
GEOPHYSICAL RESEARCH LETTERS, VOL. ???, XXXX, DOI:10.1029/,

Surface Winds, Divergence, and Vorticity in Stratocumulus
Regions using QuikSCAT and Reanalysis Winds
B. D. McNoldy, P. E. Ciesielski, W. H. Schubert and R. H. Johnson
Department of Atmospheric Science, Colorado State University, Fort Collins, CO

Abstract. High spatial resolution QuikSCAT data are used
to examine surface winds, divergence, and vorticity over
oceanic regions during the boreal summer. These analy-
ses are compared to those from earlier ovservational studies,
as well as ECMWF and NCEP reanalysis products. Differ-
ences among these analyses are discussed, but in general,
QuikSCAT analyses are consistent with the results from
early studies and the reanalyses. A notable exception is
a significant discrepancy between QuikSCAT and NCEP di-
vergence in the tropics.

1. Introduction

Persistent low-level stratocumulus clouds occupy large
portions of the eastern Pacific and eastern Atlantic Oceans.
These areas of stratocumulus convection are most extensive
during the boreal summer when upward motion in the Inter-
Tropical Convergence Zone (ITCZ) and downward motion
in the subtropical highs are at a maximum. Past attempts
to analyze wind fields over these vast oceanic, stratocumu-
lus regimes have been hampered by a paucity of observa-
tions. Using climatological data from millions of ship re-
ports during the period 1885–1933 (McDonald 1938) and
radiosonde data collected during research cruises in 1949–
1952, Neiburger et al. (1961) described the structure of the
lower troposphere off the coast of California. Since the re-
sults of Neiburger et al. are based on McDonald’s analysis,
hereafter their combined work will be referred to as the N-
M analysis. More recently, Dai and Deser (1999) presented
global maps of mean seasonal surface winds and divergence
based on the Comprehensive Ocean-Atmosphere Data Set
(COADS) during 1976-1997. To our knowledge, these are
the only studies that document the boreal summer, large-
scale structure of surface winds and divergence in the eastern
ocean stratocumulus regimes.

In this study, winds derived from the SeaWinds scat-
terometer (aboard QuikSCAT) are used to examine the
boreal summer surface winds and the derived fields of di-
vergence and vorticity over these regions. In light of the
widespread use of the N-M analysis for theoretical and mod-
eling work, comparisons of their surface wind/divergence
climatology with recent SeaWinds observations will be ex-
amined. In addition, the QuikSCAT analyses will be com-
pared to those generated from coarser resolution NCEP and
ECMWF reanalysis products to assess the accuracy of these
model-derived fields. While the primary focus of this study
is on the stratocumulus regimes, comparisons of these anal-
yses will also be made over the tropical oceans.

2. Data

SeaWinds is a microwave scatterometer on the QuikSCAT
satellite, launched in June 1999. QuikSCAT winds, which
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cover 93% of the global ocean daily under clear and cloudy
conditions at 0.25◦resolution, are calibrated to a reference
height of 10 m. In this study, rain-flagged data, known to
have larger uncertainties (Weissman et al. 2002), have been
omitted. To address the accuracy of the QuikSCAT winds,
Ebuchi et al. (2002) compared QuikSCAT winds to surface
winds from 101 offshore buoys (predominately in the Pacific)
over an 18 month period. Their findings showed a negligible
bias for wind speed with a root mean squared (rms) differ-
ence ∼1 m s−1for speed and ∼20◦for direction. Similar rms
differences were found in studies by Picket et al. (2003),
which compared QuikSCAT winds at 12 near-shore buoys
off the west coast of the U.S., and by Bourassa et al. (2003)
using wind data from six research ships.

Because these and other studies have demonstrated the
value of SeaWinds as an accurate global oceanic wind sensor,
the QuikSCAT dataset is used here to judge the accuracy
of the N-M analyses as well as those from reanalysis prod-
ucts. For this latter comparison, we use 10-m reanalysis
winds which are available globally every 6 h. The ECMWF
data used here from the ERA-40 reanalysis project, which
used 3D variational techniques applied at T159 (∼140 km)
resolution, are available on a 2.5◦grid. Also at this resolu-
tion, the NCEP data are from their reanalyses done at T62
(∼360 km). While QuikSCAT data are not used in either
of these reanalysis systems, ERS1 and ERS2 scatterome-
ter winds, which have lower spatial resolution and cover-
age than QuikSCAT winds, were assimilated into ECMWF
analysis from the early 1990s until January 2001 (Wesley
Ebisuzaki and Hans Hersbach, personal communication).
The QuikSCAT winds used in this study are a Jet Propul-
sion Laboratory (JPL) Level 3 product. The analyses and
comparisons described herein are based on a four-year mean
of surface wind, divergence, and vorticity fields computed
for July (1999-2002).

3. Discussion of surface wind analyses

QuikSCAT analysis of streamlines and isotachs of the sur-
face wind speed (i.e., the magnitude of the vector mean ve-
locity) averaged for July 1999–2002 are shown in Fig. 1.
Overall, these winds compare quite favorably with the re-
analysis winds (not shown). Table 1 lists the spatial corre-
lation coefficients, rms difference, and mean biases between
the July-mean QuikSCAT and reanalysis winds. The cor-
relation coefficients provide a measure of the correctness of
the pattern, whereas the rms difference is a measure of the
correctness of the amplitude.

As seen from this table, both the pattern and the am-
plitude of the reanalysis winds agree quite well with those
from the QuikSCAT analysis. Although not shown, this
agreement is particularly good within the regions covered
by subtropical anticyclones (i.e., poleward of 15◦). In all
the wind analyses, including that of N-M (not shown), the
location of the centers of the subtropical gyres and their spa-
tial orientations are nearly identical. One difference among
the analyses is the slightly stronger trade winds (∼ 1 m
s−1) on the equatorial side of the subtropical gyres in the
QuikSCAT analyses compared to the reanalyses and that
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Figure 1. Streamlines and isotachs of the July average
(1999-2002) QuikSCAT surface winds.

Figure 2. Latitudinal cross-section of mean-July wind
components (u - left panel, v - right panel) for various anal-
yses in 10◦strip centered along 130◦W.

of N-M. This can be seen in the eastern Pacific latitudinal
cross-section of QuikSCAT and reanalysis wind components
along 130◦W (left panel, Fig. 2). This discrepancy accounts
for the majority of the positive u-wind biases seen in Table
1. A second region where the analyses differ occurs in nar-
row (200-300 km) strips adjacent to the western coasts of all
the continents where the equatorward flow in the QuikSCAT
analysis is up to 3 m s−1stronger and has a weaker onshore
component. It would appear that the spatial smoothing
used in the N-M analysis and the lower resolution of the
reanalysis products prohibits such fine-scale details.

The most notable discrepancy among the wind analyses
occurs in the vicinity of the ITCZ where the NCEP merid-
ional wind component (v) is considerbly smaller than the
QuikSCAT or ECMWF analysis of this field. For example,
in the cross-section in Fig. 2 (right panel), the QuikSCAT
and ECMWF meridional winds between the equator and
10◦N average about 5 m s−1while the NCEP winds average
about 1 m s−1. This discrepancy in the NCEP meridional
winds, which accounts for the large rms difference and signif-
icant negative bias in this field in Table 1, occurs over both
ocean basins but is largest over the eastern Pacific. The

Table 1. Statistical parameters for various July-mean
QuikSCAT (QS) and reanalyses fields

u v δ ζ

Spatial correlation
NCEP,QS 0.98 0.93 0.54 0.83
ECMWF,QS 0.99 0.98 0.75 0.86

rms difference m s−1 m s−1 10−6s−1 10−6s−1

NCEP,QS 0.76 1.24 2.55 3.02
ECMWF,QS 0.58 0.69 2.08 2.79

Biases m s−1 m s−1 10−6s−1 10−6s−1

NCEP−QS 0.18 −0.30 −0.97 −0.21
ECMWF−QS 0.21 0.03 −1.00 −0.17

higher correlations and smaller biases and rms differences
between the QuikSCAT and ECMWF analyses compared
to the NCEP analysis may be due to the use of ERS data
in the ECMWF assimilation scheme. The impact of the dif-
ferences in the wind analyses upon divergence and vorticity
will be discussed in the next section.

Another interesting feature seen in the QuikSCAT analy-
sis, and to a lesser degree in the other analyses, is the shadow
of light winds in the lee of the Hawaiian Islands. The effects
of this wind wake on the ocean and atmospheric circulation
are described in a recent article by Xie et al. (2001).

4. Discussion of derived fields

For the analyses shown in this section, divergence (δ) and
vorticity (ζ) were computed using centered finite difference
approximations to the following formulas, respectively

δ =
∂u

a cos φ ∂λ
+

∂(v cos φ)

a cos φ ∂φ
, ζ =

∂v

a cos φ ∂λ
− ∂(u cos φ)

a cos φ ∂φ

where u and v are the zonal and meridional wind compo-
nents, a is the Earth’s radius, λ is longitude and φ is lat-
itude. To facilitate the comparison of the higher resolu-
tion QuikSCAT analyses to the lower resolution reanaly-
ses products, the QuikSCAT divergence and vorticity fields
were smoothed in both latitude and longitude with a 9-
point boxcar filter. This essentially reduces the resolution
of QuikSCAT analysis to that of the reanalysis products.

4.1. Surface divergence analyses

The divergence field computed from the QuikSCAT winds
is shown in Fig. 3, along with the divergence fields computed
from the reanalysis products. To help quantify the compari-
son of these fields, Table 1 lists the spatial correlations, rms
difference, and biases for these fields as well as for vorticity.

Within much of the domain of the subtropical highs the
divergence analyses compare reasonably well. In all three
analyses the peak divergence values and the areal extent of
the west coast maxima are larger in the Northern Hemi-
sphere. These coastal maxima have a greater latitudinal
extent with higher peaks in the reanalyses. For example,
peak values in the coastal maxima range from 5–7×10−6

s−1 in the QuikSCAT analysis, 6–8×10−6 s−1 in ECMWF’s
and 7–9×10−6 s−1 in NCEP’s. In contrast, Dai and Deser’s
(1999) analysis of boreal summer (JJA) surface divergence
using COADS data showed peak coastal divergence values
ranging from 2–3.5×10−6 s−1. The higher values and more
extensive divergence maxima in the reanalyses are likely the
result of stronger onshore flow in the reanalyses, as noted in
the previous section. Finally, the areas of convergence as-
sociated with the South Pacific Convergence Zone (SPCZ),
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Figure 3. Top panel: July mean (1999-2002) surface diver-
gence (in units of 10−6 s−1) as determined from QuikSCAT
winds, middle panel: from NCEP reanalysis winds, bottom
panel: from ECMWF reanalysis winds.

which lies to the south of the subtropical gyre in the south-
eastern Pacific, and the storm tracks in the North and South
Atlantic are considerably smaller in the QuikSCAT analysis.

A more detailed depiction of the QuikSCAT divergence
field over the northeastern Pacific is shown in Fig. 4, along
with the N-M divergence analysis. Here the July mean di-
vergence estimates of N-M are shown by the solid black con-
tours, labeled in units of 10−6 s−1. Figure 4 reveals that the
surface winds are divergent over nearly the whole area with
the exception of a few small areas, primarily along 55◦N, a
region influenced by midlatitude disturbances, and a small
region in the lee of the Hawaiian Islands. While the N-
M analysis has a divergence maximum directly along the
coast, the largest QuikSCAT divergence values are found
a few hundred kilometers offshore, consistent with Dai and
Deser’s (1999) analysis. Both analyses have similar peak
values of divergence near 6× 10−6 s−1. Also, in both analy-
ses, two lobes of enhanced divergence extend westward from
the coast with a region of weak divergence between them.
The northern lobe of enhanced divergence lies between 40◦N
and 45◦N, in the surface flow accelerating eastward on the
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Figure 4. The color analysis shows the divergence field as-
sociated with the QuikSCAT winds displayed in Fig. 1. For
comparison the July mean divergence estimates of N-M are
shown by the solid black isolines, labeled in units of 10−6

s−1.

Figure 5. Latitudinal cross-section of mean-July diver-
gence (left panel) and vorticity (right panel) for various
analyses in 10◦strip centered along 130◦W.

north side of the subtropical high (Fig. 1). The southern
lobe of enhanced divergence lies in the diffluent, accelerating
northeasterly trades midway between Hawaii and southern
California. While the agreement between the QuikSCAT di-
vergence field and the earlier estimate of N-M is generally
good, the QuikSCAT analysis reveals a larger meridional ex-
tent of the region of strong divergence along the coast and
a more extensive northern lobe of strong divergence. Con-
sidering the observational basis (5.5 million Beaufort-scale
wind estimates taken from ships at sea over a 50 year pe-
riod) and the pre-computer analysis methods used, the N-M
analysis does a remarkable job of capturing the important
dynamical features of this region.

Although not the primary focus of this paper, the anal-
ysis differences within the tropics are significant and worth
examining. The low spatial correlation and high rms dif-
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ferences observed between the QuikSCAT and NCEP di-
vergence analyses (see Table 1) result primarily from large
differences in the tropics. From Figs. 2 and 3 one can see
that the NCEP surface convergence, which is collocated with
the region where the northerly trades meet southerly winds
near 10◦N, is much weaker and more diffuse than in the
other analyses. For example, in the eastern Pacific latitudi-
nal cross-section of divergence (Fig. 5), the NCEP analysis
shows a broad maximum in convergence around 14◦N with
values about −3×10−6 s−1. In contrast, the QuikSCAT and
ECMWF convergence peaks are sharply centered near 10◦N,
and have peak values of −6× 10−6 s−1 and −9× 10−6 s−1,
respectively. These higher convergence values are related
primarily to differences in the meridional winds seen in Fig.
2. As can be deduced from this figure, convergence in this re-
gion results primarily from the ∂v/∂φ term, which is consid-
erably smaller in the NCEP analysis. Using COADS data,
Deser and Smith (1998, their Fig. 16) show a similar pat-
tern and amplitude of surface convergence in a July/August
mean map over the tropical eastern Pacific to that computed
from QuikSCAT winds.

Immediately south of the surface convergence maximum,
QuikSCAT and ECMWF analyses (Figs. 3 and 4) show a
narrow divergence maximum just north of the equator which
extends from the South American coast westward to 160◦W.
In the NCEP analysis, this feature is much weaker and ex-
tends westward only to 140◦W, beyond which the winds be-
come strongly convergent. The weakness of the NCEP diver-
gence in this region is due primarily to the lack of southerly
winds between the equator and the ITCZ which may reflect
a deficiency in the overall simulation of ITCZ convection.

The divergence analyses in Fig. 3 also show a tendency
for a double ITCZ which appears most prominently in the
QuikSCAT analysis in the Atlantic and in the NCEP anal-
ysis over the eastern Pacific. In a recent paper, Liu and Xie
(2003) have shown using QuikSCAT winds that the pres-
ence of a double ITCZ is far more extensive than previously
recognized.

4.2. Surface vorticity analyses

The mean July vorticity field computed from the
QuikSCAT winds is shown in Fig. 6. The corresponding
vorticity fields from the reanalyses are not shown here since
their spatial patterns and amplitudes are reasonably similar
as can be deduced from Table 1.

As one would expect, the subtropical highs are dominated
by the presence of anticyclonic vorticity. The exception to
this is in a narrow strip along the western continental coasts
where the higher friction over land results in cyclonic shear
in the equatorward flowing air. The magnitude of the cy-
clonic vorticity along the western coasts is about a factor
of two larger in the reanalyses (not shown). The effects of
this higher cyclonic coastal vorticity in the reanalyses can
be seen as smaller anti-cyclonic values between 35 and 45◦N
in the vorticity cross-sections in Fig. 5. In the southern
hemisphere, the storm tracks are characterized with weaker
cyclonic vorticity in the QuikSCAT analysis as implied by
the vorticity differences poleward of 30◦S in Fig. 5.

Also worth noting in this cross-section are the smaller cy-
clonic values computed with QuikSCAT within the ITCZ re-
gion compared to the reanalyses. In contrast to these mean
profiles, daily maps of QuikSCAT vorticity at full resolu-
tion exhibit a highly filamanted structure in the vicinity of
the ITCZ (not shown) with alternating regions of zonally
elongated positive and negative vorticity. These differences
among the analyses impact the meridional gradient of vor-
ticity. The undulation and breakdown of the ITCZ into
tropical disturbances is related to a combined baroclinic and
barotropic instability of the mean flow resulting from rever-
sals in the meridional gradient of potential vorticity. While
beyond the scope of this study, it would be interesting to
examine how the different gradients of relative vorticity in
the vicinity of the ITCZ impact the characteristics of this
instability process.
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Figure 6. July mean (1999-2002) surface vorticity (in
units of 10−6 s−1) as determined from QuikSCAT winds.


