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Foreword

High resolution SAR-derived wind fields over the
ocean offer the potential for a new and unique per-
spective of the spatially evolving wind field, especially
within storms and along coasts. SAR wind fields of-

meteorologists. The Seasat SAR, however, was for the (ASAR) began to emerge. From the early evidence
most part uncalibrated, and image processing usually (see following section), most of the engineering prob-

took hours, sometimes months.

In the wake of this short burst of activity in the late
1970’s, no other civilian free-flying (non-Shuttle) sci-

lems associated with the Radarsat-1 ScanSAR have
been largely overcome in the Envisat wide swath

ScanSAR modes. With respect to Radarsat-1, the
Envisat ScanSAR antenna beam corrections are more

ten show a spatial variability neither modeled nor mea- entific SAR was launched for more than a decade. Then, precise, the radar system dynamic range is wider and
sured by any other technique. But the SAR wind esti- in 1991, after several years of design and preparation, more linear, and more attention has been given to the
mates are not error-free, and themselves contain sys-both the European and Japanese Space Agenciesabsolute calibration of its wide swath modes. As a con-
tematic, random, and sometimes nonlinear errors not launched SARs: ERS-1 and JERS-1, operating at C- sequence, the performance of the ScanSAR itself ap-
yet fully characterized. Nevertheless, as this Guide band (~5 cm Bragg interaction, 100 km swath) and L- pears finally to be only a minor source of error in the

testifies, even our present limited understanding of the band (~20 cm Bragg interaction, 75 km swath), respec- determination of wind speed. Other error sources re-

complete error structure is sufficient to demonstrate sulting from uncertainties in 1) the backscatter-to-wind-
speed relationship (especially at winds higher than ~15
m/s) and 2) the initial wind direction estimate are now
dominant. As more data from Envisat and future SARs
such as Radarsat-2 and the Japanese ALOS are col-
lected, the first error will gradually be reduced to ac-
ceptable levels. But the second error, under some cir-

the unique power of this new tool.

The history, current status, and future prospect of
scientific SAR constitute a tale of a continuing quest
for wider swath, higher resolution, lower noise, better
calibration, more accurate algorithms, and quicker de-

tively. ERS-1 provided the main source of high quality
oceanographic SAR imagery during the first half of the
1990’s. The JERS-1 SAR unfortunately was seriously
handicapped by excessive ambiguities (ghosts) in its
imagery originating from a faulty antenna, greatly re-
ducing its value as a calibrated scientific instrument.
The ERS-1 SAR and its identical successor on ERS-2

cumstances, for example in the vicinity of fronts and
within small-scale vorticies, can produce wind magni-
tude errors of a factor of two. Reduction of these kinds
of errors clearly will require some kind of blending of
information both from high resolution forecast models
and from features within the SAR imagery itself.

in 1995 provided for the first time carefully calibrated
and stable instruments from which quantitative radar
backscatter, in combination with an appropriate geo-
scientific problems, difficult political issues must be physical algorithm, including an estimate of the local
addressed: a viable SAR global meteorological network wind direction, could yield accurate values of the sur-
must contain a guarantee of reliable and inexpensive face wind magnitude on sub-kilometer scales, a feat
access to a coordinated data base from the array of in-not possible with any other sensor, nor indeed even
ternationally sponsored SARs, both currently operat- easily modeled.

ing and in the planning stage.

livery of targeted products to specific user communi-
ties: in the case of this work, the operational meteoro-
logical community. In addition to the technical and

Clearly substantial progress has been made, espe-
cially in the past decade, toward achieving well-cali-
brated scientifically viable 400 to 500 km wide swath
SARs. The next step, towardsperational viability,
will require a concerted international effort to coordi-

In 1995, another major step in the evolution of SAR

More than a quarter century has elapsed since the was taken with the launch of the Canadian Radarsat-1.
U.S. Seasat, carrying the first civilian SAR launched Radarsat-1 contained the first “ScanSAR”, a sophisti-
solely for scientific purposes, provided the first excit- cated improvement over all previous conventional nate multiple ScanSAR satellites, effectively achiev-
ing and provocative high resolution radar images of the SARs that allowed much wider swaths (>400 km) by ing swath widths of 1200 to 1500 km. Such effective
ocean from space. The Seasat SAR (L-band, ~20 cm coherently combining the returns of several antenna swath widths would for the first time allow twice-daily
Bragg interaction wavelength, 100 km swath) operated beams. Unfortunately the Radarsat-1 ScanSAR had ancoverage of most of the world's oceans.
for only about 100 days from 4 July to 10 October 1978 offsetting liability: an engineering oversight allowed a
before it failed, but the spatial patterns in its ocean sur- nonlinear (scene-dependent) instrument transfer func- It is easy to be optimistic about the future. Gov-
face images revealed a rich variety of physical processestion, thus precluding the possibility of accurate cali- ernment reluctance to freely disseminate high resolu-
that was, for the most part, quite unexpected in the sci- bration in high winds. Nevertheless, Radarsat-1, with tion SAR imagery is an outdated legacy arising from
entific community. Even the first crude optically pro- its 400 to 500 km swath width and international acces- its historical value in military intelligence gathering.
cessed (with lenses instead of computers) images clearlysibility, has provided a vast and compelling inventory But high resolution (sub-km) wind fields are at least
showed ocean and atmospheric internal wave patterns,of high resolution wind patterns over the ocean. two orders of magnitude removed from any useful in-
tropical storm cells, Gulf Stream signatures, spatially telligence mode. SAR wind field products should be
evolving wind generated waves, and many other phe- In the latter half of 2002 and early 2003, wide swath treated like any other satellite wind field products. For
nomena of potential interest to both oceanographers andimagery from the European Envisat “Advanced SAR” example, QuikSCAT winds are now delivered to the



public several times daily through the web site of the
U.S. National Data Buoy Office. It takes little imagi-
nation to envision one additional link to a concurrent
(but much higher resolution) SAR wind field from any
of three wide swath SARs planned to be operating by
2005.

Merely coordinating a suite of international wide
swath SARs and achieving rapid and accurate wind field
production, however, will still not be sufficient to in-
sure operational viability. The critical link that must
be forged lies within the operational forecast offices
themselves. The SAR wind products need to be deliv-
ered in a sufficiently convenient format to the forecaster,
who is already overwhelmed with data inputs from a
large variety of sources of varying credibility, that they
will blend smoothly into his routine. Ultimately, the
SAR wind fields must simplify the task of the fore-
caster, not complicate it. For this to be accomplished,
continuing collaboration with the weather forecast of-
fices will be an essential component of this final transi-
tion phase.

The Guide is composed of three parts. Section |
(SAR as a High Resolution Scatterometer) outlines the
physical and empirical basis for deriving quantitative
high resolution wind fields from SAR, illustrates the
form of some major errors and uncertainties unique to
the instrument, and concludes with an example of how
multiple wide swath SARs can work together to effec-
tively double (or triple) the coverage of any single one.

Section Il (Meteorological Phenomena in High
Resolution SAR Wind Imagery) contains a description
of and tutorial on the classes of meteorological phe-
nomena commonly found in SAR wind imagery.
Eleven distinct classes are identified: island and moun-
tain wakes, point wakes, mountain lee waves, simple
gap flows, hybrid gap flows (including both reverse
gap flow and gap flow/synoptic interaction), synoptic
fronts, synoptic lows, mesoscale lows along fronts, me-

soscale lows associated with cold air outbreaks, con-

Section Ill (Inventory of Radarsat SAR Wind The nearly concurrent Radarsat and Envisat over-
Fields), the core of this Guide, contains a selected set Passes on 07 January 2003 described towards the end
of 60 Radarsat wide-swath (~430 km) SAR-estimated Of Section I were partly planned, partly serendipitous.
wind fields accompanied with narrative, analysis, and The planning portion included the combined efforts of
interpretation, presented in the context of concurrent Poth Karen Friedman in the NOAA/NESDIS Office
U.S. Navy forecast/nowcast Global Atmospheric Pre- 0f Research and Applications group in Camp Springs,
diction System (NOGAPS) model fields. All 60 passes Maryland for the Radarsat acquisition, and the ESA
were acquired over the Gulf of Alaska and Bering Sea Planning group in Frascatti, Italy for the Envisat ac-
between 31 October 1999 and 14 November 2001. This duisition. | am most grateful for the cooperation and
set of 60 has been chosen from the more than 10,000assistance of both groups.
available to demonstrate the unprecedented and unique
potential of wide swath SAR to reveal the intricate de-
tails of surface wind patterns over the ocean.

It is my hope that this Guide will more firmly es-
tablish the future role of wide swath SAR in both theo-
retical and operational meteorology over the ocean, and
in so doing help promote and encourage the future in-
ternational cooperation and institutional commitment
necessary to move this unique instrument from merely
an interesting research application towards a vital op-

This three-year project contains the efforts of sev- €rational tool.
eral of my colleagues at the Applied Physics Labora-
tory, and the end product has benefitted greatly from This project was supported and monitored by the
the many conversations and discussions we have hadOffice of Research and Applications of the National
over that period. 1 am especially indebted to my good Oceanic and Atmospheric Administration (NOAA)
friend and colleague of 25 years, Frank Monaldo, who under Grant No. NAO6EC0243. The Program Officer
provided me with the necessary IDL (Interactive Data Was William G. PichelWilliam.G.Pichel@noaa.ggv
Language) software and Radarsat wind speed files nec-
essary to create the imagery of Section Ill. | would The views, opinions, and findings contained herein
also particu]aHy like to acknow|edge George Young are SOIE|y those of the authors and should not be con-
of Penn State University for his outstanding and, | strued as an official National Oceanic and Atmospheric
think, quite unique theoretical narrative and analysis Administration or U.S. Government position, policy,
to be found in Section II, as well as his meticulous ©F decision.
reviews of my own contributions. It must have been a
labor of love, George, because there certainly was little
financial incentive.

These three major sections are followed by a brief
example (Appendix A) illustrating the potential value
of SAR in an actual operational scenario.

Bob Beal
Principal Investigator

Finally, the outstanding landform elevation maps
that are precision overlaid on all the SAR wind im-
ages have their genesis in the work of Ray Sterner of
the Applied Physics Laboratory, who has assembled
an extensive landform inventory from various global
elevation data bases. The landform maps are espe-
cially valuable in the context of high resolution SAR

vection, and coastal barrier jets. Examples from each wind fields, since local topography often controls the
of the 11 classes are drawn from the comprehensive spatial patterns revealed by SAR.

Radarsat-1 wind field inventory of Section III.
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SAR as a High Resolution Scatterometer
Bob Beal, Don Thompson, Frank Monaldo

1.1 The Basis of SAR Wind Field Estimates:
Accuracy and Error Structure

As the surface wind over the ocean increases, the

Section /: Beal, Thompson, Monaldo. SAR as a High Resolution Scatterometer

cation of CMOD4. The modification (Thompson and

For this Guide, the initial wind direction estimates

Beal 2000; Thompson et al. 2001) is necessary to ac- are taken from the closest available NOGAPS model
count for the inconvenience that the Radarsat-1 SAR forecast, interpolated down to a SAR pixel. The accu-
operates with horizontal polarization, and therefore racy of the resulting wind speed estimates is suggested
lacks the decade-long data base generated by the ERS-Dy the scatter in figure 1-2 (Monaldo et al. 2001), which

and ERS-2 scatterometers.

The backscatter-to-wind-speed relationship for
SAR is unique only if the wind direction is known a

shows Radarsat-vs-buoy wind comparisons obtained
mostly in the NW Atlantic during the winter of 99-00.

For Radarsat off-nadir angles from 25° to 45° the stan-
dard deviation of the differences was 1.76 m/s for buoy

radar backscatter from the wind-driven short (cm scale) Priori, or can be reasonably estimated. This is not a wind speeds up to 21 m/s.

waves increases, interacting with the incident energy trivial requirement, and if not done with care, can lead
of the radar through a Bragg-like resonance. For most t0 large errors in the wind speed estimate, even if the

radar frequencies of a fixed polarization, with off-na-

SAR is perfectly calibrated. Figure 1-1 illustrates how

dir angles between about 20 and 55 degrees, for wind this is possible.

speeds between about 3 and 30 m/s, and for an arbi-
trary (but fixed) angle between the radar look direc-
tion and the surface wind direction, the intensity of the
radar backscatter is a monotonically increasing func-
tion of surface wind speed. Under certain conditions,
and with certain assumptions, this monotonic relation-
ship, valid for SAR down to sub-kilometer scales (but
not necessarily down to a pixel, because of Doppler
effects from the moving ocean), can be inverted to de-
duce surface wind speed from the intensity of the ra-
dar backscatter.

The limits of this monotonic relationship, how-
ever, are still not completely understood, even after
several decades of study. For example, significant dis-
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However, as figure 1-1 shows, NOGAPS model
wind direction errors can create significant errors in
the SAR backscatter-to-wind-speed transformation,
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Figure 1-2. Radarsat vs buoy wind speeds using NOGAPS wind

tortions in the _relat'onSh'p can re_SUIt fro_n_] surface cur- Figure 1-1. Relationship between radar backscatter and surface wind directions (from Monaldo et al. 2001)
rents, contaminants, atmospheric stability changes at speed for C-band vertical polarization at 45° off nadir angle. Up- o )
the air-sea boundary layer, and foam and breaking wind, downwind, and crosswind relationships are shown for both - and therefore can create significant scatter. To estimate
waves generated by high winds working on a fresh CMOD4 and CMODS algorithms.
young sea. Nevertheless, driven by years of deep ocean

data from the ERS-1 and ERS-2 scatterometers, the
empirical backscatter-to-wind-speed relationship for

how significant, figure 1-3 (from Monaldo et al. 2003)
shows a similar comparison of Radarsat wind speed

versus QuickSCAT wind speed, using (the presumably

Point A in the figure shows a case where a 15 m/s more accurate) QuikSCAT wind directions rather than

Vertica"y po|arized C-band (53 GHz)’ radar return (re_ wind with direction normal to the SAR look direction
ferred to as CMOD) has now been extensively re- Will produce the same backscatter as a 7 m/s wind trav- speeds. By incorporating the more accurate wind di-

searched and refined (e.g., Freilich and Dunbar 1993; €lling toward the SAR (point B). Conversely, the same rections, the resulting rms differences are reduced from

Stoffelen and Anderson 1993), and is most recently de-
scribed in Hersbach (2003) as CMODS5.

Although CMOD5 may be empirically superior to
its predecessor CMODA4, all the SAR wind fields con-

15 m/s wind travelling toward the SAR (point C) will

produce the same backscatter as a 25 m/s wind travel-
ling normal to the SAR. These values result from the

CMOD4 algorithm; similar but even greater differences positive SAR bias at high winds (to be discussed in
in the high wind region result from CMODS5, which

tained in this Guide have been derived from a modifi- €Xhibits saturation at lower wind speeds.

NOGAPS model directions to derive the SAR wind

1.76 m/s down to only 1.24 m/s.
In spite of the evident tendency toward a slight

more detail below), the low residual scatter of figure
1-3 makes a good case for the viability of SAR winds.
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Figure 1-3. Radarsat vs QuikSCAT wind speeds using QuikSCAT
wind directions (from Monaldo et al. 2003)

A few caveats are in order, however. Concurrent
scatterometer winds are usually not available; indeed,
in the absence of either scatterometer or buoy infor-
mation, there are generally only two ways to estimate
the local wind direction prior to applying the SAR wind
algorithm. The estimate must come either from some
forecast model or from an analysis of spatial features
within the SAR image itself. Neither method alone is
completely satisfactory. Probably some optimum
blending of the best model with a sophisticated analy-
sis of the relevant SAR features (i.e., those likely
aligned with the local wind direction) will eventually
produce the best results.

Meanwhile, for all SAR wind fields shown in this
Guide, the local wind direction was taken (as in
Monaldo et al. 2001) from the nearest NOGAPS (one
degree grid) model field, usually within +/- 6 hrs of
overpass time. Sometimes, especially during rapid
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Figure 1-4. Polar low imaged by 430 km wide swath mode of
Radarsat SAR, before application of wind algorithm, 0602 GMT
05 Feb 1998.

Figure 1-5. Polar low of 05 Feb 1998 after application of wind al-
wind directions (Sikora et al. 2000; Friedman et al. gorithm, embedded in NOGAPS model wind field (arrows).
2001). The conversion of SAR backscatter to SAR
winds demands an accurate knowledge of the local such detail by any other method, either via instrument
wind direction Although a competent meteorologist or computer model.
could probably overlay a wind direction grid more ac-
curate than the NOGAPS model, such a process is not For example, figures 1-7 and 1-8 from 24 Dec 1999
SO easy to automate. Figure 1-5 shows not only the show Radarsat sub-km detail of Karman vortices cre-
resulting SAR wind magnitude, but also the embed- ated downwind of the Pogromni volcanic peak in the
ded NOGAPS wind vectors, both identically color central Aleutians. Figures 1-9 and 1-10 are simulated
coded. Note that the SAR-estimated winds exceed QuikSCAT images of the same region, where the spa-
those of the model in most of the upper half of the tial resolution of the SAR has been degraded to 15 km.
storm. In this case, the positive bias is likely induced None of the detail is visible at the degraded resolution.
by a Radarsat non-linearity unique to its wide ScanSAR Of course, the increased resolution of the SAR does
mode, as will be discussed below. not come without a price: the assumed model direc-

tions, shown by the embedded arrows, cannot possi-

A montage of the 60 Radarsat wind estimates in- bly be correct in all sectors of the vortices. So the

change, this strategy is clearly inadequate, as some ofcluded in Section Ill is shown in figure 1-6. Each of wind algorithm will fail to capture the true wind, ex-

the following examples will illustrate. Nevertheless,

these frames was selected from the several thousandcept when the local wind aligns with the larger scale

in most cases, the unique spatial resolution possible available because it revealed some unique aspect ofwind field. In other sectors, the error will be compa-

with SAR allows the observation of phenomena not
otherwise possible.

Figures 1-4 and 1-5 illustrate the results of apply-
ing the CMOD4 algorithm, modified for horizontal
polarization, to a SAR backscatter field. This SAR
image of a polar low contains the full range of local

the wind field not normally observed with conventional rable to those discussed above in the context of figure
scatterometers. The ScanSAR frames (typical dimen- 1-1. These direction errors are usually subtle and dif-
sion 430 km across-track by 500 km along-track) are ficult to detect. Occasionally, however, they are re-
concentrated in the Gulf of Alaska and Bering Sea. vealed by a characteristic “hourglass” pattern that re-
Many of the frames transect coastal areas, and revealsults when the model misplaces a center of circula-
the complexity of topographical influences on the sur- tion. In such cases, when the actual wind is fairly uni-
face wind that are presently impossible to capture in directional, the wind algorithm acts erroneously and
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pvindispeedim/s) Figure 1-9. Radarsat SAR-derived wind field of 24 Dec 1999 with
5 resolution degraded to 15 km, simulating typical scatterometer reso-
lution, such as QuikSCAT.

Figure 1-6. Spatial distribution of selected subset of 60 Radarsat frames located in the Gulf of Alaska and Bering Selaetwgeinedil Oct
1999 and 14 Nov 2001. Each of the frames is narrated in Section IIl.

90 km —mMmM8M8M8M8Mm ™ — 90km

Figure 1-7. Radarsat SAR-derived wind field of 24 Dec 1999, show- Figure 1-8. Magnified view of white square above, showing Karman Figure 1-10. Magnified view of white square above, showing no
ing detail of Karman vortices created in the wake of the Pogromni vorticies created downwind of Pogromni Volcano. Spatial resolu- sign of Karman vorticies downwind of Pogromni Volcano. Spatial
volcanic peak (altitude 2000 m). Spatial resolution ~300 m. tion ~300 m. resolution degraded to 15 km, comparable to that of QuikSCAT.



effectively creates an image of the transfer function of as a useful reminder that every SAR wind field will

the algorithm itself. Two such examples are shown in exhibit at least some of this class of error unless the

figures 1-11a and 1-12a, and their resulting wind pro- assumed wind direction is perfect down to the sub-

files along the scan lines AB in figures 1-11b and 1-12b.
In figure 1-11, the estimated SAR wind is erroneously
enhanced because the assumed wind direction is nearly
normal to the SAR look direction, when it is in fact
nearly in line with it. In figure 1-12, the complimen-
tary case is shown, with a corresponding suppression

kilometer scale. Of course, this is never the case.

There is another significant error source associ-

ated with Radarsat wide swath imagery, evidently be-
coming more significant at winds above about 15 m/s.

Figure 1-3 may give a hint of the error in the form of

of the SAR-estimated wind speed. These are both ex- the positively biased SAR data cloud in the upper right.
treme cases, and only rarely seen. However, they serveAlthough this error is difficult to characterize with a

Figure 1-11a. The “hourglass” shaped feature resulting from
mispositioning of a cyclonic center prior to a backscatter-to-wind

transformation (1555 GMT 12 Oct 2001).

w
o

o Wind Speed (m/s)

distance along scan line AB

Figure 1-11b. SAR-estimated wind speed along the scan line AB
(1555 GMT 12 Oct 2001). Mispositioning of a cyclonic center re-
sults in a false wind peak.
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Figure 1-12a. The complimentary case to Figure 1-11a, resulting
from mispositioning of a cyclonic center prior to a backscatter-to-

wind transformation (0230 GMT 10 Jan 2001).
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Figure 1-12b. SAR-estimated wind speed along the scan line AB
(0230 GMT 10 Jan 2001). Mispositioning of a cyclonic center re-
sults in a false wind dip.
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limited data set, it appears to have the following char-
acteristics: it is a strong, noncontinuous function of
the SAR off-nadir angle, with a distinct discontinuity
at one off-nadir angle; it is a strong function of wind
speed over a large range of off-nadir angles, produc-
ing negative bias at low off-nadir angles and positive
bias at medium to high off-nadir angles. The effect is
illustrated in figure 1-13 along with its associated scan
shown in figure 1-14. This effect is evidently caused
by an oversight in the instrument design, where the
automatic gain control for the entire swath is controlled
by the energy received in the nearest-to-nadir beam of
the ScanSAR mode. Itis not a fundamental error, but
nevertheless distorts the vast majority of Radarsat high
wind images. It is certainly evident in most of the set
of 60 SAR wind fields contained in Section Ill.

Figure 1-15 shows a comparison between a histo-
gram of the entire set of 300 m pixels extracted from
the 60 Radarsat frames and the collocated NOGAPS
interpolated values on the same scale. In addition, the
several-year average distribution of January wind

along track diistance

4

T -.:i: ’"-t,_—'

430

0 distance from near range (km)

Figure 1-13. Radarsat wind field in a high wind region just off the
southeast Alaska coast (1555 GMT 12 Oct 2001) illustrating two
separate sources of error. Satellite velocity vector is toward the top
and SAR is right-looking.
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speeds recorded by NOAA buoy 46035, a 12 m discus
buoy located in the Bering Sea (see figure 1-16) is
shown overlaid on the other two. Whereas the buoy
and model agree quite well on the whole, the Radarsat
SAR wind fields are distinctly biased high. One effect
of the bias is the false implication that gale force is
reached over about a third of the total area sampled,
when in actuality (according to NOGAPS, and at least
indirectly confirmed by buoy 46035), gale force is
reached over much less than 10% of the area. Gale
force winds are quite rare, even during the North Pa-
cific winter.

NOGAPS

Buoy  average

46035
January
average j
(1985-2001) | || {

frequency of occurence
Gale Force
18 m/s

In spite of these quite significant biases, the
Radarsat SAR has yielded valuable insight into the high
resolution structure of the wind field, especially in the
near-shore regions which are inaccessible to conven- climate at buoy 46035 (Sep 1985 to Nov 2001).
tional lower resolution scatterometers.

0 wind speed (m/s) 30

Figure 1-15. Histograms of 60 Radarsat wind estimates, concur-
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Stoffelen, A. C. M. and D. L. T. Anderson, 1993:
Wind Retrieval and ERS-1 Radar Backscatter Measure-
ments: Adv. Space Res. ,\\ol. (8, pp. 53-60.

Thompson, D. R. and R. C. Beal, 2000 :Mapping
High Resolution Wind Fields Using Synthetic Aper-
ture Radar: Johns Hopkins APL Technical Digest, Vol.
21, pp. 58-67 (Jan-Mar) .

Thompson, D. R., F. M. Monaldo, W. G. Pichel,
and P. Clemente-Col6n, 2001: Combined Estimates Im-
prove High-Resolution Coastal Wind Mapping: EOS
Trans. AGU, Vol. 82, p. 469 ff.

1.2 Benefits of Envisat and Radarsat Dual Coverage
in Gale Force Winds: the 07 January 2003 Storm

During late 2002, after several months of valida-
tion activities, the Envisat C-band ASAR began pro-
ducing imagery in its wide swath modes. The Envisat
ASAR is similar to, but somewhat more advanced than,
the Canadian Radarsat SAR. Both can operate in wide
swath (> 400 km) ScanSAR modes, but while Radarsat
is horizontally polarized, Envisat operates in either
horizontal or vertical polarization. Neither polariza-
tion has clearly demonstrated superiority with respect
to wind monitoring. With the advent of Envisat, how-
ever, this issue can be seriously addressed with em-
pirical data, since the ASAR can operate in an alter-
nating polarization mode (albeit with a narrower
swath), simultaneously collecting imagery of the same
region in both polarizations. Presumably, one polar-
ization will yield a more robust monotonic relation-
ship between backscatter and wind speed over larger
ranges of wind speeds and off-nadir angles than the
other, and with greater asymmetry in the relationship

. between wind direction and radar look direction. These
are key aspects of the algorithm that directly influence
the degree of ambiguity in the wind inversion process.

During the first week of January 2003, an unusu-
ally deep low pressure system located in the NW Pa-
cific travelled steadily toward the NE, reaching the cen-
tral Aleutians on 07 January with a broad band of gale

Clemente-Coldn, 2000: Synthetic Aperture Radar as a force winds in its northern and eastern quadrants. By
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1800 GMT, gale force winds formed a continuous arc occurrence of only about 3%, according to the National 46066 for more than 6 hrs immediately subsequent to
stretching from the central Bering Sea through the Data Buoy Center records compiled from 1985 to 2001. Envisat overpass time, and 3) at buoy 46072 from 15
northern Aleutians and down to the southern Gulf of According to a multiyear data set from the ERS-1 to 19 hrs prior to Radarsat overpass time. To have
Alaska. scatterometer, the January wind averages for regions captured the highest wind portions of this rare event
around buoys 46035 and 46072 are ~ 11 m/s, slightly with both the Radarsat and Envisat SARs in their wide
At 1752 GMT a descending Radarsat SAR pass less (~ 9 m/s) around buoy 46066. swath modes, and to have had all three buoys operat-
cut through the Bering Sea just east of NOAA buoy ing throughout the entire passage of the event is quite
46035, and directly over buoy 46072. Less than 3 hrs Figure 1-17 shows the actual records at each of phenomenal. Most importantly, it provides an oppor-
later, at 2043 GMT, a descending Envisat ASAR pass the three buoys on three different time scales centeredtunity to examine the performance of both SARs un-
cut through the Gulf of Alaska, directly over NOAA  around the SAR overpass times. The buoy records re- der high wind conditions, and it suggests a future when
buoy 46066. Figure 1-16 shows a spatial snapshot of inforce the rarity of this confluence of events. The multiple wide swath SARs might operate in concert to
the rapidly evolving wind field from the MM5 model  six-month records confirm that average winds during effectively increase their operational coverage.
nowcast of 2100 GMT, with both Radarsat and Envisat the day-long passage of the event from buoy 46072 in
SAR passes overlaid, along with the locations of the the southwest through buoys 46035 and 46066 were Like Radarsat, Envisat achieves its wide swath by
three buoys and their associated wind vectors at the among the three highest averages recorded during thecombining the radar returns of several antenna beams
relevant overpass times. entire winter at all three buoys. Moreover, the six-day in the cross-track direction. The proper combination
and 24 hr records of figure 1-17 confirm that gale force of these individual beams is necessary to synthesize
Gale force winds (i.e., 2 min average of at least winds were present: 1) at buoy 46035 for nearly a full one single wide beam. Careful calibration and correc-
18 m/s) at buoy 46035 in January have a probability of day before and after Radarsat overpass time, 2) at buoytion for the composite beam is essential to produce an
error-free radar backscatter map, which is then used to
drive the wind inversion algorithm. Small errors in
the creation of the composite backscatter map can yield
large errors in the estimated wind speed, especially at
the larger off-nadir angles where the radar return is
greatly reduced, even approaching the noise level of
the radar receiver.

60 N ____ 60N

SUMICS N As an experiment, the Envisat SAR composite

Envisat .l backscatter map for the 07 January pass was iterated
%43332&3; three times by a European Space Agency SAR proces-

sor. Each time, processor parameters were varied to
attempt to minimize the discontinuities (or “seams”)
between the adjacent antenna beams. Figure 1-18
shows the results of the three attempts. The first and
second attempts have two clear discontinuities, al-
though they are somewhat reduced in the iteration. By
the next (and final) reiteration, the nearest-range (left)
discontinuity is practically eliminated and the farthest-
range (right) is greatly reduced, but evidently at the
expense of slightly raising another at an intermediate
(center) range. The effect of these small discontinuities
on the resulting SAR wind estimate can lead to sig-
170w nificant errors, as figures 1-19 and 1-20 show. Result-

Figure 1-16. Radarsat and Envisat wide swath SAR wind fields over a gale force event in the Bering Sea and Gulf of Aldska2®08.7 ing wind speed discontinuities in the initial p.rocessed
SAR wind fields and buoys 46035, 46066, and 46072 are shown embedded in nearest concurrent MM5 wind field. product approach 1.5 m/s along the two major seams,

50 N

150 W
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Figure 1-17. Wind speeds at buoys 46035, 46066, and 46072 for the winter of 2002-2003, expanded around the nearly sineltaasous
times of Radarsat and Envisat on 07 Jan 2003. Note that gale force winds were present at overpass time at 46035, \itvier gass time
at 46066, and within a day of overpass time at 46072, all from the same high wind event. From panels a) and d), thisthastoee bighest

wind events of the winter at all three buoys. E (Envisat) and R (Radarsat) mark the winds at times of overpass.

and exceed 0.5 m/s along two minor seams. Two it-
erations fail to completely eliminate the discontinuities,
but evidently reduce the resulting wind errors to less
than 1 m/s. Such small errors will not usually be domi-
nant, but can under some circumstances be detectable,
since their signature appears as a small discontinuity
in the direction of the satellite velocity vector, i.e., along
track. This signature is evident in both the Radarsat
and Envisat wind images of figure 1-16.

In spite of these subtle discontinuities, which will
probably remain even in the most carefully processed

ScanSAR image, the performance of both Radarsat andF'g ure 1-18. Composite merging of multiple ASAR antenna beams

Envisat on 07 January is quite remarkable, and dem- from the 07 January 2003 pass showing the problem of imperfect

normalized backscatter

0

erge e _1
\ P
composite
of three merge;"“—"‘“ﬁ-_._ eaiial

distance from near range (km) 415

onstrates their excellent potential to deliver accurate beam correction.

high resolution wind fields, even in gale force events.
Figures 1-21 and 1-22 show estimated SAR winds for
both instruments along scan lines AB and CD shown
in figure 1-16. Also plotted for comparison are both
the concurrent NOGAPS model (not the MM5, which
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Figure 1-19. Impact of imperfect beam boundary merging (initial
merge) on the resulting ASAR-estimated wind speed for 07 Jan
20083.
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Figure 1-20. Residual ASAR wind speed variations remaining af-
ter the final iteration of 07 Jan 2003.



is displayed in figure 1-16) and an hourly time series
of the two relevant buoys centered around the over-

page 8

SAR wind field, at least for this case where the local 1.4 Bibliography
wind directions were evidently well modelled, possi-
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Figure 1-21. Radarsat SAR-estimated wind profile along scan AB
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Section Il Smith et al. 1997). These linear wakes are called persistent with Karman vortex streets often extending
“weak” because of their easily met environmental re- hundreds of kilometers and many eddies downwind of
Meteorological Phenomena in High Resolution SAR duirements rather than for any lack of intensity as a their parent island.

Wind Imagery phenomenon. Less common because of its more re-
strictive environmental requirements is a wake type
known as the Karman vortex street. Section Ill pro-
vides a number of good examples of linear wakes in
2.0 Introduction 0458 GMT 12 Dec 200531 GMT 03 Jan 200@nd

0348 GMT 30 Sep 2000. 1746 GMT 06 Feb 2000

This section discusses the common high-wind phe- even shows these wakes occurring in the heart of a
nomena seen on SAR imagery of Alaska’s offshore cyclone, curving with the synoptic scale winds. A
waters. The purpose of this discussion is twofold. First, clearly defined Karman vortex street can be seen in
to provide the meteorologist with the information 0441 GMT 22 Dec 1998long with linear wakes from
needed to unambiguously identify each of the phenom- adjacent islands.
ena by its signature in a SAR image. Second, to pro- e
vide sufficient insight into workings of these phenom- n_ = i m
ena for a forecaster to make useful deductions about ,
the weather. For most of these phenomena, the exist-
ence of a particular SAR signature allows one to de-
duce far more than just the surface wind-field at im-
age time.

George Young and Nathaniel Winstead

0348 GMT 30 Sep 2000 1746 GMT 06 Feb 2000

The remainder of this section is organized into a
series of subsections each focusing on a single phe-
nomenon or closely related group of phenomena. Each| =

subsection begins with a description of the salient fea-
tures of the phenomenon’s SAR signature, illustrated 0498 GMT 12 Dec 2000 0531 GMT 03 Jan 2000

with SAR images from Section Ill. The structure and Linear wakes are easily detected on SAR imagery 0441 GMT 22 Dec 1999
behavior of the phenomenon is then discussed. Theas long plumes of markedly lower wind-speed down-
dynamics of the phenomenon are explored with a fo- wind of islands and peaks. This plume is generally A linear wake consists of three distinct features: a

cus on providing the insight needed to make maximum narrower than the peak but much longer. Lengths of hydraulic jump on the lee side of a terrain summit, a
deductive use of the SAR products in nowcasting and several hundred kilometers are rather common even long plume of low-speed boundary layer air trailing
forecasting. References to the literature are included for wakes with widths on the order of 10 kilometers. downwind of the hydraulic jump, and a sharp wind-
as needed to support the discussion and to provide aThe low-speed plume is often sharply bounded with a shear line on either side of the low-speed plume. These

source of further information. near zero-order transition to the higher wind speeds shear-lines are often called potential vorticity (PV)
on either side. Karman vortex streets, in contrast, have banners (Schar and Smith 1993a). Figure 2liaa
2.1 Island and mountain wakes a much more complex SAR signature. The vortices grams these features as seen from overhead. For ex-

shedding off the peak alternate direction of spin from treme cases, the wind direction may even reverse in

The flow past islands and isolated peaks often re- vortex to vortex. Thus the SAR signature of a Karman the core of the wake, particularly in the immediate lee
sults in low-speed wakes trailing off in the lee of the vortex street consists of trains of chevrons or spirals of the island. There is generally moderate to strong
highest terrain. These wakes are common in the Aleu- of alternating orientation as@441 GMT 22 Dec 1999 turbulence aloft in the lee of the peak, most intense
tians and in other Alaskan locations such as the Barren The pattern is generally as wide or wider than the peak where the flow over the peak transitions from shallow
Islands and Augustine Island in the Cook Inlet. The responsible. Thus an island’s wake will be wider if it and supercritical to deeper and subcritical, i.e. at the
most common form is a linear band of low wind speed takes the form of a Karman vortex street than if it takes hydraulic jump. Likewise, there could be turbulence
known as a “weak wake” (Schar and Smith 1993a, the linear form. The two forms are roughly equally in the strong shear-layer at the top of the low-speed



wake (i.e. near the top of the surface airmass or bound-
ary layer). The formation of a linear island wake via a
lee-side hydraulic jump, adapted from figure 2 in Schar
and Smith (1993a), is depicted in figure 2-1a. The
lower wind speeds in the wake are depicted in yellow
as in the SAR imagery. The island is shown in green,
the hydraulic jump in light blue, and the shear lines
(potential vorticity banners) in dashed blue. Stream-
lines are shown in black. Karman vortex streets con-
sist of a series of counter-rotating vertically oriented
vortices drifting downwind from an island or peak as
shown in figure 2-1b. Thus, the surface wind direc-
tion is wildly meandering90 degrees). The vortices
also result in interwoven areas of fast and slow winds
with fairly sharp boundaries as seer0ivdl GMT 22
Dec 1999 The individual vortices drift downwind to
be replaced by new ones forming just to the lee of the
peak. Given the resulting spatial and temporal varia-
tions in both wind speed and direction, the state of the

Figure 2-1a. The formation of a linear island wake via a lee-side
hydraulic jump, adapted from figure 2 in Schar and Smith (1993a).

The lower wind speeds in the wake are depicted in yellow as in the
SAR imagery. The island is shown in green, the hydraulic jump in

light blue, and the shear lines (potential vorticity banners) in dashed
blue. Streamlines are shown in black.
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driven PV banners rather than viewing the banners as
the edges of the wake. The two arguments are actu-
ally equivalent. The existence of the hydraulic jump
depends on the flow over the peak becoming
supercritical (i.e. faster than the relevant gravity wave
phase speed) and then slowing to subcritical on the lee
slope. Similarly, breaking mountain lee waves depend
on the existence of a critical layer above which the
flow becomes subcritical.

Karman vortex streets are created by more intense
manifestations of this same mechanism (Schar and
Smith 1993). When the shear-lines (PV banners) be-
come strong enough, perturbations on the two sides of
the wake interact making the wake wiggle laterally and
then break down into vertically oriented vortices of
alternating sign. The shedding period for these vorti-
ces goes as D/B where D is island diameter, U the
upstream wind speed, andle Froude number. Most

Figure 2-1b. The formation of a Karman vortex street in the lee of
an island, adapted from figure 9a in Schar and Smith (1993b). The
island is shown in green, the hydraulic jump in light blue, and the

research has been done with shallow water models.
Translating these results to the continuously stratified
real atmosphere takes some care but suggests that the

streamlines in black. Slower wind speeds in the vortex cores are

depicted in yellow. shedding period is proportional to D- (g-N*@&here

N is the Brunt-Visalia frequency. Thus, the time be-

tween shedding of successive vortices increases with
wind-driven sea could become quite confused. Both island size, but decreases with stability and wind speed.
simulations and cloud images suggest that Karman
vortex streets are barotropic, so flow is probably simi- The existence of linear wakes or Karman vortex
lar throughout the boundary layer or air mass. As with streets requires specific conditions and so can tell the
linear wakes, turbulence is expected in the lee of the meteorologist a lot about the environment in which they
peak and strong wind shear at the top of the wake. Both are occurring (Smith et al. 1997). Both require a fairly
types of wakes generally persist for as long as the syn- steep-sided obstacle upwind. The wind below summit
optic conditions support their existence, typically hours altitude upwind of that obstacle must be strong enough
to days. to surmount the terrain despite the existence of a stable

layer at or below the summit. Linear wake formation

The physical mechanism for creation of linear occurs when the summitis high enough to induce wave

wakes depends on the existence of a hydraulic jump breaking. The transition to lee vortices occurs when
or, in more smoothly stratified situations, breaking of summit height is twice that required for the initiation
a vertically propagating mountain lee wave. The tur- of linear wakes. Thus, for a given island, the sequence
bulence associated with these closely related phenom- of transitions from no wake to linear wake to wake
ena consumes kinetic energy, thereby slowing the meanvortices occurs with decreasing wind speed and/or in-
wind and creating the low-speed wake. The literature creasing stability. Given that SAR provides a wind
(e.g., Schar and Smith 1993b) often poses this argu- speed estimate, wake type can be used to estimate
ment in terms of viscous generation of potential vor- airmass stability, at least qualitatively. The vortices
ticity, casting the wake as the space between two jump- begin to shed when the Reynolds number R/C_-L
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exceeds 20, where H is the depth of the vortexsC
lower boundary drag coefficient (0.0@4®0005), and

L is the horizontal scale of the peak. Thus, squat is-
lands are less likely to produce Karman vortex streets
than are more sharply peaked islands.
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2.2 Point Wakes

Points along a coast can act either to accelerate abruptly at a hydraulic jump if they encounter obstruct-

(1812 GMT 13 Dec 2000r decelerat¢1502 GMT

10 Mar 2000)boundary-layer flow to their lee. The
low-speed form generally involves flow separation
from a fairly sharp point as it does here. In contrast,
the high-speed form is an expansion fan resulting from
supercritical flow remaining attached to the coast af-
ter passing a point (Samelson 1992). Such flow at-

tachment is more likely at less acute points, such as is illustrated in planview in figure 2-2. The key fea-
thatin 1812 GMT 13 Dec 2000.

1812 GMT 13 Dec 2000 1502 GMT 10 Mar 2000
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Low-speed point wakes are just one-sided versions ping inversion. Turbulence should also be expected at
of the linear island wakes discussed in the previous the hydraulic jump if the expansion fan is observed to
subsection. They can be recognized as a long regionslow abruptly at its downwind edge. Modeling sug-
of low wind (up to several hundred kilometers) trail- gests that these hydraulic jumps may angle sharply
ing downwind from the point and extending in to the downwind so the coastal terrain must be examined to
lee shore. As with linear island wakes, a sharp shear- determine if a hydraulic jump has occurred or a low-
line separates the flow passing point from the low-wind speed point wake has developed inshore of the high-
wake along the coast502 GMT 10 Mar 200@ap- speed wake of an upwind poirit812 GMT 13 Dec
tures all of these features. The SAR signatures of ac- 2000provides a good illustration of this sort of com-
celerating wakes are markedly different although they pound point wake as well as demonstrating the impor-
too may include a low-speed region along the coast in tance of the relative angle of downwind coast in deter
the lee of the point. The defining feature of an accel- mining the type of wake formed by a particular point.
erating point wake is the expansion fan, a spreading
region of high-speed surface winds expanding down-
wind from the point. As ir1812 GMT 13 Dec 2000
the fastest winds may occur 100 kilometers or so down-
wind of the point. Likewise slower wind speeds are
often observed inshore of the expansion fan. The off-
shore edge of the expansion fan is not as abrupt as that
of a low-speed wake and angles acutely downwind
from the point. Expansion fans either decelerate gradu-
ally over hundreds of kilometers due to friction or end

ing terrain. The remainder of this subsection will fo-
cus on accelerating point wakes. Low-speed point
wakes can be understood and their behavior anticipated
by making reference to the linear island wake discus-
sion in the previous subsection.

The expansion fan of an accelerating point wake

tures of this phenomenon include spreading stream- _ _ o ; .

l decreasing boundary laver depth. and accelerat- Figure 2-2. A point wake Wlth friction, adapted from fl'gure 4 in
_|nes, 9 : y lay p ! . Samelson (1992). The coast is shaded green, the marine boundary
ing flow. The streamlines spread downwind of the point |ayer blue with lighter meaning shallower. The contours are of
as the flow remains attached to the coast. Because ofwind speed with red being faster than yellow as in the SAR imag-
this spreading the boundary layer depth decreases lead-¢"- Streamlines are shown in black.

ing via the Bernoulli equation to an acceleration of the

flow. The decrease in boundary layer depth could cause The coast immediately downwind of the primary point
clearing of low-level clouds on some occasions. The is angled only 10 or 20 degrees to the mean flow, so
acceleration of the surface flow can result in a low- the flow is able to remain attached after passing the
level jet capped by a shear layer. The wave signaturespoint thus causing an expansion fan and the associated
seen along the offshore edge of the jet&12 GMT flow acceleration. Further downstream, the coast bends
13 Dec 2000nay be the result of such shear. If seen, more sharply to the right and the flow separates from
such wave signatures would be highly suggestive of the coast causing the formation of a low-speed wake
turbulence within both the boundary layer and the cap- inshore of the expansion fan. Friction can eventually



cality of flow over the point (Doyle and Bond 2001),
accelerating wake formation depends on the critical-
ity of the boundary layer itself. Thus, strong bound-
The expansion fan---streamline spreading down- ary layer winds favor accelerating wakes. Supercritical
stream of a point---occurs when supercritical flow re- flow is also favored by reduced gravity wave speed in
mains attached to the coast. Because the gravity wavecapping inversion. Both shallow boundary layers and
speed is slower than the wind speed, the atmosphericweaker capping inversions provide this effect although
response to this surface difluence is to decrease thethese two conditions may be anti-correlated in many
boundary layer depth, and increase the wind speed assituations. Weaker stability aloft and weaker winds
required to conserve the Bernoulli function (Samelson aloft may also favor accelerated wakes. Both low-

cause inshore slowing even without such topographic
assistance.

1992). The flow attachment requirement is most eas- speed and accelerating wakes should be expected to
ily met if the pressure gradient is along the coast up- persist for as long as the requisite synoptic conditions
last (hours to days). The positions of the features may,

wind of the point. If it is along the coast downwind of
the point, the flow tends to bend around the point with however, evolve as the synoptic conditions (wind
no interesting mesoscale dynamics. There is some dis-speed, direction, and static stability) evolve (Haack et

agreement as to whether the upstream flow must be al. 2000).

supercritical or whether the flow need only become
supercritical in passing the point (Dorman and Winant
2000). The distinction is difficult to make because it
is often unclear which form of the Froude number is
most relevant. If most of the static stability is concen-
trated in the capping inversion, the shallow water form
U/N-h is appropriate, where N&g-h-Dyq), U the up-
stream wind speed, h the depth of the boundary layer,
g the gravitational acceleration, q the boundary layer
potential temperature, andgBhe potential tempera-

ture increase at the capping inversion. It is less clear

what Froude number to use if the stability is more uni-
formly distributed. N is then lapse rate dependent, but
what is the appropriate length scale? This question
leads to a further complication, the possibility of ac-
celerated flow aloft if the point throws a vertically
propagating gravity wave (Burk and Thompson 1996),
a topic that will be covered in the next subsection.

From the discussion above it is clear that the nec-
essary conditions for point wakes include terrain, wind,
and stability requirements. The nature of the upwind
point determines the form of the wake: if the lee shore
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is at an acute angle to the wind, low-speed wakes are 1571-1584.

expected; if it is at a shallow angle to the wind, accel-
erating wakes are favored. The existence of a bight
downwind of the point greatly increases the chances
of an accelerating wake ending abruptly in a hydraulic
jump. While slow-wake formation depends on the criti-

2.3 Mountain Lee Waves

There are two basic types of mountain lee wave,
horizontally and vertically propagating (Durran and
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Klenp 1982). While either type can be generated by
either isolated peaks or extended ranges, their vertical
structure and surface manifestations are very differ-
ent. Horizontally propagating lee waves are the easi-
est to detect on SAR image(®428 GMT 23 Feb 20091
0348 GMT 30 Sep 2000 heir SAR signature is simi-

lar to that of the shear-driven gravity waveslBil2
GMT 13 Dec 2000a series of parallel bands of fast

0428 GMT 23 Feb 20010348 GMT 30 Sep 2000

M
1812 GMT 13 Dec 2000

and slow winds. Unlike the shear-driven waves, how-
ever, lee waves trail downwind from a peak or moun-
tain range. The lee wave bands downwind of a range
are therefore aligned parallel to the terrain responsible
rather than being aligned perpendicular to the shear as
would shear-driven waves or parallel to the wind as
would horizontal roll vortices (cloud streets). The lat-
ter phenomenon is discussed in a later subsection.
Horizontally propagating mountain lee waves typically
have a band spacing of 3 to 30 kilometers and extend
several to many cycles downwind. While phase speed
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is canceled by wind speed for horizontally propagat- tain lee waves do not tilt with height, the updrafts
ing waves, their position may drift in response to should be expected just downwind of the fastest sur-
changes in wind or stability. For similar reasons, hori- face winds and the downdrafts just downwind of the

zontally propagating waves generated by an isolated slowest surface winds. These drafts can cause lenticu-

peak form chevrons of fast and slow wind with their lar clouds in otherwise clear situations and breaks in
point on lee slopes of the peak (Sharman and Wurtele the overcast (foehn gaps) in cloudy situations. The
1983). \Vertically propagating mountain lee waves vertical motion in combination with stable stratifica-

would have very different SAR signatures as only the tion results in large variations in temperature and con-

first high-speed band in lee of the peak reaches the sequently hydrostatic pressure. Non-hydrostatic pres-

surface. Such waves may cause strong winds just off sure perturbations may further complicate the situa-
the lee shore or the surface manifestation may be en-tion for aircraft relying on pressure altimeters. There
tirely onshore and so undetectable by SAR. is also the potential for variation in the air/sea tem-
perature difference with the air being hottest where
Horizontally propagating mountain lee waves con- wind is fastest. Turbulence aloft is likely to be most
sist of a series of vertical oscillations of a statically
stable layer that has been perturbed by flowing over a slowing or even reversal of the surface winds.
mountain (Durran and Klemp 1982). The wave am-
plitude decreases both with height and toward the sur- While horizontally propagating mountain lee
face. Nonetheless, these waves frequently modulate waves typically die out in approximately the mid tro-
the surface wind even in conditions where an underly- posphere, the vertically propagating version may ex-
ing convective boundary layer exists (Winstead et al.
2001). Figure 2-3 depicts this flow in cross section.
Alternating bands of fast and slow wind are encoun-
tered at any level within the wave train. The fast winds
occur within the oscillating layer and the slow winds the mountains (Klemp and Lilly 1978). Updrafts and
under the crests and above the troughs. The high-speeddowndrafts, while at least as strong as those for hori-
bands on SAR images mark trough touchdown loca- zontally propagating lee waves, are often restricted to

often warm, wind on the lee slopes. Surface wind

tend up into the stratosphere as depicted in figure 2-3.
The surface manifestation of these waves is a strong,

Section /I: Young and Winstead.: Meteorological Phenomena in High Resolution SAR Wind Imagery

inverse wavelength within the range spanned by the
Scorer parameter gradient. In contrast, if the Scorer
parameter increases with height, vertical propagation
occurs.

Because of this Scorer parameter dependence,
mountain waves form only when there is an appropri-
ate combination of terrain, wind, and stability. The
key requirement is a peak or range reaching up into a
stable layer. Arow of peaks can act much like a range
(0428 GMT 23 Feb 2001 Stability above peak height
affects wave type as described above. Stability below
peak height may affect the degree of wind speed per-
turbation at the surface. Less surface wind variation
and thus, weaker SAR signatures should be expected

intense under the wave crests where rotors result in if the boundary layer is deep or unstable (Winstead et

al. 2001). The wind requirements for mountain lee
wave generation are easily met in Alaska, as the com-
ponent of flow perpendicular to the crest need only
exceed 7 to 15 meters per second. Because of these
easily met conditions, mountain lee waves can occur
in a broad range of synoptic setting®28 GMT 23

Feb 2001shows large-amplitude waves northwest of
the Aleutians in a pre-warm-frontal je2348 GMT 30

speeds there may exceed that at any level upwind of Sep 200&hows similarly intense waves superimposed

on gap flow (see the next subsection) and island wakes
(see subsection 2.1) in the Kennedy Entrance area.

tions. The wave oscillations typically have updrafts the area over the lee slopes and peak. The foehn gapReferences

and downdrafts of from a few meters per second up to if it exists, will be near the lee slope. For both types of

Durran, Dale R., Joseph B. Klemp, 1982: The Ef-

ten times that. Because horizontally propagating moun- wave, the phenomenon can last for as long as the syn-fects of Moisture on Trapped Mountain Lee Waves.

optic situation persists (hours to days).

Mountain lee waves are buoyantly driven oscil-
lations of vertically displaced parcels in a stable layer.
Thus, they oscillate as gravity waves with a frequency
near N, the Brunt-Vaisala frequency. The wave type
(horizontally or vertically propagating) depends on the
vertical profile of wind and stability. The controlling
parameter is an inverse wavelength (N/U) corrected

Journal of the Atmospheric Sciences: Vol. 39, No. 11,
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Figure 2-3. Cross sections of flow in a horizontally (left panel) and

vertically (right panel) propagating mountain wave, adapted from

Durran and Klemp 1982. The streamlines are shown in black, the
terrain in green and the sea surface in blue.

for shear effects. It is generally called the Scorer pa- P. D. Maurad, 2002: Direct Influence of Gravity Waves

rameter (Durran and Klemp 1982). If the Scorer pa- on Surface-layer Stress during a Cold Air Outbreak as
rameter decreases with height, horizontal propagation shown by Synthetic Aperture Radar: Monthly Weather

occurs. Thus, wind speed increasing with height and Review, Vol. 130, pp. 2764-2776.

stability decreasing with height both favor horizontal

propagation. The resulting trapped gravity waves have
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2.4 Simple Gap flows masses. The gap flows @844 GMT 24 Dec 1999 winds extending hundreds of kilometers downwind of
0348 GMT 30 Sep 200end1637 GMT 12 Dec 1999 the gaps. Depending on the interplay of synoptic pres-
Gap flows occur when synoptic airmass movement all exhibit the downwind spreading one would expect sure gradients and friction, these flows may not always
is constricted through one or more gaps in a mountain with a high-speed expansion fan. In contrast, the off- decelerate until far downstream. In many ways gap
range or island chain. While common anywhere with shore portions d344 GMT 31 Oct 20080 not, prob- flows can be thought of as two accelerating point wakes
appropriate terrain (i.e. along every rugged portion of ably because the effect was counteracted by confluencejoined at the core. Thus, they often have fairly sharp
the Alaskan or Siberian coast), gap flows can be par- in the synoptic scale flow. If islands obstruct the gap lateral boundaries (Mass et al. 1995) and fan out to
ticularly spectacular when an air mass moves through flow, wakes can occur as described in subsection 2.1. greater width downstream. Conditions aloft are also
the lliamna Lake passes and on out through the Such wakes are common in the lee of the Barren Is- reminiscent of those in accelerating point wakes with
Kennedy Entrance between Apognak Island and the lands and Augustine Island as see®344 GMT 24 wind speeds often decreasing between the top of the
Kenai Peninsula as seen844 GMT 24 Dec 1999 Dec 19990348 GMT 30 Sep 200and 1637 GMT 12 gap flow and the level of the flanking peaks. The gap
0344 GMT 31 Oct 2000, 0348 GMT 30 Sep 2000 and Dec 1999 These wakes can be of aid in judging sur- flow itself often forms a supercritical expansion fan
1637 GMT 12 Dec 1999The latter two SAR images  face wind direction in situations where the flow curves with the resultant decrease in boundary layer depth
extend far enough southwest to show the strong gap to avoid more major obstructions such as Apognak Is- (Bond and Maklin 1993, Mass et al. 1995).
flows downwind of the Alaska Peninsula. While the land and the Kenai Peninsula. As seefdd8 GMT
resulting plumes of high-speed wind typically have 30 Sep 2000it is also possible to have quite intense Gap flows occur when the Froude number (com-
moderately sharp lateral edges, these boundaries aremountain lee waves superimposed on the gap flow. puted relative to the height of the side walls) is small
sometimes blurred by interaction with flow through When all three phenomena combine, the resulting wind because, under these conditions, the flow is blocked
adjacent mountain gaps or over the major offshore land- field can be complex in the extreme. everywhere but in the gap (Bond and Maklin 1993).
In order to force flow through the gap, a synoptic pres-
Figure 2-4 provides a schematic diagram of the sure gradient across the barrier is required. Thus, most
streamlines through the lliamna Lake gaps and gap flows are highly ageostrophic with a pressure gra-
Kennedy Entrance. Typical features of this and other dient across the barrier acting to accelerate the flow
Alaskan gap flows are strong wind in passes upwind through the barrier (Mass et al. 1995). Balanced flow
of the gap flow (i.e. in the gaps themselves) and strong is eventually restored approximately one Rossby ra-
dius offshore, a few hundred kilometers for the lati-
tude of Alaska (Bond and Macklin 1993). As with point
wakes (see subsection 2.2) the Bernoulli effect plays a
role in gap flows (Jackson and Steyn 1994). Thus,
expansion fan effects can cause the flow to accelerate
further upon leaving the gap (Colle and Mass 2000).
This flow spreading results from variations in cross-
flow pressure gradient caused by doming of cool air in
the center of the outflow (Steenburgh et al. 1998).
Supercritical flow can also occur within the gaps, pos-
sibly in patches rather than continuously (Finnigan et
al. 1994).

0344 GMT 24 Dec 1999 0344 GMT 31 Oct 2000

Gap flow interaction with mountain waves is com-
mon in some parts of Alaska (Colman and Dierking
1992). For example the Taku wind of southeast Alaska
is a manifestation of an amplified mountain wave. A
Figure 2-4. Gap flow between two points (green). Wind speed is complicating factor in understanding the Taku is the

indicated by shading with red being fastest, as in the SAR imagery. coincident. occurrence of gap flow, althoth Colman
0348 GMT 30 Sep 2000 1637 GMT 12 Dec 1999  streamlines are depicted as blue arrows. and Dierking were able to demonstrate that these are
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distinct phenomena. Conditions that favor mountain Colman, Bradley R., Carl F. Dierking, 1992: The
waves tend to have the cross-barrier pressure gradi- Taku Wind of Southeast Alaska: Its Identification and
ents needed for gap flow. Therefore, gap flows will Prediction. Weather and Forecasting: Vol. 7, No. 1, pp.
frequently accompany mountain waves if appropriate 49-64.
gaps exist. Finnigan, Timothy D., Jason A. Vine, Peter L.
Jackson, Susan E. Allen, Gregory A. Lawrence, Douw
The existence of gap flow tells the meteorologist G. Steyn, 1994: Hydraulic Physical Modeling and Ob-
much about the movement of surface airmasses andservations of a Severe Gap Wind. Monthly Weather
the stability aloft. The required synoptic-scale pres- Review: Vol. 122, No. 12, pp. 2677-2687.
sure gradient across the barrier generally results from Jackson, Peter L., D.G. Steyn, 1994: Gap Winds
cold air damming of one sort or another. For gaps with in a Fjord. Part I: Observations and Numerical Simu-
passes well above sea level the depth of the cold airmasdation. Monthly Weather Review: Vol. 122, No. 12, pp. 1636 GMT 10 Apr 2000 0340 GMT 11 Feb 2001
is important. If the stable layer capping the cold 2645-2665.
airmass reaches down to the floor of the gap, the flow Mass, Clifford F., Steve Businger, Mark D.
through the gap is greatly reduced, particularly at sea Albright, Zena A. Tucker, 1995: A Windstorm in the
level beyond the gap. This is yet another manifesta- Lee of a Gap in a Coastal Mountain Barrier. Monthly
tion of the Froude number effect: the opposition of Weather Review: Vol. 123, No. 2, pp. 315-331.
buoyancy to the flow of stably stratified air over high Steenburgh, W. James, David M. Schultz, Brian
terrain. Thus, when a stable layer fills the pass, moun- A. Colle, 1998: The Structure and Evolution of Gap
tain waves result rather than gap flows (Colle and Mass Outflow over the Gulf of Tehuantepec, Mexico.
1998). Downstream terrain can also play a major role Monthly Weather Review: Vol. 126, No. 10, pp. 2673—
in gap flows. If there is a terrain barrier downstream 2691.
of the gap, the flow will twist so as to pass out through
any gaps in that barrier as see®844 GMT 31 Oct 2.5 Hybrid Gap Flows
2000 As with most other phenomena resulting from

o .r e

0353 GMT 19 Jun 2000 0253 GMT 30 Dec 2000

the interaction of a stable atmosphere with terrain, gap Not all gap flows take the classic exit jet form very hard to determine how much of a gap flow is con-

flows will persist for as long as the required synoptic described in subsection 2.4. Gap flows are common tributed by drainage as most are forced by the pres-

conditions prevail (hours to days).
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enough in Alaska that SAR frequently observes them sure gradient associated with a pool of cold air blocked
interacting with other phenomena. Likewise, they can by terrain. Pure drainage flow occurs when the cold
form in a wide range of synoptic settings, not just the air originates within the terrain while pure gap flow

classic one of a cold pool inland of a terrain barrier. when it originates behind the terrain barrier. For many

craft Observations of Offshore-directed Flow near This subsection explores some of the possible varia- Alaskan locations, gap flow through passes may be
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tions. augmented by drainage flow from their side valleys,
making pure cases of either hard to come by.
Reverse gap flow occurs when the cold pool lies

storms along the Western Side of the Washington Cas- offshore as il636 GMT 10 Apr 200@r when a syn- 2.5.1 Reverse Gap Flow
cade Mountains. Part I: A High-Resolution Observa- optic-scale on-shore flow passes through a gap as in
tional and Modeling Study of the 12 February 1995 0340 GMT 11 Feb 200&nd0353 GMT 19 Jun 2000 Reverse gap flow in a situation where the pres-

Event. Monthly Weather Review: Vol. 126, No. 1, pp.
28-52.
Colle, Brian A., Clifford F. Mass, 2000: High-

Synoptic-scale flow passing through a gap can also lead sure gradient is aligned through the gap is just the up-
to outflows that curve with the offshore synoptic flow stream half of the phenomenon described as classic
as in 0347 GMT 04 Jan 2001 Even classic gap flow in subsection 2.41636 GMT 10 Apr 2000

Resolution Observations and Numerical Simulations ageostrophic gap flows of the type discussed in sub- illustrates the salient features. Confluence into the
of Easterly Gap Flow through the Strait of Juan de Fuca section 2.4 may turn downstream to merge with the gap is widespread and can extend 100 or more kilome-
on 9-10 December 1995. Monthly Weather Review: synoptic scale flow as i8253 GMT 30 Dec 20Q0 ters upwind of the gap. The flow acquires sharp edges

Vol. 128, No. 7, pp. 2398-2422.

Drainage flows offer yet another complication. Itis (PV banners) only after passing through the gap as the
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terrain provides the only source of PV. Island wakes 2.5.2 Gap Flow / Synoptic Interaction pecially downwind of Kodiak Island. These waves
such as those of the Barren Islands sedi686 GMT suggest weather conditions were favorable for the for-
10 Apr 2000can be very useful in distinguishing gap Classic (exiting) gap flows occur when there isa mation of Karman vortex streets but that the island was
flow from reverse gap flow0340 GMT 11 Feb 2001 cross-barrier pressure gradient (see subsection 2.4). Iftoo wide for the perturbations from the two PV ban-
illustrates a more complex situation with merger of re- this pressure gradient continues offshore a82i63 ners to interact. Convection is responsible for the mot-

verse gap flows from the Cook Inlet and the Kennedy GMT 30 Dec 200Qthe exit jets encounter offshore tling to the south (see subsection 2.10).
Entrance. In some cases (e0353 GMT 19 Jun 2000 flow parallel to the coast, roughly perpendicular to the
reverse gap flow does have sharp edges upstream ofhighly ageostrophic gap flow. This isobaric pattern is Figure 2-5 shows the streamlines and downstream
the barrier. The PV source for these shearlines is un- favored by the presence of a cyclone off the coast. In evolution of the forces acting on a classic gap flow
clear. The resemblance of these anomalous reverse-this situation, the gap flows bend anticyclonically to exit jet in the presence of a strong seaward pressure
flow cases to normal (exiting) gap flow makes deter- merge with the offshore flow as 1239 GMT 09 Dec gradient offshore. The streamlines turn from down gra-
mination of the true wind direction via island wakes 1999 In doing so several gap flows may merge to form dient at the gap to cross gradient downstream suggest-
essential. a jet along the coast asG253 GMT 30 Dec 2000n ing a transition from accelerating hydraulic flow to
contrast0347 GMT 04 Jan 200dhows a non-classic  steady balanced flow. This flow begins with exit jets
Figure 2-4 in subsection 2.4 shows the streamline case in which the gap flows appear to be in synoptic- from one or more gaps. These jets then curve down-
pattern in a gap flow including the portions upwind of scale balance, turning only as the offshore synoptic stream to match the offshore synoptic flow direction.
the barrier (i.e. the reverse gap flow). The surface fea- scale flow bends around a coastal cyclone. Other in- In the process the exit jets may decelerate over a few
tures of this upstream portion of a gap flow include teresting features in this image include the sharp is- hundred kilometers to match the synoptic flow speed
confluence and acceleration. Historically this part of land wakes (PV banners) and the waves on them, es-
the flow has been less damaging than the downstream
expansion fans and so has been little studied. Thus,
the discussion that follows is based on a generaliza-
tion of the hydraulic theory discussed in subsection
2.4. Such arguments suggest that the boundary layer
(or cold airmass) should deepen via damming upstream
of the barrier and become more shallow where the flow
accelerates into the gap. Likewise, hydraulic arguments
suggest that there is probably much less flow response
above the boundary layer. Therefore shear and turbu-
lence probably occur at the boundary layer top during |
reverse gap flow. Because reverse gap flow is just the

upwind half of classic gap flow, terrain and stability 0253 GMT 30 Dec 20000239 GMT 09 Dec 1999 Cex |
requirements are the same (see subsection 2.4). | Y Cragg

! N

The salient features of reverse gap flow (upstream
confluence and acceleration) might at first glance seem
to require flow upstream of the barrier to be subcriti-
cal relative to boundary layer gravity waves. Yet such
upstream effects may also be possible in faster flows
if the flow remains subcritical with respect to the ter-
rain on either side of the gap. In those circumstances
cold air would pile up upwind of terrain causing a

Figure 2-5. Plan view of a turning gap flow with force diagrams
for three key points along a streamline (blue arrow). Diagram A
shows the forces acting on a parcel in the gap, diagram B the forces

mesoscale pressure gradient towards the gap down acting on the same parcel while it is turning, and diagram C the
forces after the parcel has turned parallel to the coast. The forces

which the flow COL!ld accelerate ca}usmg.convergence. do not balance at any of these points. The flow is accelerating at
Mesoscale modeling could test this conjecture. 0347 GMT 04 Jan 2001 point A, turning at point B, and decelerating at point C.
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or may form a high-speed barrier jet along the coast.
The latter may require a larger supply of cold air (i.e.
more mass flux through the gaps) as it would require
creation of a cold pool along the coastal barrier. Bar-
rier jets are discussed in subsection 2.11. The features
aloft in a turning gap flow are probably similar to the
classic gap flows discussed in subsection 2.4.

rection (Miller et al. 1996). SAR backscatter responds
to both wind direction and wind speed so fronts are
particularly likely to produce detectable signatures. The
wind direction dependence can be computed and re-
moved as was done with the images in this document.
The current method is incomplete however as it as-
sumes a smooth wind direction field well resolved by
a large-scale numerical model analysis or by a remote
SAR imagery suggests two mechanisms for gap sensor of equivalent horizontal resolution (e.g. a
flow/synoptic interaction. For cases with a cyclone off- e < scatterometer). Because frontal discontinuities in wind
shore such a8253 GMT 30 Dec 20QGhe gap flow ' ' . = direction often occur over horizontal distances of less
begins in the classic ageostrophic form although the 1819 GMT 16 Feb 20010557 GMT 02 Feb 2000 than a kilometer, they are neither smooth nor well re-
“pull” of the cyclone offshore may be replacing to some solved on this scale. Thus, the contribution of the fron-
extent the “push” of an anticyclone inland of the bar- tal shift in wind direction to the backscatter disconti-
rier. Once clear of the gap the Coriolis force gradually nuity remains largely intact.
turns the flow, eventually achieving a three-way bal-
ance between Coriolis, pressure gradient, and friction
(i.e. matching the rest of the synoptic scale flow). The
resulting pool of cold air along the coastal mountain
barrier enhances the offshore-directed pressure gradi-
ent and so could lead to a barrier jet as se€2%3
GMT 30 Dec 2000In contrast, for situations with bal- k

The air temperature difference across a front can
also contribute to its SAR signature. Given broadly
equal sea surface temperatures (not always a good as-
sumption), the atmospheric surface layer will be more
stable for warm air than for cold. The resulting stabil-
ity gradient across fronts leads to a gradient in turbu-
lence intensity, surface stress, roughness, and SAR
GMT 04 Jan 200the gap flow does not result from backscatter with the greatest backscatter under the cold
the classic mechanism of ageostrophic acceleration but 0528 GMT 17 Nov 2000 air. Wind speed variations are however greater than
rather of air coasting through the gap on its own mo- the stability induced variations in surface stress, so this
mentum. The flow in such situations is already in or Some examplesd 819 GMT 16 Feb 2001, 0557 GMT is most often a secondary effect particularly at high
near synoptic balance upon leaving the gap. Thus, it 02 Feb 200pare lobed, suggesting cold fronts with  wind speeds.
continues to follow a normal trajectory around the cy- their gravity-current structure (Houze 1993). In con-
clone or anticyclone responsible as seedBi#h7 GMT trast, warm or occluded fronts suchC&®28 GMT 17 Frontal signatures in SAR imagery take on two
04 Jan 2001Thus, merger of gap flows with the off-  Nov 2000are often smooth. A thorough synoptic cli- general forms, lobed and smooth. Lobed fronts such
shore synoptic flow requires either that the offshore matology is needed to determine if this characteristic as those ii819 GMT 16 Feb 2004nd0557 GMT 02
isobars roughly parallel the coast with lower pressure provides a reliable means of frontal typing. Frontal ori- Feb 200Cclosely resemble the fine-scale structure of
offshore or that the synoptic scale flow is aligned entation as seen on SAR images can also provide in- gravity currents (Houze 1993), suggesting that these
through the gap. In either situation the phenomenon is sight into frontal type, particularly when SAR is used are cold fronts. Indeed, both of the examples presented
expected to last for as long as synoptic conditions per- synergistically with numerical model analyses. The here occurred in synoptic settings suggesting advec-

anced synoptic flow aligned with the gap a®9847

sist (i.e. hours to days). analysis provides a first guess at the wind and thermal tion of a cold air mass around the west or south side of
fields allowing more confident interpretation of the a synoptic-scale cyclone. These two images present
2.6 Synoptic Fronts SAR image. The SAR image in turn provides more an interesting contrast, witt819 GMT 16 Feb 2001

detailed and accurate depiction of frontal location, in- having strong winds behind and perpendicular to the
Synoptic-scale fronts are often readily apparent tensity, and structure than is possible with a large-scale front and0557 GMT 02 Feb 2006trong winds ahead

on SAR imagery, typically as a sharp change in back- numerical model analysis. of and parallel to the front. The latter image may thus
scatter intensity. This change can approach a zero or- be of a cold front in the process of becoming station-
der discontinuity as seen 819 GMT 16 Feb 2001, Synoptic-scale fronts often exhibit a very sharp, ary.

0557 GMT 02 Feb 200@nd0528 GMT 17 Nov 2000 nearly zero order, discontinuity in wind speed and di-
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Fronts may also exhibit mesoscale wave and cusp limit the intensity of the front itself and spread the gra- States. Part |: Mesoscale Observations. Monthly
patterns as do the warm/occluded fron®528 GMT dients into a broader frontal zone. This process is more Weather Review: Vol. 124, No. 8, pp. 1648-1675.

17 Nov 2000and the cold front east of the lowdA59 effective for temperature than for momentum, perhaps Uccellini, Louis W., Steven E. Koch, 1987: The
GMT 31 Oct 1999The latter image shows a family of  because pressure effects act both to accelerate the mea®ynoptic Setting and Possible Energy Sources for Me-
these features with those on the southern part of the flow and to reduce the turbulent flux of momentum.  soscale Wave Disturbances. Monthly Weather Review:
front being open waves and further north being more \ol. 115, No. 3, pp. 721-729.

fully wrapped. This phenomenon is discussed in sub- Because of this self-organizing nature, fronts are Winstead, N. S., T. Sikora, and D. R. Thompson,
section 2.8. Gravity wave signatures similar to those remarkably persistent. The wind pattern in particular P. D. Maurad, 2002: Direct Influence of Gravity Waves
described in subsection 2.3 are also frequently observedmay last for days after cessation of the external on Surface-layer Stress during a Cold Air Outbreak as
in association with fronts. These signatures are typi- frontogenetic forcing. Because of the temperature and shown by Synthetic Aperture Radar: Monthly Weather
cally seen immediately to the cool side of fronts and stability gradients across fronts, surface fluxes gener- Review, Vol. 130, pp. 2764-2776.

can occur even in the absence of terrabR9 GMT ally act to reduce the thermodynamic gradient at a

24 Oct 2000s a typical example with the gravity waves  greater rate. 2.7 Synoptic Lows

lying just north of the surface front.

The gravity waves are typically seen to the cool Mature extratropical cyclones are often readily
side of fronts in SAR imagery because the frontal in- apparent in SAR imagery. Younger systems with the
version provides a ducting layer. Weaker stability above warm or occluded front just beginning to wrap around
and below the frontal zone traps the gravity waves the low appear as a bend in the westward end of the
within the inversion (Uccellini and Koch 1987). Geo- pre warm-frontal jet (i.e. the cold conveyor belt,
strophic adjustment tends to generate gravity waves
with lengths of 50 to 500 km, larger than those seen in
a typical SAR frontal image. In contrast, shear (ther-
mal wind) across the frontal zone generates gravity
waves with scales of a few kilometers, matching the |
SAR observations. Moreover, the SAR signatures of
gravity waves are generally aligned perpendicular to

0459 GMT 31 Oct 1999 0529 GMT 24 Oct 2000 the ther_mal wind _(i.e. n(_early perpen_dicular to the front)
as required by this forcing mechanism. Thus, the wave
] ) signatures seen 0529 GMT 24 Oct 200@re prob-

The primary surface feature of a synoptic-scale p|y the result of shear-generated gravity waves. The
front is the quasi-discontinuity of wind, temperature, signatures are apparent only when the wave duct (i.e.
and humidity Whe_re ’Fhe frontal sur_face intersects the fontal inversion) is close enough to the surface for
ground. As seen in figure 14 of Miller et al. (1996), the wave-induced wind perturbations to affect the sur-
wind direction is generally the most discontinuous with  f5ce stress (Winstead et al. 2001). Thus, while the SAR
a near zero-order jump at the front. In contrast tem- gjgnatures of frontal zone gravity waves are most com-

perature falls off exponentially on the cold side of a o near the surface front, the waves themselves may
front, beginning with a precipitous decrease and con- pe more widespread.

tinuing with a more gradual decline. This pattern re-
sults from the frontogenesis process. Shear and stretch- References

ing act to concentrate gradients of both wind and tem- Houze, Robert A., 1993: Cloud Dynamics, Aca-
perature in frontal zones. As the wind concentrates its jemic Press, San Diego California, 573 pp.
own gradient the process becomes increasingly effec- Miller, L. Jay, Margaret A. LeMone, William

tive, driving the gradients towards a discontinuity. Bjymen, Robert L. Grossman, Nimal Gamage, Robert
Mixing, both laterally across the surface frontand ver- 3 zamora, 1996: The Low-Level Structure and Evo-

tically through the overlying frontal inversion, act to  ytion of a Dry Arctic Front over the Central United 0459 GMT 31 Oct 1999
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Carlson 1980) as shown @528 GMT 17 Nov 2000 momentum flux convergence explain these two fea- hibit several consistent surface features. A cold front
and discussed in subsection 2.6. This section discussegures? SAR imagery shows new features of vortex typically trails southwards from just east of the low,
more fully occluded cyclones in which the fronts have structure - but what do they mean and how do we fore- with a warm conveyor belt (Carlson 1980) flowing
wrapped entirely around the storm center. Such storms cast them? Some of this will become clear in the dis- northward ahead of the front. A warm front extends

can show an "eye" as 819 GMT 06 Dec 20Q@318 cussion below, but other aspects will require further eastward from just north of the low with a cold con-
GMT 05 Jan 2008nd0459 GMT 31 Oct 1999 research. veyor belt (Carlson 1980) flowing westward ahead of
the front. The occlusion point marks the intersection

0459 GMT 31 Oct 1998hows an occluding sys- A land-falling system is shown 6318 GMT 05 of these two fronts. The warm conveyor belt overruns

tem with the low center still near the occlusion point. Jan 2001 Again there is a low-wind "eye" with fairly ~ the warm front east of the occlusion point, thus lifting
There is a well defined "eye" with surface-level jets sharply defined inner edge. The "eye-wall" is much away from the surface to cross over the cold conveyor
wrapping around it. These jets appear to have sharp sharper in SAR than in the model output, but an "eye" belt. This feature is captured well 0459 GMT 31

(approximately zero order) inner edges. In @H&9 exists in both. The frontal patterns are much less clear Oct 1999 The occluded front itself is a westward ex-
GMT 31 Oct 199%ase the jets meet at an angle at a in this land-falling storm than they were for open sea tension of the warm front. This extension results from
point northeast of the low center. This arrangement systems such as819 GMT 06 Dec 200@nd 0459 differential temperature advection as the cold conveyor
suggests that the air moving up the eastern side of the GMT 31 Oct 1999 Is the "eye" a remnant of the wrap-  belt wraps around the low (Kuo et al. 1992, Neiman
cyclone is warmer than that wrapping around the north ping of once much more prominent fronts? and Shapiro 1993, Read et al. 1994). Thus, the oc-
and west and is, therefore, riding up over it. This con- cluded front is embedded within air that was earlier
figuration is the classic T-bone frontal pattern with a Figure 2-6a presents a schematic isotherm/stream- located within the baroclinic zone ahead of the low

warm conveyor belt overrunning a cold conveyor belt line analysis for an occluding system with low center center, not air that was previously in proximity to the
(Carlson1980, Neiman and Shapiro 1993). Note that still near the occlusion point. Occluding systems ex- warm and cold fronts. Models of the occlusion pro-
the global model does not position the low correctly in
this case.

A more fully occluded system is showniB819
GMT 06 Dec 2000 In this system the tip of the oc-
cluded front has wrapped back on itself forming a se-
clusion (Kuo et al. 1992). The model fields capture
the wind shift and jet associated with this occluded
front as well as those associated with the warm and
cold fronts. The triple point of the occlusion lies 20
degrees longitude east of the seclusion in the model
fields. The model fields also show that the wind band
around the secluded "eye" is an extension of the jet
north of the occluded front which is itself an extension
of the cold conveyor belt northeast of the warm front.
A number of features of this image are less easily ex-
plained. Why, for example, are there two wind maxima
on opposite sides of the vortex? Likewise, why is - :
there such a sharp inner edge to the wind maximum
circling the "eye"? Is the inner edge of the wind maxi-
mum sharp just because it is a frontal surface bound-

ing the cold conveyor belt? Could the stability differ- Figure 2-6a. Asynoptic scale cyclone just beginning the occlusion Figure 2-6b. A synoptic scale cyclone completing the seclusion
ence across the front matter? Does the SAR sensitiy- Process, adapted from figure 21 of Neiman and Shapiro (1993). process, adapted from figure 21 of Neiman and Shapiro (1993).
. . . . . L . . Isotherms are shown in color (red as warm and blue as cool) and Isotherms are shown in color (red as warm and blue as cool) and
ity to wind direction play a roll in h'gh“ghtmg this fronts are shown in black. The warm conveyor belt is shown as a fronts are shown in black. The warm conveyor belt is shown as a
windshift line? Could vortex Rossby waves and their red arrow and the cold conveyor belt as a blue arrow. red arrow and the cold conveyor belt as a blue arrow.




cess show that the largest thermal gradient often oc-
curs along the occluded front, not along the warm or have a warm core in the lower half of the troposphere,

from the trowal. Thus, a fully secluded cyclone will
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bounded by the wrapping cold conveyor belt and the
warm conveyor belt.

Figure 2-6b shows the isotherm/streamline analy-
sis for a more fully occluded system. In this systemthe
cold conveyor belt has wrapped completely around the
low, forming a seclusion (Kuo et al. 1992, Neiman and
Shapiro 1993, Read et al. 1994). As the cyclone ma-
tures to this stage the occlusion point moves well away
from the secluded "eye" as seerd819 GMT 06 Dec
200Q Thus, the cold front and warm conveyor belt lie
well to the east of the low. The warm front and its
adjacent cold conveyor belt continue to play a central
roll in the creation and maintenance of the occluded
front via the differential temperature advection mecha-
nism described above. SAR imagery reflects a num-
ber of features found in the simulations reported by
Kuo et al. (1992), Neiman and Shapiro (1993), and

or diabatic processes (Kuo et al. 1992).

The physical mechanism for the occlusion pro-

cess described above differs somewhat from the clas-

sic Norwegian model. Instead of the cold front over-
taking the warm front, the cold conveyor belt acts to
extend the warm front back into the cold airmass (Kuo
et al. 1992). As the cold conveyor belt moves west-
ward past the point where the warm and cold fronts
meet, it brings with it air colder than that found behind
the cold front. This happens via a difference in sign of
temperature advection across the wind shift line (i.e.
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tends the warm front westward as an occluded front.
The seclusion of relatively warm air at low levels re-

sults when the more rapidly moving cold conveyor belt
wraps around the low center from front to rear. Thus,
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the sharpness of the simulated temperature gradientbent back (occluded) front is one of the reasons the

there as a large change in air/sea temperature differ- low migrates back along the occluded front, away from 2.8 Mesoscale Lows along Fronts

ence across the front would greatly affect the air/sea
momentum transfer.

the junction of the warm and cold fronts (Steenburgh

Likewise, the low backscatter and Mass 1996). It is thus also responsible in part for

A variety of mesoscale waves have been observed

"eye" reflects both the surface layer stability of the the wrapping of the cold conveyor belt into a circle along surface fronts. Line echo wave patterns (LEWP)

secluded pocket of warm air and its low wind speed
(Neiman and Shapiro 1993).

Using the SAR depiction of the surface features

well back into the cold air.

have been associated with severe weather along cold
fronts (Johns and Doswell 1992), while other waves of

Occluding cyclones form as a direct consequence similar scale have been observed along occluded fronts

of the maturing of a synoptic-scale baroclinic wave-

(Liu et al. 1997). These waves typically initiate in the

of an occluding or secluded cyclone, a forecaster can cyclone. Thus, their preferred environment is the east form of a wave and cusp in the surface front as seen in
deduce the presence of a number of features aloft. Per-or northeast portions of long-wave troughs. The oc- 0528 GMT 17 Nov 200@and0429 GMT 05 Feb 2000
haps the easiest to recognize is the surface layer sta-clusion process is often associated with the partial cut- Subsequent development may be into distinct frontal
bility gradients across fronts, with unstable air/sea tem- ting off of the supporting upper-level short wave. The vortices as 9506 GMT 08 Feb 20Qpossibly associ-
perature differences below the cold conveyor belt and occlusion process takes one or more days to completeated with frontal breaks as in narrow cold frontal rain

behind the cold front being markedly greater than else-

and may be followed by a day or more in which the

where. Kuo etal. (1992) suggest that there should also seclusion vortex breaks off from the occluded front

be a trough of warm air aloft (trowal), lying over the
surface manifestation of the occluded front. The warm
air seclusion also extends aloft (Neiman and Shapiro
1993), reaching perhaps 500 mb and increasing in hori-
zontal dimension with height. In a fully secluded sys-
tem, this pool of warm air may be completely cut off

and drifts with the flow (Reed et al. 1994). Terrain
can be a complicating factor with alongshore coastal
surges and intense winds in landfalling storms, par-
ticularly those with bent back occluded fronts.
(Steenburgh and Mass 1996)

bands (Parsons and Hobbs 1983). The spacing of me-
soscale frontal waves can range from less than 20 km
as seen 0429 GMT 05 Feb 200and0506 GMT 08

Feb 2001to around 200 km as seen(B28 GMT 17

Nov 2000 Frontal vortices can form on warm fronts
as in0528 GMT 17 Nov 200@nd0429 GMT 05 Feb
200Q on cold fronts as i6506 GMT 08 Feb 20Q&and
even along the wrapping fronts of synoptic scale seclu-
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This weakening breaks the front into segments, one

as in0506 GMT 08 Feb 2001 In some cases (e.qg.
0506 GMT 08 Feb 2001the SAR image shows a back-

locally enhanced winds.
The life cycle of a mesoscale frontal wave can thus
be thought of in three stages (Figure 2-7): the incipi-

ent stage in which a frontal instability creates a sinu-
soidal wave, a growing stage in which the wave forms

wind speed, the perturbation of the frontal shape over

AR
T r'n’i‘ﬂ?" T

0506 GMT 08 Feb 2001 0459 GMT 31 Oct 1999

sions as iM459 GMT 31 Oct 1999Because of the
small scale of the phenomena depicted, these SAR im-
ages often do a better job of capturing the wind field
than does the superimposed large-scale analysis.

The SAR signatures of mesoscale frontal waves
have many similarities across this broad range of scales.
The SAR image of a wave-bearing front usually in-
cludes a sharp across-front gradient in backscatter, re-
flecting in most cases a sharp frontal discontinuity in
the along-front wind component as(628 GMT 17
Nov 200Q 0429 GMT 05 Feb 200Gand0506 GMT
08 Feb 2001 The first stage of frontal wave forma-
tion is a sinusoidal perturbation of the frontal position.
Such waves soon begin to cusp as seen in the
westernmost wave 0528 GMT 17 Nov 200@nd all
of the waves 0429 GMT 05 Feb 200@s these waves
mature they break, weakening the frontal gradient as
in the easternmost wave @28 GMT 17 Nov 2000

Figure 2-7. The three stages of the life cycle of a mesoscale frontal
wave are depicted schematically. The frontal boundary is shown in
black and the streamlines in green.

a cusp, and a breaking stage in which the resulting fron-
tal vortex creates a break in the surface front. The key mesoscale waves are probably due to baroclinic insta-
surface features are the sharp cross-front gradient in bility (Bond and Shapiro 1991) as are their synoptic

mesoscale distances, and the creation of possibly in-

Section /I Young and Winstead: Meteorological Phenomena in High Resolution SAR Wind Imagery

Explanations for frontal wave formation are many

tangent to each side of the resulting mesoscale vortex and varied although the along-front component of shear

is thought to play a role in many cases (Parsons and
Hobbs 1983). The variety of environments in which

scatter maximum in the mesoscale vortex, suggesting mesoscale frontal waves form and the range of scales

at which they occur suggest that more than one of these
mechanisms may be at work depending on the circum-
stances. The details remain sketchy as retrieval of the
evolving three-dimensional wind and temperature
fields from observations is difficult and modeling of a
full synoptic weather system at the required horizon-
tal resolution is computationally intensive. Larger

scale counterparts. If so, these waves would grow in
environments with strong thermal wind, i.e. vertical

tense vortices on the meso- and sub-mesoscale. Theshear across the sloping frontal surface. In such cases
vortex cores iM506 GMT 08 Feb 20Qfor example,
are only 1 to 2 km across yet have SAR-estimated
winds of 25 m/s. The vertical structure of these fron-
tal vortices is not well understood. Some conjectures
can however be made from the dynamics of their for-
mation as described below.

the frontal wave may well tilt back over the cold air as
it does with synoptic scale baroclinic waves. For
smaller mesoscale frontal waves, a form of barotropic
instability involving the wrapping up of a vortex sheet
(Wakimoto and Wilson 1989) is probably responsible.
Vertical stretching by either frontal circulations or the
convection it triggers can intensify such vortices
(Wakimoto and Wilson 1989) and ensure their vertical
orientation. If this stretching is sufficient, waterspout/
landspout type phenomena may result (Wakimoto and
Wilson 1989, Golden 1974).

As seen above, shear, either horizontally or verti-
cally across the front, plays the central role in forma-
tion of frontal waves and vortices. In contrast, terrain
is not thought to be required for the triggering or in-
tensification of frontal vortices although it is respon-
sible for several other forms of mesoscale vortices (e.g.
section 2.1). Stability requirements have received lim-
ited attention in the literature, although they can be
expected to be relevant as both baroclinic instability
and convective stretching of barotropic vortices are
more successful in less stable environments. Low sta-
bility also acts to minimize the vortex radius for
baroclinic waves by decreasing the Rossby radius of
deformation (Bond and Shapiro 1991).



While the life cycle of mesoscale frontal waves is
reasonably well understood, their lifespan is a matter

of conjecture because most observations over water

have been snapshots from aircraft penetrations or air-

2.9 Mesoscale Lows within Cold Air Outbreaks

Mesoscale lows can also form within air masses
well poleward of the primary synoptic scale fronts.

page 26

this asymmetry and its orientation relative to the syn-
optic scale wind direction can be seen botl®%02
GMT 09 Apr 2000and1821 GMT 16 Jan 2001Both
the spiral bands and eye wall often have very sharp

borne weather radar. Dimensional analysis suggests These polar mesoscale cyclones result from at leastwind shear lines on their inner edges wherein wind
that the development time of an individual frontal wave three mechanisms and are known by several namesspeed and/or wind direction exhibit a near discontinu-
is at least as great as the distance between crests diincluding polar low, arctic instability low, and comma

vided by wind difference across the front. The rel-
evant wind difference would be the thermal wind for
larger scale baroclinic vortices and the horizontal shear
for smaller scale barotropic vortices. For the examples

cloud. One of the most common forms occurs when
cold air moves out from the ice edge over relatively
warmer water as seen %02 GMT 09 Apr 200@&nd
1821 GMT 16 Jan 200MWhile the overall circulation

presented in this section this timescale ranges from 10 can be 100 to 200 miles in diameter, the core of in-

minutes to 5 hours. Thus, the full lifespan of a frontal

tense winds typically spans only a quarter of that dis-

ity. The overall structure of the surface wind field is
thus reminiscent of that in a hurricane as noted by
Businger and Baik (1991). The intensity rarely if ever
exceeds the hurricane threshold however (Reed 1992).
While the spiral bands of a polar mesoscale cyclone
also resemble the fronts in the synoptic scale cyclones
presented in section 2.7 they are not necessarily

wave/vortex should be on the order of one hour to a tance. Polar mesoscale cyclones can form singly as in baroclinic boundaries between airmasses. Nonethe-

day or so. Mesocale waves would continue to reform

0502 GMT 09 Apr 200@nd1821 GMT 16 Jan 2001

less both phenomena share a number of features in-

along the front until the waves mixed out the baroclinic in unconnected groups, or even in a linked series spacedcluding the tendency for small-scale shear instability
zone (as occurs when synoptic scale lows occlude anda diameter or two apart along a distinct wind shear along the wind shear line as seed®21 GMT 16 Jan
die) or until the shear and frontogenesis decrease (for line (Sikora et al. 2000).

smaller scale lows).
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The SAR signature of a polar mesoscale cyclone
is quite distinctive, consisting of one or more bands of
high backscatter spiraling in towards a common cen-
ter. These bands of higher wind speed often wrap
around a calmer eye in the more intense or fully devel-
oped cases as 6502 GMT 09 Apr 200@Gnd 1821
GMT 16 Jan 2001 The eye may be entirely absent in

2001, a phenomena discussed in section 2.8.

Because polar mesoscale cyclones are a low-level
phenomenon, most of their salient features are cap-
tured by the SAR imagery. These surface features in-
clude a central eye with low wind speeds with a partial
or complete eye wall having winds markedly stronger
than synoptic background flow on at least one side.
The sharp inner edge of the eye wall often originates
with the wrapping of the outer (spiral) wind shear lines
around the cyclone center. Moist convection is often a
key element in polar mesoscale cyclones and may be
organized and enhanced by convergence along the spi-
ral wind shear lines. The overall structure of many
polar mesoscale cyclones is essentially barotropic with
a warm core in the lower troposphere, so the wind pat-
tern decays aloft with little change in form. Both the
circulation and convection may extend into the mid or
upper troposphere (Douglas et al. 1991).

While the subject remains controversial, it is be-
coming apparent that there are at least three types of

Comparisons between Observational and Theoretical younger or less well-developed systems. Because thePolar mesoscale cyclones, each corresponding to a par-
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mesoscale cyclone drifts with the flow, the surface wind
field is often highly asymmetric with more intense

winds on the side where the cyclone’s circulation rein-
forces the synoptic flow and weaker wind on the side
where the two are in opposition. Good examples of

ticular forcing mechanism and synoptic setting
(Businger and Read 1989). The first mechanism is
baroclinic instability along a shallow frontal zone par-
alleling the ice edge. The resulting polar mesoscale
cyclones are sometimes said to be of the arctic-front
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type (Businger and Read 1989). A second mechanism wave for the comma-cloud type. Because of the role
involves convective feedback, reminiscent of that in a of moist convection in most polar mesoscale cyclones
hurricane. Because of the need for convective insta- the low to mid troposphere is generally unstable in their
bility this form often involves strong surface fluxes of  vicinity, either because of enhanced surface fluxes
heat and moisture and/or the existence of a region of (cold-low and arctic-front types) or because of ascend-
cold air aloft. Thus, this form of polar mesoscale cy- ing motion aloft (comma-cloud type).

clone typically occurs where flow off the ice results in

large air-sea temperature differences (Businger and Forecasting polar low initiation presents particu-
Baik 1991). The favored synoptic setting also includes lar challenges both because of their small scale and Reed, Richard J., 1992: Comments on “An Arctic
a cold low aloft (Businger and Baik 1991). The latter because they may form spontaneously in regions de- Hurricane over the Bering Sea”. Monthly Weather
feature has led some authors to call this the cold-low void of surface or upper air observations. Moreover, Review: Vol. 120, No. 11, pp. 2713-2713.

type (Businger and Read 1989). The name is some- they are often obscured in visible and infrared satellite Reed, Richard J., Warren Blier, 1986: A Case Study
what misleading because polar mesoscale cyclones ofimagery by an overlying cloud deck. Water vapor im- of Comma Cloud Development in the Eastern Pacific.
this type generally develop a warm core in the lower agery may allow detection and tracking of the small- Monthly Weather Review: Vol. 114, No. 9, pp. 1681—
to mid troposphere (Rasmussen 1981). Because of theirscale jet-streaks or shortwaves responsible for comma- 1695.

structure and forcing, these systems are comparable incloud type polar mesoscale cyclones. Because of their Sikora, T. D., K. S. Friedman, W. G. Pichel, and P.
a dynamical sense to hurricanes (Businger and Baik weaker link to upper-level features, the more sponta- Clemente-Col6n, 2000: Synthetic Aperture Radar as a
1991). The third mechanism involves deep baroclinic neous cold-low and arctic-front type polar mesoscale Tool for Investigating Polar Mesoscale Cyclones.
instability associated with a shortwave or jet-streak lo- cyclones are not as likely to show up in water vapor Weather Forecasting: Vol.15, pp. 745-758.

cated well poleward of preexisting frontal boundaries imagery. Likewise, because of their initially shallow

(Read and Blier 1986). Surface pressure falls and en- depth, these types may not be obvious on infrared im- 2.10 Convection

hanced convective instability caused by positive vor- agery during their formative stages, making them dif-

ticity advection aloft are key factors in the subsequent ficult to detect during the long winter nights. SAR Most forms of convection leave distinctive signa-
development of a convective comma cloud and a sur- imagery may be one of the few means of detecting the tures on SAR imagery. While thunderstorm and squall
face circulation (Read and Blier 1986). In some cases more spontaneous initiation of cold-low and arctic- line signatures are quite common in the mid-latitudes
differential advection by the surface circulation even- front type polar mesoscale lows. The differing mecha- and tropics, this section will focus on the boundary-
tually leads to the development of a baroclinic front nisms likewise lead to different storm tracks for the layer rolls (LeMone 1973) and post-frontal squalls
along the comma cloud (Read and Blier 1986). Given various types of polar mesoscale cyclone. While the (Cooper et al. 2000) observed over Alaska's offshore
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the complexities of real-world synoptic settings hy-
brids of all of these types exist (Businger and Read
1989).

Because there are at least three different mecha-

nisms for their formation, polar mesoscale cyclones

arctic-front type and the cold-low type both tend to
move with the low-level flow, the comma-cloud type

often moves with its parent vorticity maximum track-

ing the jetstream instead. The expected lifetime is
highly variable but is often on the order of a day.

waters. Atypical example of roll vortices can be seen
north of the Aleutians 9441 GMT 22 Dec 1998s
long parallel lines of higher wind speed. In contrast,
the wind squalls of cellular deep convection result in
the larger-scale mottled patterns seeddifi2 GMT 29
Jan 20000506 GMT 08 Feb 200&And0330 GMT 27

develop in a variety of synoptic settings. The ice edge References Nov 1999
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ally off the ice for the cold-low type and along the ice Lows over the Gulf of Alaska in Conditions of Re-
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The thermal wind may oppose the surface flow, re- 2, pp. 551-572.

sulting in what are called reverse shear storms wherein Businger, Steven, Jong-Jin Baik, 1991: An Arctic
the cloud comma and associated wind shear line bow Hurricane over the Bering Sea. Monthly Weather Re-
into rather than with the synoptic scale low-level flow view: Vol. 119, No. 9, pp. 2293-2322.

(Bond and Shapiro 1991). Winds aloft also vary be- Businger, Steven, and Richard J. Read, 1989: Po- is also closely aligned with the surface wind direction,
tween cyclone types, often featuring a cold-core cy- lar lows in “Polar and Arctic Lows”, Paul F. Twitchell,  given the degree of vertical mixing associated with
clone for the cold-low type and a jet-streak or short- Erik A. Rasmussen, and Kenneth L. Davidson, Edi- boundary-layer rolls. When boundary layer rolls break

The roll signatures 0441 GMT 22 Dec 1999
are typical, parallel bands of higher wind speed, each
band much longer than it is wide. These bands, and
the horizontal roll vortices they reflect, are most often
aligned within 10 degrees of the surface wind direc-
tion as they are in this image. The boundary layer wind



down, they do so by becoming more cellular as seen in 2000the wind and shear are aligned, coming from the
the western portions of this image. Often the transi- southwest, so the gust front signatures point towards
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tion can be quite gradual, as seen here, with large ar- the northeast0506 GMT 08 Feb 200&hows similar T e ——
eas of intermediate forms. signatures for convective cells behind a cold front. The f h“‘-, ,rf g ™
contrast between the convective signatures in the west- I'x /"' I"x ;.l -.H l,'

Deep cellular convection (i.e. precipitating con- ern portion of the image and uniform winds in the east- el Jo T -’ - §

vective cells) produces very characteristic SAR signa-
tures via its downdraft outflow0252 GMT 29 Jan
2000is a fairly typical example with each convective
cell producing a roughly circular signature 10 to 50
km across. As in this image, one side of the circle
typically has a sharply defined outer edge, usually lined
with an arc of higher speed wind. This is the gust front,
the leading edge of the downdraft's surface outflow.
The remainder of the outflow is bounded by more
gradual gradients of wind speed with the side opposite
the gust front being the least well defined. The verti-
cal wind shear vector (surface to downdraft source
level) is aligned through the high-wind arc of the gust
front like the arrow in a bow. 110252 GMT 29 Jan

Jd

0441 GMT 22 Dec 19990252 GMT 29 Jan 2000

s T

L4 [ [

0506 GMT 08 Feb 20010330 GMT 27 Nov 1999

ern third suggests a stability gradient. Careful exami-
nation of island wakes in the image shows that thereis _ _ _

. . . . Figure 2-8. A cross section of the flow in group of boundary layer
a cor_respondlng WI!’ld Sh'ft between these two reglon.s, rolls. The synoptic scale wind is blowing into the figure. Thus, the
despite the conflicting evidence of the model analysis arrows represent the roll-induced flow perpendicular to the mean
winds. Further confirmation that the model analysis wind direction. The surface wind speeds are fastest (red) under
is in error can be obtained by examining the angle of the roll downdrafts and slowest (yellow) under the roll updrafts.

. T The capping inversion is depicted as a black line along the top of

the gust fronts to the analyzed winds. The misalign- ¢ ols.
ment suggests a thermal wind from the west-southwest,
and thus warm advection, if the analyzed south-south- cell thunderstorms. Figure 2-9a depicts the downdraft
east winds are correct. This sign of advection seems cross-section common to such storms (Wilson et al.
unreasonable for a post cold frontal settiBg30 GMT 1984). Figure 2-9b depicts the resulting surface stream-
27 Nov 199%urther illustrates the variations possible lines and isotachs. The surface features responsible
with cellular convective signatures on SAR images. for the SAR signature are the outflow from the
While the cells have the same form as the previous downdraft and the gust front around the outflow. The
two cases, their gust fronts are pushing into the wind up-shear/down-shear asymmetry of these outflows re-
instead of with it, so they're actually "lull fronts". This  sult from the downward transfer of horizontal momen-
pattern means the shear opposes the low-level wind. tum in the downdraft (Wilson et al. 1984). This wind
component is superimposed on the radial outflow from
the downdraft, adding to it in the down-shear direc-
tion and subtracting from it in the up-shear directions.

Boundary-layer rolls are a form of convection
found in high-shear environments (LeMone 1973);
indeed they may even draw some of their energy from
the shear. In their fully developed state, rolls are two-
dimensional so the cross section in figure 2-8 fully il- convergence at the down-shear gust front and reduced
lustrates their flow. The roll downdrafts bring fast air convergence at the up-shear gust front. This differ-
to the surface, resulting in higher stress and the high- ence in gust front sharpness and the asymmetry of the
backscatter streaks seen in the SAR imagery. The air outflow wind pattern are both quite evident in SAR
in these downdrafts diverges upon reaching the sur- signatures of convection. Detection of such a signa-
face, slowing gradually due to surface drag. The meet- ture thus allows the forecaster to deduce both the di-
ing of these outflows causes a line of convergence mid- rection of the shear vector and the existence of a pen-
way between each pair of adjacent downdrafts, result- etrative downdraft. The latter implies the existence of
ing in a pattern of alternating downdraft and updraft convection and, given the scale of these signatures,
bands. The updrafts are fed by air that has been in probably precipitation. Non-precipitating boundary
contact with the sea surface longest and hence containlayer convection produces similar downdraft signatures
the lowest wind speeds. Clouds (if any) will be over but on a smaller scale (Sikora et al. 1997). The inter-
the updrafts - and hence over the slowest winds. thermal downdrafts responsible are only 1.5 times as

wide (at the surface) as the boundary layer is deep,

Deep cellular convection (i.e. precipitating con- resulting in signatures a few kilometers across for non-
vection with three-dimensional cells) includes snow precipitating convection versus a few tens of kilome-
squalls (Cooper et al. 2000), rain showers, and single- ters across for precipitating convection.

Thus, the momentum transfer results in enhanced
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Figure 2-9a. Cross section of flow associated with a sheared con-
vective cloud (blue). Vertical wind shear is from left to right (i.e.
the synoptic scale wind is from left to right and increasing with
height). Convective downdraft is depicted by blue arrows and con-
vective updraft is depicted by a red arrow.

Instability (Braham and Kristovich 1996) is the
key environmental requirement for all of these con-
vective phenomena, with shear playing a more quali-
tative roll determining the form of convection. Ter-
rain is generally irrelevant unless it is tall enough to
disrupt the mean flow. While convection can occur
with only an updraft present, SAR signatures as de-
scribed above require downdrafts and their surface
outflows. Thus, there must be buoyant forcing for both
updrafts and downdrafts. Braham and Kristovich
(1996) document these buoyancy profiles for snow
squalls and discuss the concepts of updraft and
downdraft convective available potential energy
(CAPE). For Alaska's offshore regions, updraft buoy-
ancy is most likely provided by sea surface fluxes of

Figure 2-9b. Plan view of surface streamlines (black arrows) and
wind speed (red fast, yellow slow) for the same convective squall.
Gust front is shown as a solid circle bounding the squall-induced

winds.

Neither a mean wind nor vertical wind shear is
required for convection. The presence of shear does,
however, have a strong influence on the pattern of con-
vection. Strong shear confined to the lower third of
the boundary layer results in rolls (Cooper et al. 2000).
Deeper shear results in asymmetric squalls (Wilson et
al. 1984). If there is no shear, circularly symmetric
outflows result.

The lifetime of convective cells is roughly one-
half to two hours, perhaps longer for rolls. The SAR
signature is however more long-lived as it will persist
until the wind field of the outflow has recovered to
pre-convective conditions. This recovery can take from
half an hour to a full day depending on the scale of the

sensible and latent heat, and subsequent latent heabutflow with larger storms producing more long-lived

release. The negative buoyancy of the downdrafts re-

sults from precipitation loading, sublimation, melting,
and evaporation. Radiative effects including infrared
cloud-top cooling may be important in less strongly
forced environments.

outflows. The field of convection can persist much
longer than the individual cells, lasting as long as the
synoptic situation permits. This could be days in the
case of advection of cold air over warmer water.
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2.11 Coastal Barrier Jets

Shore-parallel low-level jets are a common fea-
ture along the southern coast of Alaska and the steep
westward facing coasts as far south as Baja Califor-
nia. SAR captures this phenomena as a well defined
band of high backscatter along the coast as s€&2mh
GMT 29 Dec 20000328 GMT 15 Jan 2000310 GMT
18 Feb 20000306 GMT 22 Oct 200@&nd0306 GMT
04 Sep 2000These coastal barrier jets occur in a wide
variety of synoptic settings0323 GMT 29 Dec 2000
shows a barrier jet formed when a pre-frontal jet made
landfall at a sharp angle to the coast. The pre-frontal
jet dies out as it approaches the coast, to be replaced
by a sharply defined along-coast jet. This barrier jet
is not a continuation of the pre-frontal jet, but is in-
stead oriented perpendicular to it. The shore-parallel
direction of this coastal flow is easily deduced from
the wake orientation of the offshore islan@810 GMT



18 Feb 200&hows the formation of a similar coastal
barrier jet in a very different synoptic setting, a synop-
tic-scale low approaching the coast. Another similar
coastal barrier jet can be seen0B28 GMT 15 Jan
2001, but this time forming near the intersection of the
warm and cold conveyor belts of a synoptic-scale cy-

0306 GMT 04 Sep 2000

clone. The cold conveyor belt lies along the coast,
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ity waves can cause turbulence, possibly intense at

enhanced perhaps by the barrier jet effects discussedtimes, on this capping inversion.

below.

A coastal barrier jet appears in SAR imagery as a
narrow band of strong winds parallel to the coast. The
alignment of the wind direction with the coast can be
verified using island wakes as seerdB06 GMT 04
Sep 20000306 GMT 22 Oct 200and0323 GMT 29
Dec 2000 In the Alaskan region this low-level jet is
typically 60 to 110 km wide. This value depends in
part on the Coriolis parameter so barrier jets are wider
off the western coast of the Lower 48. These barrier
jets frequently exhibit a sharp offshore boundary as
seen in0306 GMT 04 Sep 200®306 GMT 22 Oct
2000 0310 GMT 18 Feb 200@nd0323 GMT 29 Dec
200Q The wind-speed gradient may, however, be much
more gradual as in328 GMT 15 Jan 2001The exist-

The key element in the creation of a coastal bar-
rier jet is the production of a strong alongshore pres-
sure gradient by the synoptic scale flow (Mass and
Albright 1987). There are at least four synoptic scale
mechanisms for creating such an alongshore compo-
nent to the pressure gradient, hence the wide variety
of settings in which coastal barrier jets are observed.
Moving either a synoptic-scale low (Mass and Albright
1987) or a synoptic-scale high (Chien et al. 1997)
across the coast can result in a purely synoptic-scale
alongshore pressure gradient. Interaction of the syn-
optic-scale flow with the coastal terrain can also lead
to a mesoscale pressure gradient along the coast. Off-
shore flow can cause subsidence warming and, thus,
the formation of a mesoscale lee trough (Mass and

ence of strong shear between the low-level jet and the Albright 1987, Chien et al. 1997, Thompson et al. 1997,

overlying flow, and the presence of an inversion be-
tween the two, allow for the formation of trapped grav-
ity waves as seen 0806 GMT 04 Sep 200Because

the shear vector often parallels the low-level flow for

and Skamarock et al. 1999). Likewise, onshore flow
can be blocked by terrain (Chien et al. 1997), causing
cold air to pile up along the coast, resulting in a local-
ized ridge of high pressure (Skamarock et al. 1999).

these jets, the waves are generally aligned perpendicu-Following formation of an alongshore pressure gradi-
lar to the coast as seen here. Coastal barrier jets canent by any of these mechanisms, the air near the coast

also be reinforced by, or even caused by, turning exit
jets as discussed in section 2.5 and se@306 GMT
04 Sep 2000 Sometimes, as in parts of this case, the
interaction of exit jets with the coastal barrier jet can
give the latter phenomenon a sharp inshore edge.

Because the coastal barrier jet is a low-level phe-
nomenon, its primary surface manifestation is a band
of strong shore-parallel winds just offshore. This band
extends offshore for about one Rossby radius of de-
formation (Mass and Albright 1987, Chien et al.1997),
often transitioning quite abruptly to slower, more on-
shore, winds at its outer edge. The band of wind par-

accelerates ageostrophically along the coast (Mass and
Albright 1987). Coriolis forces act to turn this flow
into the coast (Chien et al. 1997). If the resulting
Froude number is high, the flow will surmount the
coastal barrier and no barrier jet will form (Chien et
al. 1997 and Thompson et al. 19910343 GMT 24

Nov 2000provides a good example of this. The con-
vective signatures offshore demonstrate the lack of sta-
bility, and hence the high Froude number. As a result
no coastal barrier jet is seen in this image. In contrast,
if the offshore air is too stable to surmount the coastal
barrier, the cold air in the alongshore flow piles against
mountains resulting in a mesoscale pressure gradient

allel to the shore is often associated with a mesoscale pointing offshore. The pile up increases the inversion

ridge of high pressure along the coastal barrier, con-
tributing a strong offshore component to the local pres-

slope until this offshore directed pressure gradient force
balances the Coriolis force of the alongshore wind com-

sure gradient (Chien et al. 1997). This ridge is caused ponent and friction balances the alongshore compo-

by a sloping inversion, with the low-level cool air be-

nent of the pressure gradient force. The pre-balance

ing deeper against the slopes of the coastal barrier thanstages of this process can behave as a coastally trapped

it is out to sea (Chien et al. 1997). Shear-driven grav-

Kelvin wave, that is the mass fields propagate slower
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than alongshore wind (Chien et al. 1997, Skamarock long as the alongshore pressure gradient persists (typi-
et al. 1999). In contrast, the post-balance stages of acally one or more days). The alongshore flow propa-
barrier jet act as a coastally trapped gravity current with gates to the point of lowest coastal pressure, but usu-
the mass field propagating at about the speed of the ally not beyond it (Thompson et al. 1997).

alongshore wind (Mass and Albright 1987, Chien et

al. 1997, and Thompson et al. 1997). At both stages References
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0343 GMT 24 Nov 2000

The combination of steep coastal terrain and off-
shore stability is the key environmental requirement
for formation of a coastal barrier jet. The coastal ter-
rain must be too high for the Coriolis turning of the
ageostrophic alongshore flow to surmount given the
existing static stability. Moreover, if the alongshore
pressure gradient force is to arise from onshore flow
of cold air, the mountains must also be too high for
that flow to surmount. As described above, there are
multiple mechanisms for creation of an alongshore
pressure gradient so either onshore or offshore synop-
tic-scale flow will suffice as will locating either a syn-
optic-scale high or low along the coast. Little wonder
coastal barrier jets are a relatively common occurrence.
The resulting mesoscale wind pattern continues for as



page 32



page 33

Section Il

Inventory of Radarsat SAR Wind Fields
Bob Beal and Frank Monaldo

This section contains an inventory of 60 uniformly processed, chronologically ordered Radarsat SAR wind fields.
A uniform format and time/space perspective aids the interpretation and permits easy cross-comparison among SAR
wind fields from different passes. The left-hand pages present the synoptic situation surrounding each acquisition as
deduced from the U.S. Navy Fleet Numerical NOGAPS forecast model perspective. The first four panels (1-4) depict
the evolving surface pressure field during the ~36 hrs prior to acquisition. The next four panels (5-8) contain additional
potentially relevant parameter fields: surface winds, surface wave height, surface inverse wave age (ratio of the vector
wind speed to the vector wave phase velocity), which is a measure of the wave steepness of the dominant wave system,
and the air-minus-sea temperature, which is a measure of the Marine Atmospheric Boundary Layer (MABL) stability.
These last two parameters, both potentially important to understanding some of the error sources of SAR wind esti-
mates, are derived from other model parameters. The model surface wind field within the highlighted region of the
first 8 panels is expanded in a gnomic projection (9), centered on the SAR frame(s), with the corresponding SAR wind
field overlaid. The right-hand pages (panels 10 and higher) are devoted to a higher resolution presentation of the SAR
wind field estimates, in the context of both model winds and available buoy measurements. Enlargements of some of
the more interesting features are included, along with direct model-versus-SAR wind estimates (in most cases), wind
histograms (in some cases) and, when available and relevant, concurrent in-situ buoy wind measurements around
overpass time from records available on the National Data Buoy Center (NDBC) web site. The NDBC buoys 46001,
46035, and 46066 (which came on-line in June of 2000) are all located in the open ocean, and did not always survive
the most extreme storms that passed over them between October 1999 and November 2001. Nevertheless, when they
were operating, the buoys often provided vital insights into the SAR/model wind measurement discrepancies.
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9. Enlarged Surface Wind Field ~t 0
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Model (this page):As a primary low pressure system in the Gulf of Alaska weakens into an elongated trough (1-4), a secondary low begins
to form in the Bering Sea to the west. Model winds (5, 9) north of the Aleutians show the beginnings of a weak asymuafatioo cincler

the SAR. Concurrent model waves are low (6) but growing (7). The MABL is extremely unstable (8), especially on the deesfehesi

SAR frame.

SAR (facing page):The SAR winds (10) reveal much greater and more complex variability than the model, including the classic T-bone
frontal pattern with a warm conveyor belt overrunning a cold conveyor belt (11) [see section 2.7]. Maximum winds in testadstiamm
of the storm (10, 11, 12) approach 20 m/s, more than double the model estimates. [ref. sections 2.6: synoptic fromsti@ |dns/h
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Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0459 GMT 31 Oct 99

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0459 GMT 31 Oct 1999
Model Time: 0000 GMT 31 Oct 1999
Swath Width: 430 km
Pixel dimension: 300 m

90 km square
11. Enlargement of Frontal Intersection (x 2.5)
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
0000 GMT 27 Nov 1999

THO0W

Model (this page):A massive but weakening low pressure system (1-4) drifts to the east, encompassing the entire Gulf of Alaska. Model
winds (5, 9) approach 20 m/s in the eastern Gulf of Alaska, but somewhat less within the SAR frame to the north. Cordrirveamteno

exceed 8 m south of the SAR pass, but only about 5 m and decaying in the north (6, 7). The MABL is neutral to slighdlya)vsitdlxh

the SAR pass.

SAR (facing page):The SAR winds (10) reveal a much sharper front, and also show multiple wave and cusp patterns (11) [see section 2.6:
Synoptic Fronts], with scale of about 60 km. A broad region of convective cells dominates the center of the SAR pashesdutht of
Maximum SAR winds on a few of the stronger cells approach 20 m/s on scales of a few km. This variation is not at altkesitledel,

where the estimated winds are less than 10 m/s over a broad region (12). [ref. section 2.10: convection.]
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0330 GMT 27 Nov 1999
Model Time: 0000 GMT 27 Nov 1999
Swath Width: 430 km
Pixel dimension: 300 m

90 km square

90 km square
11. Enlargement of Frontal Detail (x 2.5)
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12. Model vs SAR Wind Profile along Line AB
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9. Enlarged Surface Wind Field ~t 0
0000 GMT 09 Dec 1999
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Model (this page):A low pressure system intensifies as it moves to the ENE across the southern Gulf of Alaska (1-4). Model winds near
overpass time are strongest to the south and west of the storm center (5, 9), but also show a significant (20 m/s) #osotribveatst,

along the coast. Concurrent model waves on the eastern edge exceed 6 m, still actively growing at overpass time (8,81) isTreakly

neutral to slightly stable over the eastern sector of the storm (8).

SAR (facing page):The SAR winds show how the wind is drawn through several inland gaps to finally converge into a single strong jet that
exits through the Dixon Entrance just north of the Queen Charlotte Islands (10, 11). Peak SAR winds seaward of the kyapegdd)

20 m/s, while the concurrent model estimates barely reach 5 m/s (12). A family of gravity waves is embedded just upstneeximoiim

winds (11). [ref. section 2.5.2: gap flow/synoptic interaction.]
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Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields 0239 GMT 09 Dec 1999

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0239 GMT 09 Dec 1999
Model Time: 0000 GMT 09 Dec 1999
Swath Width: 430 km
Pixel dimension: 300 m

90 km square
11. Enlargement of Jet (x 2.5)
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12. Model vs SAR Wind Profile along Line AB
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9. Enlarged Surface Wind Field ~t 0
1200 GMT 12 Dec 1999
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Model (this page):A weakening low pressure system travels up the Aleutian Chain (1-4), producing moderate northwesterly winds in its
wake. Model winds (5, 9) are generally below 15 m/s within the SAR pass, and show no spatial structure. Concurrent medebadve
6 m well to the southeast of the pass, still growing (6, 7), but within the pass the waves are below 4 m and decayingl iSrexiviBely
unstable (8) both upwind and within the SAR frame.

SAR (facing page):The SAR winds (10) show a rich field of topographically induced variability just downstream of the Aleutian peninsula,
with maximum winds 20 to 25 m/s extending 50 to 100 km off shore, generally more than double the model estimates (fL.lsel)or{re
2.4: gap flows.]
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 1637 GMT 12 Dec 1999
Model Time: 1200 GMT 12 Dec 1999
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m

90 km square
11. Enlargement of Shadowing (x 2.5)
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1. Surface Pressure (mb) ~t -36h
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9. Enlarged Surface Wind Field ~t 0
0000 GMT 22 Dec 1999
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2. Surface Pressure (mb) ~t -24h

3. Surface Pressure (mb) ~t -12h

Model (this page): A weakening low pressure system bifurcates (1-4) as the northern component passes over the northern Aleutians,
producing a N-S oriented trough. Model winds (5, 9) reach 15 m/s north of the Aleutians, but only about 10 m/s withinrdim&kRHHe
south. Concurrent model waves are low but growing (6, 7). The MABL is extremely unstable (8) both upwind and within tam8AR f

SAR (facing page):The SAR winds (10) reveal much greater and more complex variability, including a rare example of topographically
induced Karman vortex streets (11). Many of these features exhibit downwind spatial coherence of more than 300 km. ISb@ieeare a
longitudinal roll vortices upwind of the islands and potential vorticity banners (wake/jets couplets) downwind of the MEaxidaim

SAR winds along line AB (crosswind) exceed 25 m/s, while the model estimate (-4 hrs) is less than half that (12). Upwimavend d
histograms (13) quantify the increases in both mean and variance induced by the topographically induced turbulencéonféf.lsect
island and mountain wakes, 2.10: convection.]
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0441 GMT 22 Dec 1999
Model Time: 0000 GMT 22 Dec 1999
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m

90 km square

11. Enlargement of Vortices Detail (x 2.5)
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9. Enlarged Surface Wind Field ~t 0
0000 GMT 24 Dec 1999
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Model (this page):A weakening low becomes a trough as it passes into the Northern Gulf of Alaska (1-4), producing a strong E-W pressure
gradient across Cook Inlet. Model winds (5, 9) show a local maximum of 10-15 m/s, but with nearly opposing swell frorh {6& sout
Local wind-waves are growing (7), and the MABL resulting from the northerly wind is extremely unstable (8).

SAR (facing page):The SAR winds (10) reveal greater topographically related variability (11), and higher peaks than the model (12). Some
features of the wind field are spatially coherent even 100 km downwind of the islands. Convergence lines, longitudin@es|land
jets exiting from the valleys are all evident. There are also possible signatures of mountain lee waves over the bay. SA&XimiCS
along line AB (crosswind) exceed 20 m/s, while concurrent model winds (-4 hrs) scarcely reach 10 m/s (12). [ref. sepfi®vs:]
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10. Enlarged SAR Frame iy : ’ i
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SAR Time: 0344 GMT 24 Dec 1999 Tk LT i iy
Model Time: 0000 GMT 24 Dec 1999 - r o AL AR e
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Model (this page):A stationary high pressure system in the Bering Sea combines with a developing trough (1-4) to produce a broad region
of northeasterly winds just north of the outermost Aleutians. Model winds (5, 9) reach 20 to 25 m/s just north of the Aletiian
southern part of the SAR frame. Concurrent model waves approach 7 to 8 m, actively growing at overpass time (6, 7). Eheld$ABL

to neutral, slightly stable in the south transitioning to slightly unstable in the north (8).

The SAR winds (10) show a generally mottled variability over scales of just a few km, with a tendency to elongation aodgakes al
local wind direction (11), patterns typical of boundary layer convection in windy conditions as are the terrain-induceasviariaind
speed south of the Aleutians. The nonuniform response of the SAR at higher wind speeds is quite clear in this exanafilen [2ef: se
island and mountain wakes.]




10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0531 GMT 03 Jan 2000
Model Time: 0600 GMT 03 Jan 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0531 GMT 03 Jan 00
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Model (this page):A strengthening low pressure system in the eastern Gulf of Alaska (3, 4) spins off from a weakening larger one to the
northwest (1-2). Model winds (5, 9) reach 20 m/s south and east of the well defined center, extending well into thealbaftieenSAR
frame. Concurrent model waves there are 6 to 7 m, near equilibrium (6, 7). The MABL is stable (8).

SAR (facing page):The SAR winds (10) show a wide region of well-defined gust fronts, the strongest of which contain thin expanding arcs
of local winds approaching 25 m/s (11, 12). Typical arc lengths of the expanding fronts are 25 km, with widths of abdthé retatively

; ; h ] large scale of these gust fronts suggests deep precipitating convection, a phenomena not dependent on MABL stabition Ref0Osec
o Y " convection.]
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Section /ll: Beal, Monaldo. Inventory of Radarsat SAR Wind Fields — 0252 GMT 29 Jan 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0252 GMT 29 Jan 2000
Model Time: 0000 GMT 29 Jan 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m

90 km square

11. Enlargement of Gust Front Patterns (x 2.5)
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9. Enlarged Surface Wind Field ~t 0
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THO0W 150W

BLIAZ
AR
AB0E1

150

Model (this page):A very deep and well formed low pressure system travels to the north over the western Aleutians (1-4), setting up a large
cyclonic circulation encompassing much of the Bering Sea. Model winds (5, 9) approach 30 m/s in the northern sectoth2smithin
Concurrent model waves are 10 to 12 m immediately to the north and east of the SAR pass, but probably exceed 8 m, aaidtigeowing,
northern and southern ends of the SAR frame (6, 7). The MABL is close to neutral or slightly unstable (8).

SAR (facing page):The SAR winds (10) show a smooth north-to-south transition from 20 m/s down to 10 m/s, followed by a sharp step
transition back to nearly 25 m/s (11, 12) along the scalloped southern frontal boundary. The model shows a broad mimmbmtwith
the sharp transition [ref. section 2.6: synoptic fronts.]
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field

.l" SAR Time: 0557 GMT 02 Feb 2000

Model Time: 0000 GMT 02 Feb 2000

Frame Dimension: 430 km x 500 km
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0

0600 GMT 05 Feb 2000
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3. Surface Pressure (mb) ~t -12h
ﬁ Model (this page):A weak but deepening low pressure system moves north across the Aleutians (2-4) as the trailing portion of a high
= 2 e Fa exiting to the northeast squeezes the isobars along the peninsula. Model winds (5, 9) in the compressed isobar regi@3 apjsroach

- Concurrent model waves are about 6 m, still growing (6, 7). The MABL is increasingly stable toward the north of the SA.frame

SAR (facing page):The SAR winds (10) show a northeast wall considerably displaced from the model, along with a rich pattern of
topographically induced lee waves in the top center of the frame. Topographic shadowing is evident both upwind (11) amdl afctvewi
peninsula. Downwind, it takes the form of a spatial modulation of the lee wave patterns. Again, the SAR boundary ispautiashihat

of the model (12). The strong signature in the top right portion of the frame (10) is likely due to ice cover. [reR Sectiesoscale lows

along fronts.]
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0429 GMT 05 Feb 2000
Model Time: 0600 GMT 05 Feb 2000
Frame Dimension: 430 km x 500 km
B Pixel dimension: 300 m #
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
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3. Surface Pressure (mb) ~t -12h 1504
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Model (this page):A well developed polar low moves northward toward the southern Aleutians (1-4), producing a distinct cyclonic circu-
lation (5, 9). Peak model winds approach 25 m/s in the SW quadrant, with associated waves exceeding 8 m (6), and wet([[JeVidlepe
MABL around the storm is slightly unstable (8).

SAR (facing page):The SAR winds (10) reveal the oblong symmetry of the center along with characteristic downwind coherence leeward
of the islands (11). There are interesting island wakes. Some of them look like fast/slow couplets, not the expectadapatkww

behind islands, fast behind gaps). The SAR captures much more structure in the center (12) than that indicated by[teé sexdiein

2.1: island and mountain wakes.]




page 57

Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields 1746 GMT 06 Feb 00
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 1746 GMT 06 Feb 2000
Model Time: 2400 GMT 06 Feb 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
oo 0600 GMT 18 Feb 2000

THO0W 150W

Model (this page): A deep, broad bottomed, nearly stationary low pressure center in the western Aleutians (1-4) produces a narrow arc of
high winds and waves to its northeast, and spawns a minor low centered in the northern Gulf of Alaska at overpassMode(3ynds
associated with the northeastern sector of the minor low (5, 9) press against the coastal range to form a local windbah/H0 to 1
Concurrent model waves are 3 to 4 m, decaying (6, 7). The MABL along the coast is nearly neutral (8).

SAR (facing page):The SAR winds (10, 11) along the coast show a strong, well-defined barrier jet with maximum winds near 30 m/s, more
than three times the model estimate (12). The seaward boundary of the jet, located at least 50 km from shore, exhildltpsum@bca
and there is some evidence of shear-induced atmospheric gravity waves embedded within the jet. [ref. section 2.11:iepptta] barr

4. Surface Pressure (mb) ~t | 5. Surface Wind Field (m/s) ~t 6. Surface Wave Height (m) ~t | 8. Air-Sea Temperature ('C) ~ t |

7. Inverse Wave Age (norm) ~ t




Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields 0310 GMT 18 Feb 00

2 10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0310 GMT 18 Feb 2000
Model Time: 0600 GMT 18 Feb 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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1. Surface Pressure (mb) ~t -36h

2. Surface Pressure (mb) ~t -24h
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9. Enlarged Surface Wind Field ~t 0

1200 GMT 02 Mar 2000
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Model (this page):A huge low pressure system moves northward over the southern Aleutians (1-4), producing a wide region of cyclonic
circulation (5, 9). Peak model winds approach 25 m/s in its southern region, and ~20 m/s in its northern region (whegcthgssAaR
occurs). Associated waves in the north approach 6 m (6), evidently decaying (7), and the MABL there is near neutral (8).

SAR (facing page):The SAR winds (10) are quite high, approaching 30 m/s in the southern portion of the frame, nearly double the model
estimate. However, the model and a nearby buoy 46035 agree quite well (11CD and 11EF), casting some doubt on theheeBRy of t
estimates. Furthermore, the set of five cross-scans (11) suggests a pattern of nonlinear behavior in the SAR whichhathiesingth

speed and cross-track distance (i.e., angle of incidence). The SAR appears biased high in the center at high windshameowaaige
(westernmost) angles. This latter effect is quite clear on all SAR frames; the former becomes most evident when the wiridrelsceed

over a broad region, as it does here.
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11. Model vs SAR Winds (90 km scan widths)
10. Enlarged SAR Frame ., | (vertical scale expanded to 40 m/s for clarity)
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0

=, b % 1800 GMT 10 Mar 2000

150W

= |
OOO NN I 1040 ¢

2. Surface Pressure (mb) ~t -24h

- i
e
%6: 1040

~12h

3. Surface Pressure (mb) ~ t

Model (this page): A weak low pressure system in the southern Gulf of Alaska, blocked by a strengthening ridge to the northeast, remains
nearly stationary for 24 hrs prior to SAR overpass time (1-4). Model winds in the high gradient region just seaward o tGa&lotte

Islands reach 15 to 20 m/s (5, 9). Concurrent model waves are 5 to 6 m, actively growing (6, 7). The MABL under the Bi\Ruissthdle

(8).

SAR (facing page):The SAR winds (10, 11) in the mean are similar to those of the model. The point wake emanating from the southern tip
of the Queen Charlotte Islands provides sheltering for several hundred km downwind. Within the sheltered region, the risean wind
reduced by about 10 m/s (12). [ref. section 2.2: point wakes.]
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 1502 GMT 10 Mar 2000
Model Time: 1800 GMT 10 Mar 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
' 0600 GMT 09 Apr 2000
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Model (this page):A weak, nearly symmetric low pressure system begins to form along the central Aleutians (1-4). Model winds are nearly
circular around the center, with the strongest winds approaching 10 to 12 m/s in the eastern sector (5, 9) . Concurranemacehearly

uniform from the west at no more than 3 m (6, 7), and close to equilibrium. The MABL is extremely unstable, especialthéoward
northern end of the SAR pass (8).

SAR (facing page):The SAR winds (10, 11) capture the complex detail of a mesoscale low, evidently in an early stage of its development.
Peak SAR winds just to the north of the developing storm center approach 20 m/s, about double the model estimate, evien sdlmging
displacement error in the model. The shear front seen by the SAR is extremely sharp, producing wind differentials of sip/tth20anfiew

km. [ref. section 2.9: mesoscale lows associated with cold air outbreaks.]
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Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0502 GMT 09 Apr 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0502 GMT 09 Apr 2000
Model Time: 0600 GMT 09 Apr 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
; 1800 GMT 10 Apr 2000

THO0W 150W

Model (this page): A diminishing low pressure system (1,2) yields to a stronger and deepening one (2-4) in the western Aleutians, the latter
producing a concentrated arc of high winds to its northeast (5, 9), and the former producing a residual, more diffusmoelgcat@ivinds

in the northern Gulf of Alaska (5, 9). Southeasterly to easterly model winds within this region peaking at about 15 més aorlerg
topographical gap separating Kodiak Island from the Kenai Peninsula. Concurrent model waves are about 3 m, diministiegu&\51).

is neutral to slightly unstable (8).

SAR (facing page):The SAR winds (10, 11) show the focusing effect of the topographic gap, with peak winds approaching 20 m/s within
and downstream of the gap (12), nearly double the model estimate within the gap region of influence. [ref. section 3&dapdicer.]
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Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 1636 GMT 10 Apr 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 1636 GMT 10 Apr 2000
Model Time: 1800 GMT 10 Apr 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
0600 GMT 19 Jun 2000

THO0W

Model (this page): Similar to the 10 April 2000 conditions, a deepening low pressure system in the central Aleutians (1-4) produces a
moderate southeasterly wind flow in the eastern Gulf of Alaska. Model winds (5, 9) show a local maximum of 10 to 15 m/s in the
topographical gap north of Kodiak Island. Concurrent model waves (6, 7) are nearly crosswind, and close to equilibrivABLTise M
nearly neutral in the vicinity of the gap (8).

SAR (facing page):As in 10 April 2000, the SAR winds (10, 11) exceed those of the model by at least a factor of two within the gap region
of influence. In this case, the focusing effect of the gap extends well downwind and across Illiamna Lake to the westriblae peadd
estimates of 5 to 10 m/s are estimated by the SAR at 20 m/s or greater. [ref. section 2.5.1: reverse gap flow.]
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Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0353 GMT 19 Jun 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0353 GMT 19 Jun 2000
Model Time: 0600 GMT 19 Jun 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
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3. Surface Pressure (mb) ~t -12h

0

Model (this page):A pair of weak low pressure centers develop along a trough just to the east of the Aleutian Chain (1-4). The stronger and
more northerly of the two, located in the northern Gulf of Alaska, induces a broad band of higher winds to its northpeadkiegsat 10

to 15 m/s (5, 9). Concurrent model waves (6, 7) peak at about 3 m, actively growing in the south, but still diminishimg ebaisty within

the SAR pass. The MABL all along the northern Gulf Coast is unstable (8).

SAR (facing page): The strong tangential flow along the coast just to the north of the storm center is revealed by the SAR winds (10, 11) as
a barrier jet, with a strong southern frontal boundary, and a wind band within 100 km of the coast peaking at nearly B5tirds, tnize

the model estimate (12). Within the jet, especially along its southern boundary, trains of shear-induced atmosphericvgsaajityeaa. [ref.

section 2.11: coastal barrier jets.]
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Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0306 GMT 04 Sep 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0306 GMT 04 Sep 2000
Model Time: 0600 GMT 04 Sep 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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9. Enlarged Surface Wind Field ~t 0

HOW

0600 GMT 30 Sep 2000
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Model (this page): A receding low pressure system in the northern Gulf of Alaska coupled with an advancing high pressure system to its
southwest produces a broad region of moderate northwesterly winds (1-4). Model wind estimates in the gap just nortHst@rebdiak
10 to 15 m/s (5, 9). Concurrent model waves are less than 2 m (6), nearly opposing the wind, and rapidly decaying (7BL ©&he MA

unstable in the vicinity of the gap (8).

SAR (facing page):The SAR winds in the gap just north and east of Kodiak Island approach 25 m/s (10, 11, 12), roughly double the model
estimates, and are heavily modulated by both mountain lee waves and island and mountain wakes. Some of the islandlWwasibteare st
as much as 150 km downwind. [ref. sections 2.1: island and mountain wakes, 2.3: mountain lee waves, 2.4: gap flows.]
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Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0348 GMT 30 Sep 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0348 GMT 30 Sep 2000
Model Time: 0600 GMT 30 Sep 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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9. Enlarged Surface Wind Field ~t 0
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Model (this page):A rapidly deepening low pressure system moves up the Aleutian Chain (1-4), generating a long arc of counterclockwise
winds along the southern Alaskan coast. Model winds (5, 9) along the coast reach 20 to 25 m/s, and take the form afiedvipeltief

jet. Concurrent model waves are only 2 to 3 m, crosswind from the south, and decaying (6, 7). The MABL is slightly wrsgaible al
coast (8).

SAR (facing page):The SAR winds (10, 11) clearly show a coastal barrier jet. In this case, the SAR and model winds are in reasonable
agreement, with maximum winds from both about 20 m/s (12). The SAR, however, indicates two additional features absemiddein the

the regular patterns of atmospheric waves especially evident within the region of maximum winds, and the narrow (5 toe)tbmdwid

of low (5-10 m/s) winds immediately seaward of the jet boundary. This “low wind band” may be a limitation of the SAR witidrglgo
resulting from an (unmodeled) discontinuity in the wind direction at the jet boundary. [ref. section 2.11: coastal birrier jets
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0306 GMT 22 Oct 2000
Model Time: 0600 GMT 22 Oct 2000
Swath Width: 430 km
Pixel dimension: 300 m
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9. Enlarged Surface Wind Field ~t 0

0600 GMT 24 Oct 2000
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Model (this page):As one low pressure system in the northern Gulf of Alaska diminishes, a second approaches and deepens in the Bering
Sea to the west (1-4) . Model winds from this second system form a huge arc extending from well south of the AleutianCiradnvest

through the Bering Sea (5, 9). Model winds in the northernmost portion of the arc approach 20 m/s. Concurrent modeievaveh ire

5 to 8 m, actively growing (6, 7). The MABL under the SAR pass is unstable to the west, stable to the east (8).

SAR (facing page):The SAR winds (10, 11) reveal a sharp east-west zone of transition, in remarkable agreement with the model. Peak SAR
winds are about 25 m/s, slightly higher than those of the model. A nearly continuous region of atmospheric gravity waaetsal aking

the high wind side of the front. [ref. section 2.6: synoptic fronts.] The SAR antenna beam effect is quite evident ierththire:sf the pass

(12). There is a strong suggestion here that the SAR estimates are high by ~5 m/s in the eastern (higher incidence aintjle sv&ith,

and low by 5 to 10 m/s in the western (lower incidence angles).
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Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0529 GMT 24 Ovt 00
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0529 GMT 24 Oct 2000
Model Time: 0600 GMT 24 Oct 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
e = 0600 GMT 31 Oct 2000

THO0W 150W

3. Surface Pressure (mb) ~t -12h

Model (this page):A deep, well-defined low pressure system passes just east of the gap between Kodiak Island and the Kenai Peninsula (1-
4), drawing down strong northwesterly winds in its wake. Although model winds well offshore reach 15 m/s, in the gapettsethareHalf

that (5, 9). Concurrent model waves within the gap are only 3 to 4 m, decaying as they are opposed by the local wired\@\B1).Within

the gap is unstable (8).

SAR (facing page):The SAR winds within and up to 50 km of both sides of the gap exceed 20 m/s (10). Island and mountain wakes are also
evident The upstream enhancement evidently results from gap flow through the broad but narrowing lowlands just east. ak#ighina

Just upstream of the gap, the SAR wind estimates reach nearly 25 m/s, more than double the model estimates (12). Zrdf. gagtion
flows.]
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Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0344 GMT 31 Oct 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0344 GMT 31 Oct 2000
Model Time: 0600 GMT 31 Oct 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m

90 km square

11. Enlargement of Lowlands (x 2.5)
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12. Model vs SAR Wind Profile along Line AB
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0

Model (this page): A persistent and deep low pressure system lingers just north of the western Aleutians, producing a nearly complete
annulus of high winds (1-4). Within the annulus, model winds are 20 to 25 m/s (5, 9), except at its northernmost reauby ateonly 15

to 20 m/s. Concurrent model waves peak at 10 m south of the Aleutians, but within the SAR pass are only 3 to 4 m, an(6,d8cdyirg

MABL within the high wind annulus is stable (8).

SAR (facing page):The SAR winds (10, 11) show an extremely sharp and well defined front, with wind estimates exceeding those of the
model in that region by 5 to 10 m/s. There is some evidence of scalloping at the frontal boundary, but no sign of atgnasithera/es
anywhere. [ref. sections 2.6: synoptic fronts, 2.8: mesoscale lows along fronts.] The SAR antenna beam problem is guide tdplerft

edge of the frame.

4. Surface Pressure (mb) ~t | o 6. Surface Wave Height (m) ~t | 7. Inverse Wave Age (norm) ~ t 8. Air-Sea Temperature ('C) ~ t |




page 81 Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0528 GMT 17 Nov 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0528 GMT 17 Nov 2000 ! —_—
Model Time: 0600 GMT 17 Nov 2000 | e S o e o N
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m

90 km square

90 km square

11. Enlargement of Frontal Boundary (x 2.5)

N
(&)

o Wind Speed (m/s)

12. Model vs SAR Wind Profile along Line AB
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9. Enlarged Surface Wind Field ~t 0

B 0600 GMT 24 Nov 2000
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Wind Speed (m/s)

Model (this page):A large broad low pressure system lingers over the central Aleutians (1-4), producing a broad arc of high winds in the

central Gulf of Alaska. Model winds (5, 9) peak at 15 to 20 m/s, but taper off toward Kodiak Island, where the SAR patsslis loc
Concurrent model waves are 2 to 4 m, close to equilibrium (6, 7). The MABL is nearly neutral (8).

SAR (facing page):The SAR winds are once again more than double the model estimates (10), although the SAR antenna beam pattern
problem is quite evident in the western portion of the frame (11, 12). Buoy 46001, although located approximately 50 ktheatmo

line AB, is nevertheless still well within the high wind region, and records a wind speed between 16 and 17 m/s at owe(paks Tinis

is about 5 m/s higher than the model estimate, and 7 m/s below the SAR estimate. [ref. section 2.11: coastal barriecgets)(hbse

5. Surface Wind Field (m/s) ~t 6. Surface Wave Height (m) ~t | 7. Inverse Wave Age (norm) ~ t
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Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0343 GMT 24 Nov 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0343 GMT 24 Nov 2000
Model Time: 0600 GMT 24 Nov 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m

90 km square

11. Enlargement of Step Artifact (x 2.5)
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12. Model vs SAR Wind Profile along Line AB

90 km square

Scale (km)

Wind Speed (m/s)




page 84
1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
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Model (this page):A deepening low pressure system moves slowly northward in the eastern Gulf of Alaska (1-4), combining with a high
pressure to the NW to form a pressure gradient, which produces moderate (~5 m/s) NW winds in Cook Inlet (5, 9) with opaeding (6
decaying (7) swell, and a very unstable MABL (8). The string of model wind field minima in the SW is an artifact of tleéatidarp
scheme.

SAR (facing page):The SAR winds again show much more variability (10, 11), with maximum wind estimate in the center of the topo-
graphic gap approaching 20 m/s, more than twice the model estimate (12). A convergence of streamlines is evident € &);omigierth
frontal gradient appearing downstream of the convergence. Cross-track strips in the very low wind region (SE corneujremet instr
artifacts.




Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0340 GMT 01 Dec 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0340 GMT 01 Dec 2000
Model Time: 0600 GMT 01 Dec 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m

90 km square

11. Convergence of Stream Lines (x 2.5)
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12. Model vs SAR Wind Profile along Line AB
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3. Surface Pressure (mb) ~t -12h
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9. Enlarged Surface Wind Field ~t 0
0000 GMT 02 Dec 2000
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Model (this page):An initially deepening, and then rapidly weakening, low pressure system moves slowly NNE (1-4), setting up a persis-
tent NW to westerly flow in the eastern Gulf of Alaska (5, 9) with nearly colinear (6) but decaying (7) wind waves, angaamgigr
unstable MABL to the west and south (8).

SAR (facing page):The SAR winds clearly delineate the position and curvature of a well defined front, possibly associated with flow off
the land (10, 11). A scan across the northern third of the frame shows a close agreement between the SAR and modetesgindtbstima
region (12), with the SAR however indicating a much higher variability and a steeper frontal gradient than the model.

5. Surface Wind Field (m/s) ~t 6. Surface Wave Height (m) ~t | 7. Inverse Wave Age (norm) ~t | 8. Air-Sea Temperature ('C) ~ t |
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Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields 0309 GMT 02 Dec 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0309 GMT 02 Dec 2000
Model Time: 0600 GMT 02 Dec 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m

90 km square

11. Enlargement of Frontal Zone (x 2.5)
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12. Model vs SAR Wind Profile along Line AB
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
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Model (this page):Far to the east of a pair of interacting lows, a weak W-to-E pressure gradient (1-4) induces a light (~5 m/s) wind from the
SW around Kodiak Island (5, 9), turning toward the NW at the southern entrance to Cook Inlet. Waves there are gendrallyEr(a, t

stable or decaying in the south, but growing in the north (7). The MABL is mildly unstable, tending to strongly unstadokh joSKodiak

Island (8).

SAR (facing page):The SAR winds are generally higher and more variable than the model (10). A scan though Shelikof Strait shows a
stronger maximum to the south (11, 12) and a weaker one to the north. The SAR features (e.g., island shadowing) intlichizrpenuc
turning of the wind toward the NW than does the model, possibly the result of a slight mislocation of the field positighenitiudel.

8. Air-Sea Temperature ('C) ~ t |




Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0352 GMT 04 Dec 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0352 GMT 04 Dec 2000
Model Time: 0600 GMT 04 Dec 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m

90 km square
11. Enlargement of Rain Cells (?) (x 2.5)
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12. Model vs SAR Wind Profile along Line AB
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
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Model (this page): The southern low of the previous day (04 Dec) becomes dominant as it moves NE over the Alaska Peninsula (1-4),
producing increasing SE winds (5, 9) and growing waves (6, 7) in the northern Gulf of Alaska. The MABL, although quite tsi@ble
south, is locally unstable in the vicinity of the coast, especially around Prince William Sound (8).

SAR (facing page):The SAR winds, again showing systematic across-track wind biases (see, e.g., 6 March 2000) nevertheless reveal an
abrupt wind frontal boundary passing through Prince William Sound (10, 11). A scan through three buoys (12) shows ho®Akell the
captures the sharp gradient, but also suggests again that the SAR wind estimates are 5 to 10 m/s higher than the twoudys{4&e0

and 46061) at higher winds (~15 m/s).

o 7. Inverse Wave Age (norm) ~t | 8. Air-Sea Temperature ('C) ~ t |
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0323 GMT 05 Dec 2000
Model Time: 0600 GMT 05 Dec 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m

Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0352 GMT 05 Dec 00

Scale (km)
0 Wind Speed (m/s) 30

o

=T

w
o

o Wind Speed (m/s)

90 km square
11. Prince William Sound (x 2.5)

46061

gust l
BLIA2 average
A

12. Model vs SAR Wind Profile along Line AB
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0012050250 88 13.2 17.4
o 0012050300 93 12.9 ®
€ 0012050310 97 13.2 £
€ 0012050320 93 14.2 ®
> 0012050330 87 147 o
S 0012050340 74 13.9 5
@ 0012050350 77 13.8 19.2 3
0012050250 84 16.0 20.5
2 0012050300 81 16.9
S 0012050310 82 16.9
<§ 0012050320 87 16.3
g 0012050330 91 16.9
@ 0012050340 90 16.4

0012050350 92 17.6 22.2
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9. Enlarged Surface Wind Field ~t 0

1800 GMT 06 Dec 2000
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Model (this page): As the low of the previous day (05 Dec) dissipates over central Alaska, another strengthens over the central Bering Sea
(1-4), producing a tight, nearly circularly symmetric wind field with a long arm of high winds stretching eastward ovesithé&Atdnsula

and then southward through the Gulf of Alaska (5, 9). Highest waves are in the western sector of the storm (6), butibyelmaieped

(steeper) in the eastern sector (7). The MABL is unstable in all sectors (8).

SAR (facing page):Both the SAR and the model beautifully capture the structure of the nearly symmetrical wind field, but the SAR again
reveals a more complex morphology (10). A scan just eastward of the center (10, 11, 12) but through buoy 46035 (1IgvR pkaksh

SAR winds exceeding 25 m/s in the south, and 20 m/s in the north, while the model peaks are less than 15 m/s, actuallyea little
consistent with buoy 46035. Thus, the SAR wind estimates again appear biased high with respect to both the model aral/¢&me buoy,
though the morphology revealed by the SAR is doubtless more accurate than from the model. [ref. section 2.7: synoptic lows.]
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6. Surface Wave Height (m) ~t | 7. Inverse Wave Age (norm) ~ t
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 1818 GMT 06 Dec 2000
Model Time: 1800 GMT 06 Dec 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m

Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields
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12. Model vs SAR Wind Profile along Line AB

13. Buoy 46035 around overpass time
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
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Model (this page): In the wake of a recently dissipating low pressure system, a new and more energetic one appears in the SW, crossing
over the western Aleutians near overpass time (1-4), and an intense band of high winds advances over the central Aguiéhs (5,
southerly waves highest to the south (6), but growing rapidly over the Aleutians (7) as the storm approaches. Although ithbitythBL

stable to the south, it is unstable around the islands at overpass time (8).

SAR (facing page):The SAR winds show strong streaking to the NW immediately downwind of the islands, but turning to the NE further
downwind, evidently indicating the earlier wind history over the islands (10, 11). Gravity waves appear transverse t¢1h8wmthe

lee of the mountains. A scan nearly normal to the wind streaks (12) shows the depth of wind modulation caused by thg. t&mwgeaph

of the stronger variations within the streaks appear to approach the mean wind speed. Again, the mean SAR winds gestbthlly exce
model winds by ~5 m/s. [ref. section 2.1: island and mountain wakes.]

6. Surface Wave Height (m) ~t | 7. Inverse Wave Age (norm) ~ t
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Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0458 GMT 12 Dec 00
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Image
SAR Time: 0458 GMT 12 Dec 2000
Model Time: 0600 GMT 12 Dec 2000

Frame Dimension: 430 km x 500 km

Pixel dimension: 300 m
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12. Model vs SAR Wind Profile along Line AB
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
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Model (this page): A day later, the same low pressure center (see 12 Dec) deepens as it moves to the north (1-4), and the intense band ¢
high winds moves further east over the Alaskan Peninsula (5, 9), with SE waves already high (6) and well developed (7) afdivawind
Peninsula, but still growing rapidly on the upwind side. The effect of limited fetch downwind of the Peninsula is e\iéembied (6, 7).

The MABL is stable on both sides of the Peninsula (8).

SAR (facing page):The SAR winds continue to show strong streaking to the WNW immediately downwind of the Peninsula (10), with a
remarkably long (and puzzling) shadow (11) extending for at least 200 km. Mountain lee waves are superposed on thbestregés. T
shadow (11) appears to be the modified extension of a front upwind of the islands to the SE. The wind speed within thppseadow
reduced from the local mean by 5-10 m/s. A scan nearly normal to the wind streaks (12) shows the SAR winds again exoemtkhg the
by 5-10 m/s over most of the swath.

5. Surface Wind Field (m/s) ~ t 8. Air-Sea Temperature ('C) ~ t |
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Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0429 GMT 13 Dec 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0429 GMT 13 Dec 2000
Model Time: 0600 GMT 13 Dec 2000
Swath Width: 430 km
Pixel dimension: 300 m
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12. Model vs SAR Wind Profile along Line ABC
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1. Surface Pressure (mb) ~t -36h 7 9. Enlarged Surface Wind Field ~t 0
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Model (this page):A deep, nearly stationary low pressure system lingers just to the west of the above delineated region (1-4), producing
strong easterly winds along the southern Siberian coast . Model winds along the coast (5) show a maximum of 15 to 2Qumént Conc
model waves, approaching from the southeast, are 6 to 7 m, still actively growing (6, 7). The MABL is extremely unstable (8).

SAR (facing page):Instead of a broad region of 10 to 15 m/s model winds, the SAR (10, 11) clearly reveals a strong topographically
generated point wake emanating from Cape Chukotskiy. An expansion fan spreads out downwind of the generating point, with maxim
winds of nearly 25 m/s occurring about 200 km downwind of the source. This fan structure is completely absent in thefrsmtgiofr

2.2: point wakes.]
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page 99 Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields 1812 GMT 13 Dec 00

"4 10. Enlarged SAR Frame

Radarsat ScanSAR B Wind Field
SAR Time: 1812 GMT 13 Dec 2000
Model Time: 1800 GMT 13 Dec 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m

90 km square
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
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Model (this page):A large coupled pair of low pressure systems slowly gyrate about one another to the west of a blocking high, resulting
in a strong pressure gradient extending from the southern Gulf of Alaska through the Aleutian peninsula to the Beritg Stidibdel

winds show an extensive, remarkably homogeneous region of high (20 to 25 m/s) winds extending completely through thegkalf of Al

(5, 9) to the Aleutian mountain chain. Concurrent model waves exceed 8 m over a broad region to the southeast of theGAR@ass.
windward side of the pass, the waves are about 6 m, actively growing (6, 7); on the leeward side, the waves are lesketzing as

they are opposed by the wind. The MABL is extremely unstable everywhere within the SAR pass (8).

SAR (facing page):The SAR winds reveal a rich pattern of mountain wakes leeward of the Aleutians, with wind speed sometimes varying
from 10 m/s to 20 m/s within a few 10’s of km (10, 11, 12).

8. Air-Sea Temperature ('C) ~ t |
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page 101 Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields 1659 GMT 19 Dec 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 1659 GMT 19 Dec 2000
Model Time: 1800 GMT 19 Dec 2000
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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12. Model vs SAR Wind Profile along Line AB
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9. Enlarged Surface Wind Field ~t 0
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Model (this page):A broad, nearly stationary low pressure system centered in the western Gulf of Alaska generates a strong pressure
gradient all along the southern Alaskan coast (1-4). Model winds peak at around 20 m/s just south of Prince William SoGod¢6r-9
rent model waves are about 5 m, diminishing as they travel nearly normal to the local wind (6, 7). The MABL is stabje@utiedi(8).

SAR (facing page):Except for regions of local sheltering immediately adjacent to the coast, the SAR winds exceed those of the model by
5to0 10 m/s (10, 11, 12). Sheltering from Montague Island (11) appears to extend at least 100 km downwind, produciriyrafsoditap 1
in the local wind (12). Some of the wind structure within the western portion of Prince William Sound is evident on sGai@20fkin.

6. Surface Wave Height (m) ~t |
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5. Surface Wind Field (m/s) ~ t 7. Inverse Wave Age (norm) ~ t 8. Air-Sea Temperature ('C) ~ t |




page 103 Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields — 0340 GMT 25 Dec 00

10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0340 GMT 25 Dec 2000
Model Time: 0600 GMT 25 Dec 2000

Frame Dimension: 430 km x 500 km

Pixel dimension: 300 m
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12. Model vs SAR Wind Profile along Line AB
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
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Model (this page):A strong low pressure system reforms from an earlier one in the western Gulf of Alaska, generating a strong pressure
gradient cutting across Kodiak Island (1-4). Model winds peak at about 20 m/s under the SAR pass, just to the east tdiikb(baR)s
Concurrent model waves are 6 to 8 m, actively growing within the high wind region (6, 7). The MABL is slightly unstable (8).

SAR (facing page):The SAR winds closely match those of the model on the eastern edge of the swath (10), but the model lacks the
structure seen by the SAR to the NW of Kodiak Island (11), and fails to match the enhancement seen by the SAR along the Alaskar
peninsula (12). Buoy 46001, just off the eastern edge of the pass, was not operating at the time of overpass.

4. Surface Pressure (mb) ~t | 5. Surface Wind Field (m/s) ~t 6. Surface Wave Height (m) ~t | 7. Inverse Wave Age (norm) ~t | 8. Air-Sea Temperature ('C) ~ t |
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1 10. Enlarged SAR Frame

- Radarsat ScanSAR B Wind IField
SAR Time: 0352 GMT 28 Dec 2000
Model Time: 0600 GMT 28 Dec 2000
Swath Width: 430 km

Pixel dimension: 300 m

Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields 0352 GMT 28 Dec 00

Scale (km)

Wind Speed (m/s)

N
(&)

o Wind Speed (m/s)

90 km square
11. Detail of Shadow Region (x 2.5)

Model

.

A i P ._..-,—.r--.—,-.vB- -

12. Model vs SAR Wind Profile along Line AB



page 106

1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
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Model (this page):A growing low pressure system enters the Gulf of Alaska, pushing against a blocking high and creating a strong pressure
gradient directed toward the southern Alaskan coast (1-4). Model winds peak around 15 to 20 m/s just south of Princedd|i@e3.
Concurrent model waves are about 6 m, and growing (6, 7). The MABL is neutral to slightly unstable (8).

SAR (facing page):The SAR winds reveal a distinct barrier jet formed along the coast, well separated from the offshore maximum corre-
sponding to that of the model (10, 11). Within the jet, SAR winds exceed 20 m/s, about double those of the model (12)0Buoy 460
unfortunately was not operating at the time of overpass. [ref. section 2.11: coastal barrier jets.]

8. Air-Sea Temperature ('C) ~ t |
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0323 GMT 29 Dec 2000
Model Time: 0600 GMT 29 Dec 2000
Swath Width: 430 km
Pixel dimension: 300 m
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
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Model (this page):A huge low pressure system completely dominates the western Gulf of Alaska (1-4). Although beginning to diminish as
it moves northward by SAR overpass time, a strong shoreward pressure gradient still remains all along the southern Alaskadetoas
winds exceed 15 m/s along the coast, peaking around 20 m/s in the vicinity of Prince William Sound (5, 9). Concurrent esogé@himav

the SAR pass are 3 to 5 m, near equilibrium (6, 7). The MABL is stable within the high wind region (8).

SAR (facing page):The SAR winds reveal a classic barrier jet along the coast, but the jet appears modified by offshore flow emanating from
gaps in the topography. The gap flow interacts with the jet in a three-way balance of forces (10, 11). Very little oftisscaptiured by the

model, which predicts a fairly uniform alongshore flow at about half the SAR wind estimates. [ref sections 2.11: coastiharBe2: gap
flow/synoptic interaction.]
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9. Enlarged Surface Wind Field ~t 0
T 0600 GMT 01 Jan 2001

150W

Model (this page):A diffuse triad of low pressure systems congeals by overpass time into a dominant, albeit weak, system located in the
southern Gulf of Alaska (1-4). Model winds peaking at 15 to 20 m/s circulate around this low, but reach only 10 to & megiontof

the SAR overpass (5, 9). Concurrent model waves are about 3 m and growing (6, 7). The MABL is unstable in the northwgetst, tendi
stable in the southeast (8).

SAR (facing page):The SAR winds in Prince William Sound, well north of the maximum wind annulus, show a well formed barrier jet in
the northern half of the Sound, as well as some evidence of a jet passing through the southern entrance (10, 11). SAR witldrsfiee

jet exceed 20 m/s, more than double the model estimates (11). In this case, because the model wind directions agrédee\tietewith
buoys located within the Sound, the SAR estimates are reasonably well validated by the buoys (12). Compare this behavjavjthowe
the situation on 08 January 2001, where the SAR estimates are seriously affected by the evidently sharp change in legziomind di

0 8. Air-ea emperature (o) ~t,

6. Surface Wave Height (m) ~t |

P

7. Inverse Wave Age (norm) ~t |
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0

0600 GMT 04 Jan 2001
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Model (this page): A deep low pressure system in the northern Gulf of Alaska begins to weaken just before overpass time as another
approaches from the south (1-4). As the southernmost system approaches from south of the SAR pass, the model show afbroad band
associated high (15 to 20 m/s) winds, while the northernmost system passes over the Kenai Peninsula with only residuahdvesterly
southwesterly components of 10 to 15 m/s just to the east of Kodiak Island where the SAR pass occurs (5, 9). Concurramemance! w

less than 4 m, near equilibrium (6, 7). The MABL is unstable north and west of Kodiak Island, tending to neutral in8he east (

SAR (facing page):The SAR winds strongly reflect both the upwind topography and, in the curved shadow of northern Kodiak Island,
possibly the recent temporal history of the storm center, (10, 11). The local wind variance revealed by the SAR is quaitderespark
regions within the shadow are only half the model estimates, while other regions to the west of Kodiak Island are mare thamtedel

1040, estimates (12). Buoy 46001 was not operating at the time of overpass. [ref. section 2.5.2: gap flow/synoptic interaction.]
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0347 GMT 04 Jan 2001
Model Time: 0600 GMT 04 Jan 2001
Swath Width: 430 km
Pixel dimension: 300 m
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0

0600 GMT 05 Jan 2001
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Wind Speed (m/s)

Model (this page):A deepening low pressure system in the southeastern Gulf of Alaska combines with a ridge to its southwest to form a
high gradient in that direction (2-4). Model winds (5, 9) peak at about 20 m/s to the south of the SAR pass, but are hin/s0atithin

the pass. Concurrent model waves peak around 6 m under the southwestern edge corner of the pass, but are decayindBL43. The
stable in the south, unstable in the north along the coast (8).

SAR (facing page):The SAR winds [upper portion of the overlay in (9)] show the arc of high winds to the northwest of the storm center, as
well as appreciable regions of variability within the high wind arc, including both gravity wave trains and long chanmnelsiofilo
oriented N-S, and extending at least 50 km into the high wind region (10, 11). The SAR locates the maximum winds abouh&Bkn t

from the model maximum (12). Buoy 46001 was not operating. [ref. section 2.7: synoptic lows.]
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9. Enlarged Surface Wind Field ~t 0

. 0600 GMT 06 Jan 2001
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Model (this page):A broad, deepening, east-west elongated low pressure system approaches the central Gulf of Alaska from the southwest
(1-4). On the northern side of the storm, model winds (5, 9) show a broad band of easterly 15 to 20 m/s winds impingaganioeri

Aleutian Chain. Concurrent model waves are 3 to 5 m, decaying (6, 7). The MABL is unstable in the north, tending to thewmlth

(8).

SAR (facing page):The SAR winds are about 5 m/s higher than the model estimates in most regions of the pass, with strong evidence of
upwind sheltering from the Aleutian highlands located just to the northeast of the pass (10, 11). Some local turbulendeecsdierc along
the edge of the wakes. Shadowing near shore causes about a 10 m/s drop in wind speed (12). [ref section 2.1: islanthamakes]unta
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0429 GMT 06 Jan 2001
Model Time: 0600 GMT 06 Jan 2001
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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9. Enlarged Surface Wind Field ~t 0
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Model (this page): A broad shallow low pressure system is nearly stationary over the northern Aleutians for 36 hrs prior to overpass time,
producing a moderate pressure gradient all along the eastern Gulf of Alaska (1-4). Spatially homogeneous, nearly soutwartysrobée

to 15 m/s impinge upon the southern Alaskan coast within the SAR overpass (5, 9). Concurrent model waves to the easslahd@timk

6 to 8 m, stable or slightly growing (6, 7). The MABL is nearly neutral, but more stable in the south (8).

SAR (facing page):Except for the northern half of Prince William Sound, the SAR winds show a mottled pattern, with maximum winds
occasionally up to 20 m/s (10, 11, 12). Within the Sound, however, the distinct frontal boundary suggests a coastabjes (fiheSjet
occur upstream of the sound by as much as 100 km. The SAR-estimated wind speed change across the southern boundagudéthe jet i
abrupt; however, the change is not verified by buoy 46060 (11, 12), which does, however, show a sharp change in diggattioechiot the
model. The SAR wind algorithm, using erroneous model directions, produces significantly excessive wind speeds withiof&tipejgbn
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4 10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
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12. Model vs SAR Wind Profile along Line AB
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9. Enlarged Surface Wind Field ~t 0
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Model (this page):A large low pressure system over the northern Aleutians spins off a weaker system to its southeast (1-4). The weaker
system, located just south of the Queen Charlotte Islands, evolves toward a N-S-oriented ellipse, with maximum gradiesss aodhe

west of its center. Nearly opposing model winds in these two sectors, separated by less than 200 km, reach 15 to 2Comsuise8)

model waves reach 5 to 6 m, growing in the east, but decaying in the west (6, 7). The MABL is near neutral (8).

SAR (facing page):The SAR wind estimates are much higher than those of the model, reaching nearly 30 m/s at their maxima (10, 11, 12).
However, the anomalous pattern in the right center shows how a singularity in the model wind direction, especially idpaded fdom

the actual storm center, can lead to substantial errors. In this case, the actual center (as suggested by the SAR miluocationyisd
probably 200 to 300 km to the south of the model estimate. This mislocation not only leads to the anomalous pattern)ybatsortdab
significant overestimate of the maximum winds when the correct direction is across, rather than along, the SAR flight direction
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
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Model (this page):A deep low pressure system moves northward over the central Aleutians, creating a strong gradient to its north and east
(1-4). Model winds show a band of strong (15 to 25 m/s) winds extending from the southern Gulf of Alaska all the way taithe Ken
Peninsula (5, 9). Concurrent model waves are 6 to 8 m, rapidly growing at overpass time (6, 7). The MABL is extremebpstzbly)

under the southern half of the SAR overpass (8).

SAR (facing page):For the most part, the SAR winds agree with the model quite well, the major exception being at the northern end of the
pass, where the model winds approach 25 m/s (10). Wind rows are evident over much of the northeastern portion of tharpdssifitl)

local surface variations in the wind field of 5 to 10 m/s (12). The band of apparently lower winds on the western eqesoigten

artifact of the instrument.
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
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9. Enlarged Surface Wind Field ~t 0
0600 GMT 15 Jan 2001

THO0W

Model (this page):A relatively diffuse low pressure system congeals and deepens to the south of Kodiak Island, creating a north-south
elongated region of compressed isobars in the central Gulf of Alaska (1-4). Model winds show two branches of strong (&) to 25 m
southerly winds converging in the vicinity of Kenai Peninsula and Prince William Sound (5, 9). Concurrent model wave3 iararidier

the SAR overpass, rapidly growing (6, 7). The MABL is near neutral at the coast, tending to stable seaward (8).

SAR (facing page):The SAR winds are generally considerably lower than the model, except immediately adjacent to the coast and across
Prince William Sound, where a strong coastal jet evidently dominates (10, 11). Within the jet, SAR winds reach 25 m/4Qaimdsit 5-
higher than the model. In this case, the model directions agree well with the buoy directions (11), giving confidencegsbhhintSAR

wind estimates are faithfully capturing the high winds within the jet (12).
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0328 GMT 15 Jan 2001
Model Time: 0600 GMT 15 Jan 2001
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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12. Model vs SAR Wind Profile along Line AB
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1. Surface Pressure (mb) ~t -36h 3o & 2 9. Enlarged Surface Wind Field ~t 0
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Model (this page):In the wake of a previous event, a large low pressure system moves northward toward the Aleutians (1-4), drawing cold
arctic air southward across the western Bering Sea. Model winds (5, 9) reach 20 m/s in a broad band to the northeasbaf #re low
relatively light (~10 m/s) from the north under the SAR overpass. Concurrent model waves are low, but growing (6, 7). The MABL
extremely unstable (8).

SAR (facing page):The SAR winds (10, 11) capture the early stages of a developing mesoscale low spawned by the cold air outbreak.
Maximum SAR winds in the inner arm of the developing storm exceed 25 m/s, while the concurrent model estimates barem/eXéegd 5

The SAR also shows evidence of a front extending southeast from the developing low, the shear across which is spawnicgleubmesos
cyclonic activity. [ref. section 2.9: mesoscale lows associated with cold air outbreaks.]
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 1821 GMT 16 Jan 2001
Model Time: 1200 GMT 16 Jan 2001
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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9. Enlarged Surface Wind Field ~t 0

XM 0600 GMT 08 Feb 2001
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Model (this page):A deep, well formed low pressure system passes over the outer Aleutians into the Bering Sea, generating high pressure
gradients to its east (1-4). The model shows two concentric bands of high (25 to 30 m/s) winds (5, 9) advancing in fstortrofcenater.
Concurrent model waves are 6 to 8 m, growing (6, 7). The MABL is neutral to slightly stable within the high wind arcs (8).

SAR (facing page):The SAR winds clearly show a pattern of sharp gust fronts moving toward the ENE (10, 11) in the air behind a north/
south oriented cold front (12). Along this cold front, a large number of (presumably) tightly wrapped vortices are spanaidg.km

stretch of this front (11) exhibits at least 8 such shear instabilities of dimension 1 to 2 km. Mean winds at buoy 46£36&@dveed 1600

GMT were sustained at above 25 m/s, with gusts to 36 m/s, the highest sustained buoy wind speeds of this entire tiatarsaielyn

these high winds incapacitated buoy 46035 for the remainder of the winter. [ref. sections 2.8: mesoscale lows alon§faomteeltibn.]
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
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3. Surface Pressure (mb) ~t -
Model (this page):Blocked by a high pressure ridge in the Gulf of Alaska, a strong low pressure system moves northward over the outer
Aleutians and into the Bering Sea (1-4). Model winds along the western side of the ridge are moderate (10 to 15 m/s)ftarhgteady

south and east, with a slight gradient toward the north (5, 9). Concurrent model waves under the SAR pass are 2 m ardesigighpw
(6, 7). The MABL is unstable to near neutral under the SAR pass (8).

SAR (facing page):The SAR winds clearly show the amplifying effect of the gap between Kodiak Island and the Kenai Peninsula, in this
case producing more than a doubling of the wind speed within a distance of less than 100 km (10, 11, 12). This soltkesstaelydt

right angles by a similar gap flow from the Cook Inlet, with the resulting sharp convergence line extending west from fPenitesuda.
[ref. section 2.5.1: reverse gap flow.]
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9. Enlarged Surface Wind Field ~t 0
0600 GMT 14 Feb 2001
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Model (this page): A weakening low pressure system moves north through the Bering Sea, blocked by a north-south oriented high pressure
ridge to its east (1-4). Model winds show only a uniform southerly wind of 5 to 15 m/s over most of the Bering Sea undniite S&

evidence of any new storm development (5, 9). Concurrent model waves are about 4 m, from the south, and nearly in egjuilibrium (

The MABL is unstable within the SAR pass (8).

SAR (facing page):In clear contrast to the model, the SAR winds reveal evidence of a small developing polar low, with a characteristic arc
of high (25 to 30 m/s) winds rotating around a nearly calm (0 to 5 m/s) center (10, 11, 12). The highest wind regiomofihssst directly

over buoy 46035; unfortunately it had been rendered inoperative just a few days earlier by one of the strongest NottiriRaafithe

winter. [ref. section 2.9 mesoscale lows associated with cold air outbreaks]
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0532 GMT 14 Feb 2001
Model Time: 0600 GMT 14 Feb 2001
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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9. Enlarged Surface Wind Field ~t 0
1800 GMT 16 Feb 2001
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Model (this page):A deepening low pressure system over the central Aleutians creates an extended band of high winds cutting across the
Alaskan Peninsula just to the south of Kodiak Island (1-4). Model winds peak at 20 to 25 m/s under the SAR pass, cutdilhgaliegsm

the pass from southeast to northwest (5, 9). Concurrent model waves are highest (about 6 m) south of the SAR pass,ibgtapidyow

within the pass (6, 7). The MABL is near neutral around Kodiak Island, but increasingly stable to the south (8).

SAR (facing page):The SAR winds also peak at about 25 m/s just south of Kodiak Island, but show evidence of a much stronger northern
boundary, no doubt resulting from the island sheltering (10, 11). The instrument sensitivity problem is evident on tlezigasiéthe
pass (12). Buoy 46066 measured mean winds of 17 m/s with gusts to 22 m/s at overpass time.
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8. Air-Sea Temperature ('C) ~ t |
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 1638 GMT 16 Feb 2001
Model Time: 1800 GMT 16 Feb 2001
Frame Dimension: 430 km x 500 km

Pixel dimension: 300 m
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11. Detail of Frontal Structure (x 2.5)
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9. Enlarged Surface Wind Field ~t 0

1800 GMT 16 Feb 2001

THO0W 150W

0 Wind Speed (m/s) 25
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Model (this page):A rapidly intensifying low pressure system develops in the southeastern Bering Sea, just north of the central Aleutians
(1-4). Model winds to the west of the developing low (under the SAR overpass) are westerly at ~15 m/s in the south odexspihgrt

5 m/s directly to the north (5, 9). Concurrent model waves are 3 to 5 m, actively growing (6, 7). The MABL is unstatdecatiee tlegion

of the SAR pass (8).

SAR (facing page):The SAR wind estimate reveals a ragged front having much more structure than the model shows, but with the same
general trend toward low winds in the northwest corner (10, 11). There the SAR shows an extremely sharp gradient, witspiedwin
dropping from near 25 m/s on the south side of the front to less than 10 m/s on parts of the north side, just a few kjn fpeggétiion

2.6: synoptic fronts.]
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 1819 GMT 16 Feb 2001
Model Time: 1800 GMT 16 Feb 2001

Frame Dimension: 430 km x 500 km

Pixel dimension: 300 m

90 km square

Section /ll: Beal, Monaldo: Inventory of Radarsat SAR Wind Fields 1819 GMT 16 Feb 01
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0

0600 GMT 23 Feb 2001
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(not operating o
after 08 Feb storm)

Model (this page): A deepening low pressure system advances from the south toward the outer Aleutian Chain, resulting in a strong
pressure gradient to its northeast (1-4). The model shows an extended band of high (15 to 20 m/s) winds reaching frmmt@aiEamit

Alaska through the Aleutians to the Bering Sea (5, 9). Concurrent model waves in the high wind band peak at about e @miod t

side of the Aleutians (6, 7). The MABL is generally stable under the SAR overpass (8).

SAR (facing page):The SAR winds show a broad region of high (20 to 25 m/s) winds upwind of the Aleutians, with little structure. On the
downwind side, however, rich, deeply modulated patterns of topographically induced lee waves dominate the SAR imag®(€,0f1). S
the deeper modulations show alternating bands of 5 m/s and 25 m/s wind regions occurring over spatial scales of less tfide 10 km
southern third of the SAR frame clearly illustrates the form of the crosstrack bias function (12). [ref. section 2.3: teeuntaies.]

0
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0429 GMT 23 Feb 2001
Model Time: 0600 GMT 23 Feb 2001
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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1. Surface Pressure (mb) ~ t
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+-36h 9. Enlarged Surface Wind Field ~t 0
L 0000 GMT 12 Oct 2001
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Model (this page):Two low pressure systems merge in the northern Gulf of Alaska, forming substantial gradients around the resulting rim,
but especially along the northeast portion (1-4). Model winds in the northeast sector of the storm reach 25 m/s, buhinetbiesector,

under the SAR overpass, only 15 to 20 m/s (5, 9). Concurrent NOGAPS model wave fields were unavailable from this datetfeeward t
end of the data collection period. The MABL under the SAR overpass is extremely unstable (8).

SAR (facing page):The SAR winds reveal an enhanced flow inside the gap north of Kodiak Island, reaching 20 to 25 m/s within the gap, but
dropping to about half those values immediately adjacent to (crosswind of) the gap (10, 11, 12). Model winds within tiee epeqerevlO
m/s. [ref. section 2.4: gap flows.]

5. Surface Wind Field (m/s) ~ t 6. Surface Wave Height (m) ~t | 7. Inverse Wave Age (norm) ~ t 8. Air-Sea Temperature ('C) ~ t |
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0352 GMT 12 Oct 2001
Model Time: 0000 GMT 12 Oct 2001
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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11. Enlargement of gap flow edges (x 2.5)
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9. Enlarged Surface Wind Field ~t 0
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Model (this page):An elongated low pressure system in the southwestern Gulf of Alaska deepens as it moves to the northeast, approaching
the coast just prior to overpass time (1-4), by which time substantial weakening is occurring. Model winds (5, 9) ata 26lhatsan the

southern sector of the storm, but diminishing toward the coast. The vortex center in the wind field is located just eff tG@oarrent

model waves are unavailable. Under the SAR pass, the MABL is increasingly unstable toward the west (8).

SAR (facing page):The SAR winds (10, 11) here exhibit two major anomalies: 1) the anomalous “butterfly-shaped” pattern at the top
center, which results from a direction singularity at the estimated (but clearly misplaced) vortex center, and 2) theeantgratten bias

and discontinuity running down the right third of the image, and most exaggerated on the right edge (12). The first arses alysitive

SAR wind biases of ~10 m/s along the “wing centers”; the second causes negative biases of up to 10 m/s, evidently ek&rcerbated a
speeds greater than about 20 m/s. This is an excellent example of two main sources of error in the Radarsat wind algorithm.

5. Surface Wind Field (m/s) ~t

6. Surface Wave Height (m) ~t |

7. Inverse Wave Age (norm) ~ t

0 8. Air-Sea Temperature ('C) ~ t |
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M 10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 1555 GMT 12 Oct 2001
Model Time: 1200 GMT 12 Oct 2001
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m

90 km square
11. Enlargement of Singularity Effect (x 2.5)
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1. Surface Pressure (mb) ~t -36h 9. Enlarged Surface Wind Field ~t 0
0000 GMT 24 Oct 2001
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3. Surface Pressure (mb) ~t -12h

Model (this page):A weak low pressure system begins to strengthen in the northern Gulf of Alaska, just to the northeast of Kodiak Island
(1-4). Model winds around its center are no more than 10 to 12 m/s, roughly parallel to the coast in the northern seCongarrent
model waves are unavailable. The MABL is unstable all along the coast (8).

SAR (facing page):This is another fine example of a barrier jet caused by the abrupt topographic differential along the coast. The SAR
winds within the jet approach 20 m/s, about double that of the model (10, 11, 12). The jet shows a complex morphologginectigibly
connected to the similar morphology of the coastal mountain chain. Wind speed at the seaward boundary of the jet jumfwithiimuptly

a few km) from less than 10 m/s to more than 20 m/s (12).

4. Surface Pressure (mb) ~ t

5. Surface Wind Field (m/s) ~t 6. Surface Wave Height (m) ~t | 7. Inverse Wave Age (norm) ~t | 8. Air-Sea Temperature ('C) ~ t |
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Radarsat ScanSAR B Wind Field
SAR Time: 0302 GMT 24 Oct 2001
Model Time: 0000 GMT 24 Oct 2001
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m

90 km square
11. Enlargement of Costal Jet Detail (x 2.5)
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12. Model vs SAR Wind Profile along Line AB
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9. Enlarged Surface Wind Field ~t 0

0000 GMT 26 Oct 2001

THO0W

160W 150

Model (this page):A pair of low pressure systems in the eastern Gulf of Alaska interact with a high pressure ridge to the west to create a
persistent gradient across the Alaskan Peninsula (1-4). Model winds are consistently from the north to northwest alPealoingulz

with speeds ranging from 5 to 15 m/s (5, 9). Concurrent model waves are unavailable . The MABL is extremely unstableecatenygvher

the Peninsula (8).

SAR (facing page):The SAR winds show another fine example of gap flow and island shadowing in the region just to the north of Kodiak
Island (10, 11). Although the model winds never exceed 10 m/s within the gap, the SAR winds exceed 20 m/s in the ceyaer(®2the
Furthermore, the SAR winds show the gap flow curving southward to merge with the ambient synoptic flow. The jet appetamtiismain
integrity for several hundred km south of the gap. [ref. section 2.5.2: gap flow/synoptic interaction.]
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9. Enlarged Surface Wind Field ~t 0
0000 GMT 30 Oct 2001
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Model (this page):A pair of low pressure systems converge in the central Gulf of Alaska, producing a N-S-elongated gradient region under
the SAR pass to the northeast (1-4). Model winds show a spiral of high winds, peaking in the southwest around 20 mésnarttiéash

around 15 m/s (5, 9). Concurrent model waves are unavailable. The MABL is extremely unstable under the SAR overpass, especiall
toward the north (8).

SAR (facing page):Allowing for the SAR algorithm insensitivity on the western edge of the swath, the SAR winds appear to be capturing the
advancing northeastern arm of the storm with peak winds within the arm between 25 and 30 m/s, accompanied by the splatchy winds
convective cells on its advancing edge (10, 11). Even allowing for the plausible displacement of the model from the SAR30PD 200,

the SAR is indicating wind speeds in the forward arm of the storm at least twice those of the model (12).

6. Surface Wave Height (m) ~t | 7. Inverse Wave Age (norm) ~ t
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 0326 GMT 30 Oct 2001
Model Time: 0000 GMT 30 Oct 2001
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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w
o

w0
@
E
=)
o}
9]
=
(%2]
°
=]
=

0

12. Model vs SAR Wind Profile along Line AB
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Model (this page): The third of a triad of low pressure systems advances eastward in the southern Bering Sea, producing strong gradients
across the southern end of the Alaskan Peninsula (1-4). Concurrent model winds on the eastern side of the storm arte~dd&uhvsr(p a
9). Concurrent model waves are unavailable. The MABL is stable in the southern portion of the SAR pass, unstable i{B)ae north

SAR (facing page):The SAR shows a rich, nearly ubiquitous pattern of advancing gust fronts (10, 11, 12). The gust fronts are distinct and
well separated from each other, with peak winds at the frontal edge nearly 30 m/s, tapering off to the rear. The leafdinig edgeective

field (11) is marked by a synoptic-scale frontal boundary. The kink and dot structure along the front is suggestive ta lsbigaon
instability and vortex wrap-up. [ref. section 2.8: mesoscale lows along fronts.] The more complex pattern of the froppar denter of

the SAR wind field results from added modulation from the upwind topography.
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9. Enlarged Surface Wind Field ~t 0
1200 GMT 10 Nov 2001
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Model (this page):A low pressure system moves from the Bering Sea across the southern Alaska Peninsula to the northwestern Gulf of
Alaska, remaining nearly stationary for the 24 hrs prior to the SAR overpass, and generating strong gradients all alamgutadPén

Model winds are consistently from the northwest at 10 to 15 m/s (5, 9). Concurrent model waves are unavailable. The MABL is sl
unstable northwest of the Peninsula to near neutral to the southeast (8).

SAR (facing page):The SAR winds show a rich topographical modulation with multiple jets and shadowing extending several hundred km
downwind of the Peninsula (10, 11, 12). The jets curve gradually to the south, following the synoptic flow pattern. PeaklSRhivi the

jets sometimes exceeding 20 m/s just downwind of their source, but then diminishing to half that value within 100 km. Cwoiociglren
winds are nearly uniform at about 10 m/s. Cross patterns in the southwest may be lee waves from Mount Veniaminof.

6. Surface Wave Height (m) ~t | 7. Inverse Wave Age (norm) ~ t
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10. Enlarged SAR Frame
Radarsat ScanSAR B Wind Field
SAR Time: 1650 GMT 10 Nov 2001
Model Time: 1200 GMT 10 Nov 2001
Frame Dimension: 430 km x 500 km
Pixel dimension: 300 m
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9. Enlarged Surface Wind Field ~t 0

0600 GMT 14 Nov 2001
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Model (this page):A large and deep low pressure system dominates the entire Gulf of Alaska for at least the 36 hrs prior to SAR overpass
time (1-4). Model winds are consistently from the north to northwest at 10 to 15 m/s (5, 9). Concurrent model waves atdain@heail
MABL is extremely unstable over the entire Alaskan Peninsula (8).

SAR (facing page):The SAR winds show the usual topographically induced modulations extending hundreds of km downwind of the
Peninsula (10, 11). Peak SAR winds reach 25 m/s in the topographically modulated region, compared with about 15 m/s fiein the mo
Within the predominantly along-wind patterns, an additional family of linear patterns can be seen crossing the main ghattgwiat an

angle of about 60 degrees (11). These are probably lee waves angling downwind from the isolated Mount Veniaminof. [r2f3section
mountain lee waves.]
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Operational Implications of SAR: A Recent Case Study
Carven Scott

A1.0 Introduction

The Weather Forecast Office (WFO) in Anchor-
age, Alaska, like most other NWS offices with marine
responsibility, relies heavily on remote sensing tools to
perform its primary mission: the protection of life and
property and the enhancement of the national economy.
WFO Anchorage has a marine area of responsibility
that is an order of magnitude larger than those in the i
continental U.S. Moreover, the Bering Sea and North i ;
Pacific experience a large number of storms, signifi- 1 B
cant in both strength and spatial extent. The Anchor- ™* \'\‘ '
age Area of Responsibility (AOR) can experience up-
wards of 20 hurricane-force storms in a single winter
season. It is therefore easy to understand how impor-
tant SAR imagery can be in both analysis and diagno-
sis of the marine environment.

BT . ac_ X . et . 510

Al.1 A Recent Example

As a case in point, figure A-1 shows a typical ul .
Radarsat-measured wind event that affected South Cen- T
tral Alaska on 02 and 03 Feb 2003. Although Radarsat 'L ey & !
was not available to the forecaster in real-time during ™ & 1 T I IS L TR N .1 |
this event, the wind field imagery was used extensively ]‘ i, i | ‘ .

)
|

in the post-mortem analysis. The implications of the [ l
imagery are striking both to the forecast meteorologist |
and the operational user.

The potential for significant downslope winds was 71 i T T T T T T TR T
well known for both the Upper Anchorage Hillside and Wind Sgead [mfs) Wind Spesd (knots]
western Turnagain Arm. Typical of the downslope wind [ O | _b
events experienced across South Central Alaska, a deeg l B % 1B i . ] L] 0 L 40
low pressure area at the surface in the western Gulf of ; 1
Alaska moved north across the Alaska Peninsula in a Figure A-1: Radarsat Image of Upper Cook Inlet February 3, 2003
strong, high amplitude flow in the mid levels. Central Alaska. Standard (non-Radarsat) WFO indica- of 80 kt. These wind speeds were measured in the vi-

tors validated the intensity of the system. Velocity data cinity of the gap flow in Turnagain Arm, and surpris-
As a major low pressure area and associated fron- from both the Kenai and the Middleton Island weather ingly also out of gaps on the Kenai Peninsula, more
tal systems approached the peninsula, the east-westradars were available during both days. The Kenai ra- often during the second event. A peak inbound velocity
pressure gradient increased dramatically across Southdar consistently measured inbound velocities in excess of 109 kt was measured near the end of this second



event. The caveat on the use of the Kenai radar for es-
timating surface winds is that mid-beam is well above
the surface of the terrain. The Middleton radar also
measured excessive velocities with both events. For
Middleton the maximum velocities were less, about 70
kt. However, the higher wind speeds seemed to be as-
sociated with a barrier jet that set up during the second
event. The weather radars are excellent analysis and
short term forecast tools for these wind events.

Figure A-2 is a Radarsat image near the end of the
second wind event, around 0300 GMT 05 Feb. Strong
winds (in excess of 55 kt) continue in Turnagain Arm.
Surface observations in “The Arm” back this up with
reported wind speeds in excess of 60 kt. Of particular
interest also was the orientation of the wind plume ex-
iting Turnagain Arm into Cook Inlet. Earlier in the day,
the plume turned southwest along Cook Inlet upon exit.
At overpass time, the plume appears oriented more east-
west, perpendicular to the long axis of Cook Inlet. This
orientation indeed was borne out in surface observa-
tions on the west side of Cook Inlet. This plume pat-
tern also agrees well with subtle changes in the surface
pressure gradient through the day, which became in-
creasingly more east-west oriented.

Wind patterns in Prince William Sound were also
very interesting. Both wind and wave spectra data were
extracted from buoys in the Sound to determine if the
Radarsat information was reasonable. Radarsat imag-
ery suggests wind speeds in the 35 kt range (gale force)
associated with the two major plumes. Buoy 46060
(West Orca Bay), on the eastern side of the Sound near
the edge of the northern-most plume, measured sus-
tained winds of 22 kt with gusts to 32 kt, very close to
that indicated by the Radarsat wind field. As another
indicator, the wave spectra for the buoy showed ex-
tremely steep (wind driven) waves, exactly what one
would expect from the sort of wind forces evident in
the imagery.

A1.2 Conclusion

page A-2
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Figure A-2: Radarsat Image of South Central Alaska February 5, 2003

remote sensing tools and mesoscale models to provideinfrastructure exists for the marine forecaster. Real-

Over land, meteorologists routinely use mesoscale high temporal and spatial resolution products for pub- time SAR images would bridge that gap for the opera-
network observational data combined with a variety of lic product customers. Exceptin coastal waters, no such tional meteorologist in a marine environment.



