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ABSTRACT

A more versatile and robust technique is developed for determining area-averaged surface vorticity based
on vector winds from swaths of remotely sensed wind vectors. This technique could also be applied to de-
termine the curl of stress, and it could be applied to any gridded dataset of winds or stresses. The technique is
discussed in detail and compared to two previous studies that focused on early development of tropical
systems. Error characteristics of the technique are examined in detail. SpeciÞcally, three independent sources
of error are explored: random observational error, truncation error, and representation error. Observational
errors are due to random errors in the wind observations and determined as a worst-case estimate as a
function of averaging spatial scale. The observational uncertainty in the Quick Scatterometer (QuikSCAT)-
derived vorticity averaged for a roughly circular shape with a 100-km diameter, expressed as one standard
deviation, is approximately 0.5 3 102 5 s2 1 for the methodology described herein. Truncation error is asso-
ciated with the assumption of linear changes between wind vectors. Uncertainty related to truncation has more
spatial organization in QuikSCAT data than observational uncertainty. On 25- and 50-km scales, the trun-
cation errors are very large. The third type of error, representation error, is due to the size of the area being
averaged compared to values with 25-km length scales. This type of error is analogous to oversmoothing.
Tropical and subtropical low pressure systems from three months of QuikSCAT observations are used to
examine truncation and representation errors. Representation error results in a bias of approximately2 1.53
102 5 s2 1 for area-averaged vorticity calculated on a 100-km scale compared to vorticity calculated on a 25-km
scale. The discussion of these errors will beneÞt future projects of this nature as well as future satellite missions.

1. Introduction

There are many oceanographic and meteorological ap-
plications for spatial derivatives of surface winds or sur-
face stress. For example, Ekman upwelling in the ocean
is related to the curl of the stress, and vertical motion
in the atmosphere is related to the divergence. The cal-
culation of divergence is noisy relative to the curl. The
introduction of the Quick Scatterometer (QuikSCAT)
SeaWinds instrument, launched on 19 June 1999, greatly
improved data coverage and availability of ocean surface
winds. These new data facilitated many studies, including
research into the potential for earlier identiÞcation of
tropical disturbances, which are possible precursors to
tropical depressions (Katsaros et al. 2001; Sharp et al.
2002; Gierach et al. 2007). These studies suggested sub-
stantial noise in estimations of closed circulations and in

the calculation of area-averaged vorticity. This study
focuses on the calculation of the curl of wind from
scatterometer swaths and the error characteristics as
a function of spatial scale.

Sharp et al. (2002) developed an objective technique
that could potentially be used operationally to identify
systems (depressions and disturbances) likely to develop
into tropical storms (TS) or hurricanes. Gierach et al.
(2007) modiÞed the method developed by Sharp et al.
(2002) and applied it in conjunction with Geostationary
Operational Environmental Satellite (GOES) IR to track
tropical disturbances much further back in time than
aforementioned methods. They found that convection
and surface rotation were both found at the earliest
identiÞable stages of genesis. A critical component of
these studies is the use of near-surface winds to examine
circulation or rotation.

The main goals of this project are to improve upon the
scatterometer-based calculation of area-averaged vor-
ticity (referred to here simply as vorticity) and to char-
acterize errors in this technique. The major sources of
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error in the calculation of scatterometer-based surface
vorticity are investigated and discussed. The strengths
and weaknesses of the new and old methods (which fo-
cused on tropical systems) are discussed in terms of the
improvements made upon earlier methods as well as
considerations of how accuracy might change for pro-
spective satellite missions.

The QuikSCAT SeaWinds data are described in sec-
tion 2. Details regarding the methodology of the satellite-
based vorticity calculation and comparisons to previous
techniques are highlighted in section 3. Sources of er-
ror including ambiguity selection errors, random vector
component errors, truncation errors, and representation
errors are discussed in section 4. Section 5 covers oppor-
tunities for improvement for future applications. Overall,
the detection technique continues to prove successful
while reducing error in the results.

2. SeaWinds data

The QuikSCAT SeaWinds Scatterometer dataset
used in this study is an updated version similar to that
used by Gierach et al. (2007): version 3a of the Ku2001
product developed by Remote Sensing Systems (RSS).
The dataset includes time, location, surface (10-m ele-
vation) equivalent neutral wind speed (Ross et al. 1985),
wind direction, and a rain ßag. Scatterometers usually
provide multiple solutions (termed ambiguities); only
the best guess at the correct ambiguity is used for each
wind vector cell. Four satellite microwave radiometers
are used to determine if rain is present at the location of
the QuikSCAT observation; when no radiometer data
are available, the occurrence of adverse inßuences from
rain is statistically estimated from the scatterometer
backscatter (Mears et al. 2000a,b). This usage of the
rain-ßagging information is highly conservative. For
tropical applications, a conservative rain ßag appears to
be necessary; however, this approach seriously overßags
for midlatitude applications (Draper and Long 2004).
The version of 25-km grid-spaced QuikSCAT data from
the Jet Propulsion Laboratory (JPL) based on the
QSCAT1 model function is also used to help quantify
error characteristics.

A limitation for studies of tropical development is the
temporal sampling, which has slightly less than twice
daily coverage over the Atlantic basin (Schlax et al. 2001).
In contrast, sampling is much better near the ice caps;
however, cyclones tend to propagate very rapidly in these
regions. Another key limitation for the calculation of
surface vorticity is the spatial grid. The research-quality
QuikSCAT observations used herein have a 25-km grid
spacing within a swath that is 1800 km wide (76 vector
wind cells across the swath). Therefore, the smallest

spatial scale for which vorticity can be calculated is
25 km 3 25 km, assuming that the spatial resolution of
QuikSCAT observations is approximately a point. The
actual scatterometer wind cell resolution depends on the
processing technique used to convert the observed back-
scatter to wind vectors; however, it is smaller than the grid
spacing (Bourassa et al. 2003). One other limiting factor is
degradation of the accuracy of the wind vectors when
too large a fraction of the signal returned to the satellite
is due to rain (Draper and Long 2004; Weissman et al.
2002, 2003). The vorticity signatures of tropical systems
are often associated with rain; therefore, it is important
to develop a technique that is either insensitive to seri-
ously rain-contaminated data or (in this case) attempts
to avoid using such data.

The domain for this study is the portion of the Atlantic
basin from the western coast of Africa to the east coast
of North America and the equator to 30 8N. Utilizing this
area of the basin allows for most Atlantic tropical sys-
tems to be detected as well as limiting interference with
midlatitude storm systems. This method for determining
vorticity can be applied to any basin; however, the de-
tection thresholds for tropical disturbances determined
by Gierach et al. (2007) might require some modiÞcation.

3. Methodologies

Section 3a describes the technique used to calculate
vorticity at a range of spatial scales. Section 3b puts this
technique in the context of previous techniques used
to identify tropical systems. The smoothing required
for this approach is much different than required for
two previous techniques, which are described in sec-
tion 3b.

a. Vorticity calculation

Working with QuikSCAT swath data poses several
issues in attempting an area-averaged vorticity calcula-
tion. Swaths are not in a perfectly gridded format, and
some data points might be missing (because of land
contamination or being outside the observational swath)
or rain contaminated. To account for this, the calcula-
tion technique is developed to work around such points,
and it outputs a missing value if there are insufÞcient
good data points.

Area-averaged vorticity z is calculated at the center of
a ÔÔshape,ÕÕ as deÞned by available data in the swath,
using the circulation C about the shape and divided by
the area A of the shape:

z5
C
A

. (1)
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The circulation theorem is used to calculate the circu-
lation:

C 5
þ

v � dl , (2)

where v is the velocity along the closed contour andl is
an element tangent to the contour. The wind vector
components are linearly interpolated between adjacent
good observations: the shape about which the circula-
tion is calculated becomes a series of straight segments.
Then,

Ð
v � dl becomes�

n

i5 1vi � l i , where i represents the
segments from one ton. An individual dot product in
this sum can be calculated as

v � l 5
1
2

(ui1 1 1 ui , yi1 11 yi)(xi1 1� xi , yi1 1� yi), (3)

where x and y refer to the longitudinal and latitudinal
positions (with differences in meters) andu andy are the
zonal and meridional components of the surface wind
vector. The circulation is the sum of (3), spanning the
circumference of the shape.

If the shape is based on only three wind observations,
the area (a triangle) is calculated using

A 5 0.5[(x2 � x1)( y3 � y1) � (x3 � x1)( y2 � y1)]. (4)

If four or more points are available, area and vorticity
are calculated for a polygon using

A 5 0.5 A0 1 �
n� 1

m5 2
xm(ym1 1� ym� 1)

��
�
�
�
�

��
�
�
�
� and (5)

A0 5 x1( y2 � y1) 1 x1( y1 � yn), (6)

where n is the total number of points enclosing the
polygon and the values ofx and y are determined rela-
tive to the ÔÔcenter of massÕÕ of the points used in the
calculation.

Roughly circular shapes are used in this study; how-
ever, the shape about which the circulation is calculated
is arbitrary and could be chosen to be consistent with
the data and the application. The shapes used here are
designed to have ÔÔdiametersÕÕ that are multiples of the
distance between adjacent observations. We refer to the
size of these shapes as ÔÔring size.ÕÕ For 25-km grid-spaced
QuikSCAT observations, a ring size of one corresponds
to a 25-km-diameter square, a ring size of two corre-
sponds to a 50-km-diameter diamond, and larger shapes
become progressively more circular (see Fig. 1). The
vorticity is then determined using the circulation from
Eq. (3) and the area from Eqs. (4)Ð(6). If more than 20%
of the vectors on the circumference of the shape are miss-

ing (or more than 25% when only four points are consid-
ered), the vorticity is also set to missing. If the threshold for
too many missing points is not exceeded and there are
missing points (e.g., land or seriously rain contaminated) in
the ring perimeter, then there will be an atypically long
line segment joining the neighboring points.

b. Application to tropical disturbances

The tropical disturbance detection methods related to
the surface signature (Sharp et al. 2002; Gierach et al.
2007) are vorticity based, with the relative area-averaged
vorticity calculated within the QuikSCAT swath. Sharp
et al. (2002) developed an objective technique that could
potentially be used operationally to detect storm sys-
tems, in the topical disturbance or tropical depression
stage of development, that were likely to develop to TS
status or higher. The accuracy of this technique and the
satellite sampling were less than ideal for independent
operational use; therefore, it was suggested that this
technique could supplement traditional techniques.
Gierach et al. (2007) adapted the method developed by
Sharp et al. (2002) and coupled it with GOES IR to track
storms during the tropical disturbance stage of devel-
opment. The technique used by Gierach et al. (2007)
averages vorticity within SeaWinds swaths in a 100 km3
100 km area. Area-averaged vorticity values are calcu-
lated using the same technique developed by Sharp et al.
(2002). For these detection techniques, the vorticity point
was estimated over an area [73 7 wind cells for Sharp
et al. (2002); 43 4 wind cells for Gierach et al. (2007)] and
a test with four components is conducted:

1) The vorticity must exceed a minimum threshold:
(i) 5 3 102 5 s2 1 for Sharp et al. (2002) or

(ii) 5 3 102 5 s2 1 for Gierach et al. (2007).
2) The maximum non-rain-ßagged wind speed within

and on the periphery of the ring must exceed
(i) 10.0 m s2 1 for Sharp et al. (2002) or

(ii) 6.3 m s2 1 for Gierach et al. (2007).
3) The previous criteria must be met for at least a speci-

Þed fraction of the vorticity points within an area with
a diameter equal to the diameter used to calculate the
vorticity. The area must be centered on the center of

FIG . 1. Illustration of a ring size of 1Ð4 on a roughly 25 km3
25 km QuikSCAT observation grid. The bold lines show the pe-
rimeter of the ring.
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mass of the observations used in the vorticity calcu-
lation. Typically, this area is equivalent to the points
on and within the shape used to calculate the vorticity:
(i) 25 times within a 350 km by 350 km area cen-

tered on the center of circulation (Sharp et al.
2002) or

(ii) 80% of the calculated vorticity cells within 50 km
of the vorticity points being tested.

4) Gierach et al. (2007) also required that the third con-
dition must be met within 175 km of the center of a
cloud cluster center determined from GOES IR.

The third point is important for reducing false alarms
associated with questionable wind vectors: for example,
vectors that perhaps should have been ßagged as seriously
rain contaminated or vectors with large directional errors.
After it is determined where the Þrst two criteria are met,
the third criterion is examined at these locations and all
locations within two grid points. Another factor that in-
ßuences the vorticityÕs signal-to-noise ratio is the spatial
scale over which vorticity is calculated. A larger spatial
scale improves the identiÞcation of systems that are too
rain contaminated: for example, tropical disturbances
nearing the tropical depression stage or centers of stron-
ger systems. For both these applications, the impact of
errors (biases and random errors) is important to con-
sider; however, the error characteristics of vorticity were
not known when these techniques were developed.

A serious problem with this technique is that circu-
lation about missing points in the interior also contrib-
uted to the estimate of circulation. Consequently, even
seriously rain-contaminated vectors were used in the
vorticity calculation in an attempt to eliminate rain
contamination as a cause of missing vectors. The center
of circulation of the systems detected could be no closer
to the edge of a swath or a landmass than 150 km. Sharp
et al. (2002) determined that this method of detection
proved to be successful for both the 1999 and 2000
hurricane seasons and concluded that future operational
use might prove beneÞcial when used in conjunction
with traditional methods. Our new technique, applied
with a diameter of 175 km, would likely be a more ro-
bust calculation, because neither interior circulations
nor rain-ßagged vectors contribute to the total, and the
land constraint can be dropped.

4. Discussion of error

The important sources of error in our methodology
stem from 1) observational errors, 2) truncation errors
associated with linear interpolation between wind vec-
tors, and 3) mismatches in the spatial averaging scale. It
will be shown that the random errors in the area-averaged
vorticity decrease as the ring size increases, but the rate of

reduction is relatively small for ring sizes greater than 4
(a diameter of 100 km). Truncation error has a similar
dependence on averaging scale; however. it has more
organization within the QuikSCAT swath. Finally, the
biases and standard deviations for differences in vorticity,
for ring sizes 2Ð10 relative to a ring size of 1, are shown for
Atlantic tropical disturbances and depressions.

a. Contributions from observational errors

Observational errors are due to (i) random vector
component errors and (ii) ambiguity selection errors.
Random errors for SeaWinds on QuikSCAT have been
assessed through a variety of approaches (Freilich 1997;
Stoffelen 1998; Ebuchi et al. 2002; Bourassa et al. 2003;
Freilich and Vanhoff 2003, 2006). These studies typically
investigate the random error where there was no gross
error in direction related to ambiguity selection.

1) RANDOM ERRORS IGNORING AMBIGUITY

SELECTION

The propagation of Gaussian-distributed random er-
rors can be used to estimate the contribution of obser-
vational errors to uncertainty (expressed as a standard
deviation) in area-averaged vorticity. For a variable y
that is a function f of one or more independent variables
xi, this function can be described in very general terms as

y 5 f (x1, x2, x3 � � �). (7)

The uncertainty in variable y, s y, can be determined
[Eq. (8)] in terms of the uncertainty in the independent
input variables xi, again expressed as standard de-
viations (Taylor 1982):

s 2
y 5

s x1
‰f

‰x1

 ! 2

1
s x2

‰f

‰x2

 ! 2

1 � � � . (8)

This general formula for the propagation of indepen-
dent random errors is the basis for Eqs. (9), (10), and
(16). Assuming the areaA is determined with negligible
error (in a percentage sense), as is the random error in
distance • between the center of footprints, the uncer-
tainty in the vorticity s z can be calculated as

s 2
z 5

s 2
C

A2 . (9)

Examination of the area-calculated swaths through trop-
ical and midlatitude storms indicate that the variability in
area is very small, which supports the assumption that
error in the area calculation can be ignored.
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The uncertainty in circulation s c is

s 2
C 5 �

n

i51
(l is i )

2, (10)

where s u is the uncertainty in a vector wind compo-
nent, which is assumed to be 0.6 m s2 1. Estimates of
random component errors for rain-free, correctly se-
lected ambiguities, may be as large as 0.6 m s2 1 for JPLÕs
25-km grid-spaced QuikSCAT data (M. H. Freilich and
B. Vanhoff 2000, personal communication) for maximum
differences in collocation of 30 min and 25 km. Estimates
may plausibly be as low as 0.03 m s2 1 (Bourassa et al.
2003) for RSSÕs dataset and collocation differences less
than 0.5 min and 5 km. Assuming the highest error in
vector components provides an upper limit for uncer-
tainty in the vorticity and therefore represents a worst-
case scenario. Furthermore, the accuracy is not uniform
across the swath; however, because the chosen value
includes uncertainty in the comparison data and differ-
ences resulting from mismatches in location and time, it
is treated as a constant upper limit:

s 2
C 5 s 2

u �
n

i5 1
l2i . (11)

Consequently,

s 2
C 5 s 2

u(n1 1 2n2)l2, (12)

wheren1 andn2 represent the number of ÔÔnondiagonalÕÕ
and ÔÔdiagonalÕÕ components of the area perimeter,
respectively (Fig. 1). The length of the diagonal com-
ponents is

���
2

p
times the distance (Dx) between the across-

swath or along-swath cells (which is close to constant).
The observational uncertainty in vorticity s zO

is deÞned
as follows:

s zO
5 s u(n1 1 2n2)0.5 l

A
(13)

The area increases more rapidly than the number of
points on the perimeter of the area; therefore, s zO

de-
creases as area increases (Fig. 2).

The uncertainty can also be expressed in terms of di-
ameter and the grid spacing, which might make the ap-
plication more intuitive, particularly when considered
for non-QuikSCAT applications. Consider that the num-
ber of points on the perimeter times the grid spacing is
roughly equal to the length of the perimeter, which is
proportional to the diameter. The area is proportional to
the diameter squared:

s zO
• 4p � 0.5s uD� 1.5Dx0.5. (14)

This analysis shows that, as ring size increases, vorticity
uncertainty (Fig. 2) is proportional to D2 1.5. For di-
ameters exceeding four grid cells, the decrease in un-
certainty is small. Therefore, choosing a ring size larger
than 4 would result in only slightly lower levels of un-
certainty, and it would negatively affect the detection
techniqueÕs ability to maintain the integrity of smaller-
scale systems because of representation error (section 4c).

2) A MBIGUITY SELECTION ERROR

Ambiguity selection errors are errors associated with
selecting the wrong local minimum in the best Þt of
a wind vector to observed backscatter (Naderi et al.
1991; Bourassa et al. 2003). The likelihood of an ambi-
guity selection error is a function of wind speed: it is
highly unlikely for wind speeds greater than 8 m s2 1 (for
the RSS product) and increases as the wind speed de-
creases below 8 m s2 1. This model of error suggests that
the standard deviation of errors in vorticity might be
relatively large for low wind speeds. However, it has also
been argued that this dependency on wind speed can be
largely explained in terms of random errors in wind
vector components, where characterization of these
random errors is not a function of wind speed (Freilich
1997). That model for observational errors in wind
vectors results in vorticity error characteristics that are
independent of wind speed.

If ambiguity errors make a substantial contribution to
observational errors, then the observational error will
increase as the wind speed decreases below 8 m s2 1. This
dependency on wind speed is examined to determine if

FIG . 2. Vorticity uncertainty (representing 1 std dev) as a func-
tion of ring size. The studies by Sharp et al. (2002) and Gierach
et al. (2007) used a ring size of 1 with a great deal of additional
smoothing.
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there is a substantial contribution from ambiguity errors.
The root-mean-square differences (RMSDs) of vorticity
are calculated, where the difference is the vorticity at
a ring size (from 1 to 9) minus the vorticity for ring size
10. A ring size 10 has a larger spatial area (diameter of
250 km), which reduces the inßuence of ambiguity er-
rors in the vorticity calculation. Atlantic tropical dis-
turbances (from 58to 358N) from 1 August through 31
October 1999 were used to examine the importance of
considering additional errors associated with ambiguity
selection. For each ring size, the scalar mean wind speed
is determined from the wind vectors used in the vorticity
calculation. These mean speeds are binned in in-
crements of 1 m s2 1 (from 0 to 20 m s2 1), and the values
in these bins are used to calculate the RMSDs. There is
no evidence of a wind speed dependency. This indicates
that ambiguity selection errors are typically a weak
source of observational error in the vorticity or that
observational error is negligible compared to truncation
error (as will be shown to be the case in the next section).

b. Truncation error

The term ÔÔringÕÕ is used somewhat loosely, because
wind vector spacing only allows a roughly circular shape
(Fig. 1) composed of a series of straight edges. An as-
sumption is made that the wind speeds change linearly
along the segments of the ring. The error in this assump-
tion is related to higher-order changes and the grid spac-
ing. The actual changes of wind speed along the segment
can be substantially nonlinear: for example, centers of
strong low pressure systems and poorly organized tropical
disturbances. The shape of tropical disturbances varies
greatly system by system as well as in time. If some points
in the ring perimeter are considered bad points (e.g., land
or seriously rain contaminated), then there will be an
atypically long line segment joining the neighboring
points. This situation can greatly increase truncation er-
rors associated with the linear extrapolation of wind
speeds.

Assuming that the truncation errors are random and
approximately similarly distributed for each segment
along the edges of the shape (i.e., triangle, square, or
polygon), the total variance associated with random er-
rors in the circulation around the shape s C

2 is approxi-
mately proportional to the number of segments times the
square of the truncation error uncertainty squared s T

2 of
each segment. The number of segments is approximated
as the number of points (pD/Dx) for a perimeter of a
circle associated with a diameterD:

s 2
C 5 s 2

T
pD
Dx

. (15)

Error associated with the area calculation is again ig-
nored. The assumption of totally random truncation er-
rors is not entirely sound, because the wind Þeld is made
up of a larger-scale (organized) ßow and smaller-scale
(seemingly random) departures from this ßow. For reg-
ularly gridded data and large-scale variability that greatly
outweighs small-scale variability, the projection of the
truncation error onto a particular line segment (in the
ring) will slowly change in space. Such a situation results
in large-scale errors that nearly cancel on the opposite
side of the ring. In this case, it might be more appropriate
to treat the differences in these nearly cancelling trun-
cation errors as independent, effectively halving the
number of points in the error calculation. However, if the
grid pattern is sufÞciently nonuniform or if the small-scale
variability is greater than the large-scale variability
(which is not the case for cyclones), then the assumption
of random errors is closer to being valid. The inßuence of
the irregular spacing of QuikSCAT wind vectors will be
shown to be important later in this section.

The uncertainty in vorticity s § associated with trun-
cation errors is then, to a good approximation, equal to
the related uncertainty in circulation divided by the area
about which the circulation is calculated. Consequently,
the uncertainty in vorticity related to truncation error
s §T

has the following functional form:

s §T
• 4p � 0.5s T D� 1.5 Dx0.5. (16)

The uncertainty in wind related to truncation error s T is
roughly proportional to the square of the length of each
segment, which is roughly proportional to (Dx)2. There-
fore, s §T

is proportional to ( Dx)2.5:

s §T
} D � 1.5 Dx2.5. (17)

As one would anticipate, Þner grid spacing will reduce
truncation errors, as will increasing the diameter of
calculation area. However, increasing the area results in
a vorticity averaged over a larger area, which has short-
comings discussed in the next section.

If a truncation error is apparent in the QuikSCAT
vorticity Þelds, it is because either the small-scale wind
variability dominates the large-scale wind variability
(which is not the case for the examples that will be shown)
or the irregularity in the spatial sampling increases the
impact of truncation errors. The vorticity Þelds are shown
for two cases for ring sizes of 1Ð4 (25Ð100-km averaging
scales). The Þrst case is a strong warm core seclusion
(Fig. 3, left) in the North PaciÞc Ocean from 24 December
2004. The second case is a tropical disturbance from
2000 UTC 4 September 1999 (Fig. 3, middle), which might
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