict surface values
from 850 mb valﬁes.

The mean veering between these levels does not differ greatly among
the stations, the dispersions are all under 36°, and, as far as one can
determine from the given sample, the veering is essentially independent of
the surface direction. Moreover, the 850 mb direction has significant
skill for predicting the surface direction. In every case, the dispersion
is less than half the variance of the surface wind. Evidently, an 850 mb
wind could resolve scatterometer ambiguities unless two or more aliases
were within 40° of the predicted wind direction.

Low level clouds over the oceans reflect air motion near their bases
which are usually somewhat below the height of the 850 mb pressure level,
typically 900 to 925 mb. Fig. 2 shows the mean pressure altitude of the
tops of low clouds about 870 mb. Thus, the 850 mb results are
conservative. However, in the event the height varies, or it is necessary
to combine data from various heights in an analysis, it is useful to know
how winds at altitude vary from surface winds as the altitude varies.

For two stations, St. Paul (70308) and Swan Island (78502),
significant level wind data were routinely transmitted in real time. We
were surprised to note that at both stations there was considerable skill
in inferring surface wind direction at altitudes at least up to 1829 m,
which is well above the 850 mb level. These results are summarized in
Table 4. Incidentally, we note that Table 4 shows that there is skill in
predicting surface speed at St. Paul, but very little at Swan Island.

While all the above results for a few specific locations can hardly be

extrapolated to a global generality, they are indicative and justify the
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Fig. 2. The vertical distributions of cloud tops for 9 July 1979.
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use of low level cloud motions -- at least in some areas. We will return
to this problem later.

3.2 Comparison of Cloud Motions, Sun glint, and Scatterometer Winds

As soon as SEASAT data were available, we undertook a small-scale
validation study in which surface wind estimates from cloud motions, from
an adaptation of the Cox and Munk method to GOES images, and from the
scatterometer were compared (Wylie et al., 1981; see Appendix A). As a
part of this research, we used cloud motions to select the best alias from
the scatterometer. For present purposes, the principal results were that
for the very small number of cases (7) for which the surface wind
directions were available from nearby ships, the scatter of the selected
SEASAT directions about the ship direction was 13°. Similarly, for ships
compared directly with cloud motions, the scatter was 22°.

3.3 Alias Removal Methods

Our earliest semi-automated alias selection method consisted of the
following steps: First, an appropriate set of images from GOES-E or GOES-W
was displayed to match the time and location of the scatterometer data
swath and the scatterometer data read into McIDAS. The scatterometer winds
(all aliases) were then plotted as a graphic overlay on the images. Using
this overlay to define the area of principal interest, suitable clouds were
selected and tracked by the McIDAS WINDCO software to obtain cloud motion
vectors in sufficient numbers and distributed so as to define the principal
flow features (i.e., centers of circulation, cols confluences, etc.).
These vectors were also overlaid on the image -- either in wider lines or a
different color for clarity. Next, the cursor was moved by joysticks to
overlay as many groups of aliases as desired by expanding its size and

controlling its shape by means of a second joystick. A keyboard command
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was then entered to edit the aliases, "blowing away" or flagging the
unwanted ones in the file. The process is illustrated in Fig. 3.

In order to further develop our algorithm removal scheme, and to
provide for eventual automation, it was necessary to quantitatively
consider the horizontal scale of wind variations. One cannot generate a
cloud motion vector directly over each scatterometer observation. However,
for each set of ambiguities, a directional determination is required. How
close must it be? This question is answered by closely related research
carried out for another program (Wylie and Hinton, 1981). The salient
results are shown in Fig. 4. Among other things, this shows that objective
analyses of cloud motions, incorporating two to ten observations per grid
point on a 1° by 1° to 4° by 4° latitude-longitude grid combined with the
weighting function, Wt, given by (2) with D =2, C = 6, would correlate well

with ship observations near a given grid point.

(1+R/D)™%  for R <C
Wt = { (2)
0 for R > C
R is distance from the datum to the grid point in degrees and D ‘is a
measure of the width of the weighting function. C is the "cut off"
distance. Fig. 4 also shows the cloud field contains less small-scale
structure than the ship observations. The gridding scheme should affect
the resulting cloud motion field little since, as shown in Fig. 4, the
weighting fuﬁction is somewhat narrower than the spatial correlations.
The above result suggests that if the scatterometer had a moderate
skill for determining the correct wind direction, one could use the

scatterometer's skill with an iterative process to determine wind

direction. For example, if 1° binning in the scatterometer data is used

14



Fig. 3. Alias removal. The top panel shows a typical example of
ambiguous vectors; most are fourfold, a few twofold. On the original
photograph, the solutions of different rank are in different colors
which do not reproduce equally well in black and white. The lower
panel (from a different day) shows how cloud motions (meteorological
wind flags) have been used to select those vectors having the same

general directions.
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and if these were re-gridded using (2) with R about 4°, each resulting grid
point is influenced by about 36 bins, but strongly influenced by about 16
of them.

If the scatterometer had slight skill, the vector mean of the first
choice aliases would be close to the direction of the correct alias. One
would then choose the alias closest to this direction, possibly repeating
the analysis step using the new choices with a smaller value of R.

A variation on the method is to retain all vectors close to the
direction resulting from the large scale analysis of the first guess
direction, for example 45°. Then there is a re-analysis using the retained
vectors with a sharper weighting function and elimination of remaining
ambiguities by retaining vectors within a smaller angle (say 20°) of the
analysis, or keeping only the closest vectors. Lacking fine scale surface
truth, it is difficult to evaluate how well such methods properly retain
fine details of the wind field, but our opinion is that a multi-step or
iterated analysis is much better than a one-step method. The latter has
more difficulty at edges or interruptions of a data swath where a bin may
not be surrounded by other bins, so that not as much information is
available to influence selection of its direction. After two steps,
information has propagated outward to fix these directions, and subsequent
steps usually produce no further changes.

After a single step, in addition to the edge problem, the analysis may
be "kinky" in a few small regions where there were small clusters of first
choice vectors which were incorrect choices. After two steps, these are
almost always replaced with the same vectors that an analyst would choose
subjectively. Such schemes would work in areas where the wind is uniform

or changes direction smoothly. Reliance on cloud motions would then be
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relegated to areas of sharp change, such as fronts, confluences, small
vortices, and the like.

Unfortunately, as shown in Fig. 5, the data in the Interim Geophysical
Data Record had insufficient skill to use a self starting method as
outlined above. However, this scheme has been successfully tested for
model simulated scatterometer data for incorporating an improved antenna
system (Schroeder et al. 1983)

As long as a large scale reliable first guess of the direction is
available, it can be gridded and used in the manner just discussed. Our
research showed that an analysis of cloud motions would work. We
conjecture that at polar and midlatitudes, where the geostrophic relation
can be trusted, geostrophic directions from a pressure analysis (after an
adjustment for cross isobar flow) as well as ship wind directions could be
used. However, since the intended purpose of remotely sensed winds is to
obtain data in regions poor in surface data, these are not of practical
help. The obvious remaining choice would be geostrophic winds (with an
adjustment for cross-isobar flow) from an analysisAof satellite sounding
data. Twomey (Hayden et al., 1979) gives a technique for determining the
vertical resolution for any temperature retrieval algorithm and set of
measurements. Figure 6 is an example of a Twomey analysis on a set of
instruments resembling those on U.S. polar orbiting satellites (Hayden et
al., 1979). A number of curves are shown corresponding to temperature
delta functions applied at the levels indicated beside the curves. The
shape of each curve represents the vertical resolution relative to
temperature at the indicated level.

Figure 6 suggests the lowest level on these soundings is somewhat too
high and too deep, so they should be reserved for areas where no low level

clouds can be seen.
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Scatterometer directional skill. This figure shows the relative
frequency with which the alias selected with the help of cloud
motions corresponded to the probability rank of the alias in the
interim geophysical data record for a 7-degree of arc long
segment of pars 1339. Some segments show higher skill -- usually
when only two aliases are presented.
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3.4 Applicability of the Method to Various Regions

For another research program we obtained a large volume of cloud
motion and surface ship observations during the 1979 Global Weather
experiment. Unfortunately, SEASAT was no longer functional during this
period. However, we have applied these data to a study of whether a cloud
motion-based de-aliasing method would work uniformly over the globe. As
one might anticipate, we did indeed find that the method works well some
times and places and poorly for others. This means a user of this method
must be aware of geographical and seasonal differences.

We divided the area covered by the data into the regions shown in Fig.
7. Cloud motions were gridded on a 2° by 2° grid daily as described above
using (2). The grids were interpolated to the locatioﬁs of ship
observations and directional differences noted. From these differences we
derived means, standard deviations, and other statistics for all
comparisons within each of the numbered geographical boxes. The results
are summarized in Table 5 which shows the root mean square deviation of the
veering angle from the mean, for each box, by season and cloud motion
direction.

Using 45° rms veering as a usability criterion, we see that the
poorest area is box 3 for all seasons. About 92% of the vectors are in
categories showing large dispersion. Possibly summer winds from the
northern quadrant have usable skill; otherwise, only easterly winds with
speeds over 10 ms-1 should be trusted. In box 6, low speed easterlies in
summer and winter were marginally poor. We were somewhat surprised that
summertime low speed winds in box 12 showed dispersions above 52°.
Similarly, southerly fall winds deviated about 59°. Box 15 was well

behaved except for the 11% of winter winds out of the north quadrant. In
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Fig. 7. Key to the boxes listed in Table 5.
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Table 5. Dispersion of Veering Angles (Degree)

Speed
Less Than 10 m/s More Than 10 m/s
Wind Direction wind Direction
BOX X E s ¥ H] E s W
1 w 29.2 19.2
] 27.5 16.6
F 30.6 11.7
2 w 38.5 18.3
S 34.1 27.0
E 3/.1 17.7
3 w 47.5 55.6 116.8 30.7
S 44.1 85.5 65.8 64.3 45.3
F 51.8 62.2 74.4 51.5
4 w 30.1 16.7
S 26.6
4 18.8
S w 22.6 22.2
S 19.1 11.7
F 36.1
6 W 51.9 20.3
S 34.0 27.9 16.3
F 45.5 22.8 26.1
7 w 25.6
S 32.7
F 30.0
8 w 19.7 22.7
S 40.0
F 17.9
9 w 23.6 23.3 20.8
s 25.6 15.7 14.5
F 21.9 17.3
10 w 19.1 7.5 21.6
S 33.5 17.1
F 27.2 18.2
11 w 17.6 28.5 24.0
S 37.0 21.4
36.5 16.4
12 w 32.5 /.8
S 52.0 2 67.> 17.8
F 43.9 59.1
13 w 4z.0 31.3 35.4 33.0 26.7
S 27.6 27.2 17.3
F 21.8 14.1
15% w 65.9 29./
S 25.4 25.8 18.0
F 21.7 .3
17 w 48.6 27.8 25.8 | 18.8
S 29.8 22.0
F

84.4 40.3 49.7 61.3 19.4

* Boxes 14 and 16 were not used in this study
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box 17, 927 of winter winds, 100% of summer winds, and 74% of fall winds
were in usable classifications.

From Figs. 8a and 8b, we can see that there are relationships between
rms deviation of the veering angle and steadiness and speed -- both
obtained from the surface observations. In this context, steadiness is the
magnitude of the average wind vector divided by the average speed.

However, these two relations (Figs. 8a,b) are not entirely independent
since, as shown in Fig. 9, speed and steadiness are related.

It should be borne in mind that the deviations cited above necessarily
incorporate the observational errors in the ship winds. The plots in Fig.
10 suggest the rms error of the directional measurement of a single ship is
about 40°/2% or 28°. Hence, the results in Table 5 necessarily lie on the
pessimistic side of the truth.

After the problems with the quality of ship observations are
addressed, one would account for regional-seasonal differences of Table 5
on the basis of boundary layer differences. This is beyond the scope of
this report except for a few remarks. Based on a still incomplete study
aimed at producing a statistical boundary layer, the factor of overriding
significance is air sea temperature differences. In mid-ocean regions, air
temperature reflects the pattern of ocean temperatures. Thus, through
advective processes, the ocean temperature field couples with wind speed
and direction to modulate the air-water temperature difference. In some
regions, there are strong constraints due to orography and land sea
temperature differences. Box 3 is an example. There are also regions
where the comparisons are affected by the tendency of vessels to remain
just outside territorial limits which accentuates the thermal or sheltering

effect of the land.
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4. A Case Study Using Scatterometer Data

4.1 Storm Hope

As a demonstration of the potential for monitoring storms over oceans
using satellites, we studied one storm in the North Atlantic for a period
of four days. Tropical storm Hope was chosen for our pilot study because
it traversed an area rich in ship data, and SEASAT was taking data over the
Atlantic as part of its demonstration tests. At the same time, the eastern
GOES-E was providing cloud imagery of the same area for routine weather
observations.

Storm Hope originated on about the 12th of September 1978 off the
coast of South Carolina at 32°N and 77°W. The storm moved to the east and
reached tropical storm status on 17 September. Hope generally followed a
boundary between the tropical air and ocean to the south and the colder
sub-polar conditions to the north (Figs. 11, 12, and 13). This was evident
from the temperature analyses made of the area for a four-day period during
the growth of Hope. To the south of Hope, ocean surface and air
temperatures from 26°C to 28°C were found with very small gradients over
the area south of 30°N. To the north of Hope's track, the temperatures of
both the ocean and the atmosphere decreased sharply with latitude. The
northern boundary of the Gulf Stream from the NOAA/NESS satellite analysis
also is indicated. These patterns depict a "polar front", so to speak, in
both the ocean and the atmosphere at the latitude of storm Hope.

4.2 Data and Analysis

To analyze the air and water temperatures at the ocean surface around
storm Hope, we used observations of the merchant ships. Because there was
a lot of noise in these data and their coverage was thin in some areas, a

compositing technique had to be used. All the ship reports for a four-day
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Fig. 11. A GOES-East image of the North Atlantic on
1700 GMT 17 September 1978.
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Fig. 12. A composite surface air temperature analysis for the
North Atlantic made from all ship reports from 00 GMT
14 September to 1200 GMT 17 September 1978. The track
of tropical storm Hope from 13 September to 17 September
is indicated by the bold line.
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Fig.

13.

70°W 60" W 50°w

A composite surface ocean-temperature analysis for
the North Atlantic made from all ship reports from
00 GMT 14 September to 1200 GMT 17 September 1978.
The arrows depict the northern boundary of the Gulf

Stream from the NOAA/NESS Gulf Stream analysis
17-20 September 1978.
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period, both 00Z and 12Z, were interpolated to a 1° latitude and longitude
grid for the area shown in Figs. 12 and 13. The observations were averaged
together for all four days. Their areal distribution is shown in Figure
14, |

Weights were used to accentuate the observations closest to each grid
point. The weights were defined as in (2) with D = L, and C = 4. lfor the
four days, a total of 430 observations were obtained in the area.

To estimate the stability of the atmospheric boundary layer, the ocean
temperature grid was subtracted from the air temperature grid (Fig. 15).
This analysis indicated that the conditions around Hope ranged from neutral
to slightly unstable south of the storm and to very unstable north of the
storm. No stable conditions were found near the storm. The tropical area
south of the storm had an air-water temperature difference of -1° over most
of the area which is typical of tropical areas. North of the storm,
however, the air-water temperature differences were much larger with the
most unstable area being located around 38°N and 54°W.

The wind field around the storm was analyzed from the combined
observations from three sources: ship reports, the SEASAT active microwave
scatterometer, and cloud motioné. The SEASAT SASS directional ambiguities
were removed using cloud motions.

On 15 September, a SEASAT orbit crossed directly over the storm (Fig.
16), providing observations both in the tropical air south of the storm and
in the unstable air north of the storm. A second orbit also was examined
on 16 September. This orbit, unfortunately, missed the storm center and
only made observations northeast of Hope (Fig. 17). However, it provided
extensive observations in the cold surge that followed the cyclone to the

east of Hope.
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Fig. 14.

The locations of the ship reports used for the
temperature analyses from 14 to 17 September 1978

for both the 00 and 1200 GMT observation times
combined.
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15. The difference between the air and water temperatures
using the analyses shown in Figs. 12 and 13.
Negative values indicate the air temperature was
< the water temperature.
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Fig. 16. SEASAT SASS wind estimates of the North Atlantic over storm Hope.
The SEASAT satellite crossed the equator at 1310 GMT,
15 September 1978 heading north. The background image is
the GOES-East visible channel image of the area made at 1300
GMT.
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During this period the SEASAT SASS often sampled on only one side of
the satellite's orbital track. This nonsymmetrical sampling péttern was
used to experiment with higher resolution coverage in a smaller area (half
degree binning). The consequences of this mode were large gaps beﬁween
orbital tracks, which made coverage more difficult. During the period of
15 to 17 Septembér, only one SEASAT orbit provided direct coverage over the
storm's center during the daytime.

The cloud motion coverage was extensive, both north and south of the
storm (Figs. 18 and 19). The only area poorly covered by cloud motions was
east of the storm where the low level clouds could not be tracked under
cirrus.

Cloud patterns seen on the GOES images indicated the different
atmospheric boundary layer conditions north and south of the storm (Figs.
18 and 19). South of the storm, the low clouds were found in small groups.
(Individual cumuli cannot be resolved with these images.) North of the
storm, cellular patterns were evident resembling those commonly observed
where unstable boundary layers exist (Agee 1973). The cloud motion
observations indicate that the cold flow northeast of Hope turned from
northwesterly winds to easterly winds. Thus, cold air continued to cross
warmer waters as the air circulated around the storm.

To the south of Hope, a strong southwesterly flow was evident. The
cloud patterns in this area were typical of the patterns commonly observed
in tropical areas -- small cloud groups at non-uniform spacings. West of
the storm, a line of clouds can be seen where the northeasterly cloud
motions turned to southwesterly motions. A strong wind directional shift

was apparent along this line. (See Figures 15 through 19.)
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4.3 Boundary Layer Effects

After ambiguity removal, the biases among the data sets had to be
identified and removed. To quantify biases, SEASAT and cloud motions
within 1° of latitude or longitude were compared. Results for the 15 and
16 September are shown in Table 6. Similar comparisons with ship
observations were attempted, but too few co-located pairs were found. Ship
reports often strongly disagreed with neighboring ships, as well as
satellite observations casting doubt on many of the ship observations. We
therefore have ignored the comparisons with the ship winds.

Atmospheric boundary layer wind shear can be different in different
stability regimes. The cloud motion-SEASAT comparisons on 15 September
were divided into two separate groups -- the very unstable area north of
the storm and the tropical area south of the storm -- to isolate the
different cloud motion-surface wind relationships.

North of Hope, we found very little shear between the cloud motion and
SEASAT wind observations. Speed shears averaged less than 0.2 m s-l while
directional shears averaged between 1° and 9° of wind sheering (SEASAT dir.
< cloud motion dir.). South of thé storm, the speed and directional shears
increased to 0.3 m s-1 and 11° veering on the average.

These comparisons are similar to the study of Wylie et al. (198la),
although the speed shears for tropical cloud patterns were slightly larger,
ranging from 0.8 to 2.2 m s_l. The lack of vertical shear where the
cellular cloud patterns were found was also confirmed by the previous
study.

The cloud motions north of the storm were not corrected for sub-cloud
speed shear because of the results shown in Table 6 and the previous study.
Wind directions, however, were given a slight correction of -3° north of
the storm (based on Table 6) to better represent surface conditions.
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Table 6. Mean differences between cloud motion and SEASAT wind
observations. Differences are pairs within 1° latitude or
longitude. The r.m.s. scatter is also shown.

Date and Location . Cloud Motion-SEASAT Winds
Number of

Speeds Vector Pairs

15 Sept north of storm -1 gt 43

16 Sept north of storm -0.0 = 1.2 ms—1 22

15 Sept south of storm 0.3 + 1.8 12

Directions

15 Sept north of storm 1° + 21° 43

16 Sept north of storm 9° + 57° 22

15 Sept south of storm 11° + 43° 12

41



South of the storm, speeds were corrected by 0.7 m s-'1 which is
slightly larger thaﬁ the results shown in Table 6. However, the Wylie et
al. (198la) study indicated stronger vertical shears under these
conditions. The cloud motion directions were corrected by -16° based on
the same studies.

4.4 Surface Wind and Transport Analyses

A combined wind analysis was made around Hope using all cloud motion,
SEASAT, and ship data for 15 and 16 September. Only the 1200 GMT ship
observations were used because these data had to be edited for spurious
values using the cloud motion and SEASAT data. We limited our cloud motion
analyses to the daytime visible images because smaller cloud groups could
be tracked on these images than the infrared images.

All data were interpolated to a 1° latitude and longitude grid in the
same manner as.done with the temperature data. For the two days studied,
552 cloud motion vectors, 307 SEASAT vectors; and 148 ship reports were
used. Four days had to be used for the temperature analyses because of the
lack of satellite data. The wind analysis (Fig. 20) depicts the motions of
the different air types around Hope more quantitatively than the individual
SEASAT and cloud motion plots (Figs. 16-19).

The surface wind analysis (Fig. 20) was converted to a stress analysis
using the bulk aerodynamic method

TR0 CdU2 (3)

where the stress (1) was calculated from the air density (pa) and the wind

speed (U) using a drag coeeficient (C A drag coefficient that linearly

d)'
increased with wind speed, Cd = (0.8 + 0.065U)103, was used as recommended

by Wu (1980).
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Wind Analysis

Fig. 20. Surface wind analysis for the North Atlantic
made from the combination of cloud motion,
SEASAT SASS and ship observations for 15
and 16 September 1978. The positions of
storm Hope from 13 September to 17 September
are indicated by the bold line.
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The curl of the stress (Fig. 21) was strongly positive along the track
of the storm as was evident in the wind plots (Figs. 16-19). The maximum
value found was 56(10)_8 Nm-3 at 29°N and 72°W -- on the line where the
easterlies curved to become westerlies in the wake of the storm. North of
Hope, a moderately negative curl of 10(10)—8 Nm-3 was found while south of
Hope, the curl was ver? small and only slightly negative.

Heat flux and evaporation around the storm were estimated using the
ship and satellite data. The standard bulk aerodynamic formulae were

employed.

HF pcp U(Tw-Ta) (4)

Evap. = pLC, U(Qws—Qa) (5)
Air and water temperatures (Ta and Tw)_were taken from the ship analyses
(Figs. 12 and 13) and combined with the wind speed (U) analysis previously
shown (Fig. 20). The mixing ratio of the air (Qa) was estimated as 80% of
the saturated mixing ratio at the air temperature.

The transfer coefficients used (Ch = 1.5(10)-3 and Ce = 1.3(10)-3)
were based on several previous measurements of these parameters reported in
the literature. Studies in the tropics by Pond et al. (1974), Dunkel et

al. (1974), and Hicks (1975) have found C, to be approximately 1.5(10)-3.

h
This value was confirmed by Francey and Garratt (1978) in the more unstable
conditions found during AMTEX. In the North Atlantic, however, Smith
(1980) found a lower value of Ch’ 1.1(10)—3, using a large set of
measurements. His study appears to be noticeably lower than the previous
work. The same study of Smith (1980) found a drag coefficient (Cd) for

stress that also was lower than most previous literature. We chose a value

for (Ch) that had been repeatedly found by several studies.
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According to Francey and Garratt (1978) and Dunkel et al. (1974), the
evaporation coefficient (Ce) is less than the heat flux coefficient‘(Ch).
The data base from which (Ce) has been calculated is smaller than (Ch)
because of the difficulty in operating humidity sensors over the ocean.
However, some studies such as Pond et al. (1974) and Hicks (1975) have

found (Ce) to be nearly equal to (C The exact magnitude of (Ce) is

h)'
somewhat in doubt because of the variance between these studies and the
small data bases used. The AMTEX data taken in unstable conditions
(Francey and Garratt 1978) most resembled our study and thus we chose a
value that roughly agreed with it.

The sum of the sensible and latent heat fluxes is shown in Fig. 22.
The areas of strongest fluxes were also the areas where the highest wind
speeds occurred -- the easterlies and the area where the easterlies curved
to become westerlies. The cold surge ahead of the storm also is evident in
the heat flux analysis around 42°N and 46°W.

Two separate sea surface temperature analyses were made, one for the
period from 00 GMT on 14 September to 1200 GMT on 15 September (four
observation times), and another from 00 GMT on 16 September to 1200 GMT on
17 Septembef (also four observation times). The two analyses were then
subtracted to show the change in the surface temperature pattern with time
(see Fig. 23).

An east-west belt north of the storm's track cooled by 1° to 4°C in
the interval between the two analyses, a two-day time span. This belt was
approximately parallel to the storm's track. The southwestern end of the
belt partially coincided with the area of maximum heat flux, around 36°N

and 66°W. The largest ocean temperature change (-5°C) was found at 42°N

and 52°W slighly north of where the largest air-water temperature
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Fig. 22. The combined sensible and latent heat fluxes from
the ocean to the air for 15 and 16 September 1978.
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Fig. 23. The change in sea surface temperature between
two composite analyses made two days apart.
00 GMT 14 September to 1200 GMT
15 September 1978, and 00 GMT 16 September
to 1200 GMT 17 September 1978. Shading
denotes areas of temperature chages greater
than 2°C (warming or cooling).
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differences occurred. However, this was upwind of where the maximum heat
fluxes occurred.

We estimated what the changes in the surface temperature pattern were
due solely to the wind driven components of the currents. This advective
prediction (Fig. 24) may be compared with the observed temperature changes
(Fig. 23). We assumed no vertical temperature gradients in the mixed layer
and neglected the divergence of the currents. This feduced the problem to
a simple calculation of temperature advection.

9T/3t = U_,  V-T (6)
To completely model the mixed layer's heat budget, exchanges with the
atmbsphere and radiative heating or cooling also should be considered. Our
objective here is to present and evaluate observational information and not
to develop a complete model. Thus, we have confined our efforts to a
simple calculation of one component of the total heat budget.

To estimate the wind driven component of the currents, we assumed a
mixed layer depth of d = 60 m, and a coefficient of the vertical exchange
of momentum, or viscosity, of v= 0.03 mzs-l, using a density of Ry
1000.0 kg m .

Usge = dt/Cve ) (7
This, in effect served as an approximation of the wind driven surface
currents using the wind analysis shown in Fig. 20 and the stress
relationship (3). The current directions were assumed to be the same as
the wind directions because of the short time scale involved (two days).
Moreover, past observations have found only small veering angles bet;een

the surface winds and the surface currents (Kirwan, et al. 1979, and

Pollard 1977).
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Fig. 24. An estimation of the surface temperature changes
caused by the advection of wind driven currents.
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The results of applying (3), (7), and (6) to the temperature and wind
analyses (Figs. 13 and 20) are shown in Fig. 24. This is a prediction of
the surface temperature changes over a period of two days.

4.5 Evaluation

The changes predicted in the ocean surface temperatures only partially
agreed with the patterns observed. The major change observed was the
east-west belt along 40°N latitude that cooled by 2° to 4°C. This belt was
north of the storm's track and a cooling of part of this area was predicted
by our estimates of advection. East of 55°E longitude we found northerly
winds and high heat fluxes, both implying that a cooling of the ocean
should have taken place. ﬁest of 58°E we did not predict cooling by
advection and the heat fluxes were also weaker; thus we could not explain
the observed cooling. Our advective prediction indicated that cooling was
possible at about 5° of latitude south of where it was observed, along
35°N. The heat fluxes were stronger to the south, giving further evidence
for cooling. The surface temperature measurements showed some cooling at
35°N around 1°C in magnitude and thus part of this cooling belt occurred
where it could be explained by advection and heat fluxes.

Farther to the north of the cooling belt a warming belt was found along
46°N. Part of this belt also was predicted from our advective calculations
because of the southwesterly winds.

At 36°N and 51°E 2°C of warming were found. This feature was not
predicted by our analysis. Wind data from this area was sparse mainly
because of cirrus cloud and SEASAT orbital coverage as previously
mentioned. Thus, we may not have properly predicted the surface currents

in the area.
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For part of the area the estimated wind driven currents were in the
opposite direction from the prévailing currents. Along the coast of North
America we found southwesterly winds and thus predicted southwesterly
currents from 37°N to Nova Scotia. This is where the northerly Labrador
current has been commonly found and wind currents are not expected. We do
not fully know the extent to which the Labrador current caused the
temperature changes.

The winds also oppose the expected direction over part of the Gulf
Stream. A westerly current along 37°N latitude has generally been found,
while our analysis found easterly winds at the same latitude.

To the south of the storm's track no major temperature changes were
found. The advective estimates also did not predict any changes. However,
the heat fluxes were very strong west of 65°W, which implied that some
cooling should have taken place.

The heat fluxes, however, may have been more important to the
convective clouds in the storm than the energy budget of the ocean. From
the gtrong southwesterly winds that entered the storm from the south, it is
apparent that the convective clouds obtained most of their energy from the
air to the south of the storm. This flow picked up a large quantity of
heat and moisture near the storm as shown by the heat flux analysis.
According to our wind patterns, the cold air to the north of the storm did
not feed directly into the storm. While the backside of the cold surge
from the previous storm curved toward Hope, the air did not appear to
substantially enter Hope from the north.

In summary, the study was not extremely successful from the standpoint
of predicting surface temperature changes. Possibly the chief difficulty

was reliance on ship observations for surface temperatures. However, it
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provided an important learning exercise in combining data from various

sources.

The symbiotic relationship among cloud motions, ship

observations, and scatterometer winds is best illustrated in the final

figure (Fig. 25).

5. Reprise

This report has covered much material. We would now like to present

to the reader our conclusions which are based both on the studies presented

above, and especially on our experience.

Cloud motions can be used to de-alias scatterometer winds -- if
it is done thoughtfully with due regard to cloud type, orography,
and air-sea temperature difference climaﬁology.

Because of swath width and coverage characteristics the SEASAT
scatterometer does not constitute a complete observing system
exploiting its 100 or 50 km resolution. It could, preferably, be

flown on a multi-satellite system, or at least as a valuable

adjunct to other observing systems like ships and cloud motions.

After alias removal, the flow patterns revealed by the
scatterometer seemed consistent with the meteorological phenomena

seen in the geostationary movie loops.

We refer the reader to the recent study by Schroeder et al. (1983)

which suggests that it is feasible to build a scatterometer with sufficient

skill to build a self-initiating iterative de-aliasing scheme. This

motivates our final point.

Winds at cloud level and winds near the surface may give us valuable

information on the state of the intervening atmosphere. Possibly the speed

and direction differences across this lowest 100 mb which are closely
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related to ocean-atmosphere momentum transport can be used as one index of
stability and transports of heat and moisture. In our case study, we used
all the winds as surface winds. With better space-time coverage from a

scatterometer, two levels can be considered.

8/SEASAT/01
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Appendix A

Reprinted from JOURNAL OF APPLIED METEOROLOGY, Vol. 20, No. 4, April 1981
American Meteorological Society
Printed in U. S. A.

A Comparison of Three Satellite-Based Methods for Estimating Surface Winds over Oceans

DoONALD P. WYLIE, BARRY B. HINTON AND KELLIE M. MILLETT'
Space Science and Engineering Center, University of Wisconsin-Madison, Madison, WI 53706

(Manuscript received 11 August 1980, in final form 24 January 1981)

ABSTRACT

The feasibility of using satellites for providing surface winds or wind stress data was explored. Three
popular methods were compared using nearly colocated data to assess the accuracies of each and the
coverage that each could provide. The three methods tested were 1) the use of the sun glitter reflection
seen on visible images of the ocean surface; 2) the use of active microwave sensors (flown on SEASAT)
which reflect microwaves off the ocean surface; and 3) the use of cloud motions as indicators of the
surface winds.

Close agreement in wind speed estimates was found among the three methods. The biases were <0.6 ms™*
for comparisons between comparable methods of estimating surface winds (1 and 2). Cloud motion com-
parisons to the other methods exhibited biases of <3.0 m s~'. Individual point-by-point comparisons
between wind measurements had an average scatter of 2.0 m s~! (rms) or less after the mean biases were
removed. Atmospheric variability caused as many of the differences as the instrumental errors indicating
that meaningful wind information could be obtained from all three methods.

Very detailed spacial coverage was obtained with the sun-glitter method for wind speeds. However,
the coverage was restricted to a narrow band 5° of latitude wide in the tropics. SEASAT alsg provided
good coverage for two swaths (4° longitude wide) on each side of the satellite’s orbit. Gaps between the
swaths and orbits (polar non-synchronous orbits) were left unsampled. Both methods required external
data on the wind directions which were obtained from cloud motions. The cloud motions provided
coverage over larger areas than the other two methods because of the abundance of low-level cumuli.

The following pages contain material extracted from the original article,

to which the reader is referred for details.
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All three methods were compared in two geo-
graphical areas: the eastern Pacific off the coast of
Columbia, South America, and the Atlantic north-
east of Brazil. Both areas were in the tropics be-
cause of the restrictions of the sun glitter method
(see Table 2).

TABLE 2. The basic characteristics of the areas
used for the comparisons.

Pacific Atlantic

Bounds

Latitude 2°S-6°N 4-19°N

Longitude 80-99°W 39-55°W
Range of cloud-motion speeds 3-10m s™! 3-1Sms!
Range of surface wind speeds

(glitter method) 2-8ms™! 3-10m s
Range of air-sea temperature

difference (ship reports) -1to -5°C -8to +7°C

Two days were studied in each area. One SEASAT
oribt per day was chosen for the comparisons. All
SEASAT orbits used passed through the areas within
3 h of the time of passage of the sun glitter. GOES
images also were selected to coincide with the pas-
sage of the sun glitter.

In the Pacific comparisons with two ship observa-
tions indicated that the atmospheric boundary layer
was unstable with reported air temperatures of
1-5°C colder than the water on both days. The
exact magnitude of the temperature difference was
difficult to assess because a 5°C air-sea temperature
difference is not realistic over the ocean. However,
consistently unstable conditions for this area were
found in the climatological analysis of Hastenrath
and Lamb (1977).4 -

The wind estimates were grouped into pairs for
the comparisons. All cloud vectors, SEASAT vec-
tors, or glitter vectors within 1° latitute and longi-
tude were averaged. One sun-glitter estimate was
made in the area of each SEASAT vector or cloud.

TABLE 3. Average differences between colocated wind-vector
pairs (m s™') within 1° of latitude or longitude of each other.
The number of paired vectors is given in parentheses.

Clouds* SEASAT
Loca- — Sun - Sun . Clouds*
Date tion glitter glitter — SEASAT

16 Jul 78 Atlantic 3.0 0.6 0.8
(12) (13) (148)

17 Jul 78 Atlantic 2.2 -0.2 2.2
(38) (33) (116)

13 Sep 78 Pacific -0.9 0.3 -0.8
(17) (24) (43)

16 Sep 78 Pacific 0.8 -0.2 0.5
’ (12) (11 (8)

Both Atlantic 9.7°

) (264)
Both Pacific =3(3"

(51

* Corrections for wind shear in the boundary layer have not
been applied.

TABLE 4. The rms deviations (m s™') of the vector pair
differences, i.e., the scatter of one measurement about the other
using colocated vector pairs.

Clouds SEASAT Clouds
Date — Sun glitter — Sun glitter - SEASAT

16 Jul 78 +14 +0.7 *1.9
17 Jul 78 1.5 1.2 12
13 Sep 78 0.6 0.9 0.9
16 Sep 78 1.3 1.3 1.3
Atlantic 15.8°
Pacific 14.2°
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FiG. 4. The comparison of cloud motions to the sun glitter surface wind estimates:

(+) Pacific area, (x) Atlantic area.
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SEASAT ESTIMATED SPEED [M/S]
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F1G. 6. The comparison of cloud motions to SEASAT wind estimates:

(+) Pacific area, (Xx) Atlantic area.




