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ABSTRACT

A method is presented for computing global surface pressure fields from satellite scatterometer winds. Pressure
gradients are estimated using a two-layer similarity planetary boundary layer model in the midlatitudes and a
mixed-layer model in the Tropics. A global pressure field is then fit to the pressure gradients by least squares
optimization. A series of surface pressure fields calculated from SeaWinds-on-QuikSCAT (Quick Scatterometer)
measurements are compared with numerical weather analyses and buoy measurements. Surface pressure obser-
vations in the tropical oceans are scarce and come largely from ships of opportunity. At present no buoy in the
Atlantic Ocean and only 10 buoys in the Pacific Ocean have pressure sensors. The method presented here
suggests that 0.5°-resolution maps of sea surface pressure can be readily retrieved from available satellite remote
sensing data every 12 h in near—real time. It is shown that these fields are at least of comparable quality to the

ECMWEF analyses.

1. Introduction

Surface pressure fields are traditionally obtained by
contouring point measurements of surface pressure (by
weather stations, radiosondes, buoys, or ships) or asthe
gridded output of a numerical weather forecast (NWF)
model or data assimilation system. The ability to obtain
surface pressure fields from scatterometer data has been
demonstrated (Brown and Levy 1986; Harlan and
O'Brien 1986; Hsu et al. 1997; Hsu and Liu 1996; Zier-
den et a. 2000), and the value of the surface pressure
field product from satellite scatterometers has been
shown in several applications. Seasat and the first Eu-
ropean Remote Sensing Satellite (ERS-1) vector winds
first demonstrated the shortcomings of numerical anal-
yses in the Tropics and Southern Hemisphere (Levy and
Brown 1991; Brown and Zeng 1994). Using surface
pressure gradients from buoy data as surface truth for
scatterometer wind—derived pressure gradients impetus
was furnished to change the scatterometer model func-
tion and ‘““ climatology” to increase winds in the mod-
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erate range and add very high winds in storms (Foster
and Brown 1994; Brown 1998, 2000; Zeng and Brown
1998, 2001). The use of the surface pressure field as a
smoothing product allowed Patoux and Brown (2001)
to produce continuous SeaWinds-on-QuikSCAT (QS)
wind fields in the midlatitudes (QUikSCAT is the Quick
Scatterometer Satellite).

However, these methods have been inherently limited
to the midlatitudes and do not resolve the pressure dis-
tribution near the equator. For many years, this has been
a deterrent to using scatterometer data for computing
swath-long (i.e., pole to pole) surface pressure fields.
NWF modelswould likely benefit from real -time swaths
of surface pressuresfor assimilation. General circulation
models with mesoscale resolution will benefit from as-
similating the scatterometer winds (Conaty et al. 2001),
as well as from the mesoscale structure present in the
corresponding surface pressure fields. The current cov-
erage of QUIkSCAT ensures an almost global picture of
the surface winds over the ocean roughly every 12
hours, with relatively small gaps between the swaths.
A schemethat estimatesthe surface pressurein the Trop-
ics as well as in the midlatitudes would thus provide
two quasi-global marine surface pressure fields per day.
Moreover, a systematic estimation of surface pressure
from scatterometer winds over the tropical ocean would
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be an improvement over the sparse pressure observa-
tions from isolated buoys, islands, and ships.

In arecent article, Stevens et al. (2002) (hereinafter
STV) describe a simple mixed-layer model for the trop-
ical planetary boundary layer (PBL) based on a force
balance among pressure gradient force, Coriolis force,
surface drag, and entrainment flux of free-tropospheric
momentum into the boundary layer. They apply it to a
climatological dataset of surface pressures and free-tro-
pospheric winds over the Pacific basin to estimate the
climatological surfacewinds. By matching the estimated
surface winds to the climatological values, they derive
two optimal parameters for the inclusion of entrainment
into the PBL structure. These are the entrainment rate
and the boundary layer depth, which are assumed to
have constant values over the domain. The resulting
model is successful in reproducing the climatological
surface wind field.

Here, we apply the inverse of this model to estimate
pressure gradients (and subsequently the surface pres-
sure field) from the surface wind field in the Tropics.
We then can blend this PBL model with the midlatitude
model to provide a continuous global model. The
scheme is first described in section 2. The data used to
assess the resulting pressure fields are described in sec-
tion 3. The sensitivity to entrainment rate, boundary
layer depth, and upper-level winds is investigated in
section 4. The scheme is then assessed with NWF anal-
ysis data (section 5a) and with scatterometer and buoy
data (section 5b).

2. Methods

The retrieval of a pole-to-pole oceanic surface pres-
sure field is a four-step process: surface pressure gra-
dients are obtained in the midlatitudes with a two-layer
similarity PBL model; they are obtained in the Tropics
with a mixed-layer model; three pressure fields (North-
ern Hemisphere, Tropics, Southern Hemisphere) are ob-
tained from the pressure gradient fields by least squares
optimization; and the three pressure fields are blended
in the overlapping latitudinal bands. The resulting pres-
sure pattern is given an absol ute value using one or more
pressure observations.

a. The two-layer similarity model

The University of Washington Planetary Boundary
Layer (UWPBL) model used to calculate gradient or
geostrophic wind vectors from surface wind vectors (the
so-called inverse model) has been extensively docu-
mented (Brown and Levy 1986; Brown and Liu 1982;
Brown and Zeng 1994; Patoux 2000). Because the new
element here is the mixed-layer model in the Tropics,
the midlatitude solution will be only briefly described.
At each point of a scatterometer swath or numerical
model grid for which a surface wind vector is available,
the PBL wind profile is approximated by patching a
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modified Ekman spiral to a logarithmic surface layer.
Stratification and baroclinicity (Foster et al. 1999; Foster
and Levy 1998) are taken into account by including
surface air temperature, sea surface temperature, and
relative humidity, where available (typically, gridded
fields from an NWF analysis). Secondary flows are pa-
rameterized (Brown 1970, 1981). The gradient wind
vector is thus estimated and the corresponding geo-
strophic wind vector and pressure gradient are calcu-
lated using the gradient wind correction described in
Patoux and Brown (2002).

b. The mixed-layer model

As we approach the equator, the Coriolis force de-
creases and the midlatitude model fails to approximate
the boundary layer dynamics correctly, primarily be-
cause of its assumption of Ekman layer dynamics and
lack of entrainment processes. The Ekman depth be-
comes infinite, and the modified Ekman spiral model is
not valid. Here we construct a model for the Tropics
built from the simple mixed-layer model described by
STV.

STV integrate the steady-state balance equations over
the depth h of the boundary layer (momentum integral):
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where U = (U, V) and P are the bulk wind and bulk
pressure, respectively,
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and 7(0) and 7(h) are the turbulent stresses at the bot-
tom and top of the boundary layer (boldface indicates
vectors). We express the surface stress as
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where u, is the friction velocity and U;; = (U, vy0) IS
the neutral-equivalent 10-m surface wind vector. STV
emphasize the critical importance of entrainment at the
top of the boundary layer. The relative importance of
momentum entrainment is less in the midlatitudes, but
itisafirst-order effect in the Tropics. STV parameterize
the entrainment flux as

7(h) = wAU = w(U; — V), 4

where U; = (U4, V;) is the wind above the boundary
layer and w, is an entrainment velocity. Mean values of
w, and h are chosen so as to minimize the error when
calculating the surface wind climatological values from
analyzed pressure fields and free tropospheric winds (on
a1° grid). They found aboundary layer depth h of 300—
500 m and an entrainment velocity w, of 0.88-1.00 cm
s~ as optimal parameters.
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Here we adopt a similar scheme, except that we know
the surface wind vector (scatterometer wind), impose a
climatological free-tropospheric wind, and endeavor to
estimate the pressure gradient. Thewind profileisfound
by integrating

afdn) _1fm)
dz(K dz) B po(ax> v, (53
dfdv\ _ 1/op) _ oo
dz<Kdz> p0(8y> fu, and (5b)
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using a classical fourth-order Runge—Kutta method
(Press et al. 1992). The form of K is based on the K-
profile PBL model of Troen and Mahrt (1986). The sur-
face layer stratification parameter is ¢ = z/L, and L is
the Obukhov length; ¢,,(¢) isthe Monin—Obukhov strat-
ification correction for momentum. Because we are pri-
marily interested in retrieving surface pressure in the
Tropics from scatterometer winds alone, the K profiles
assume neutral stratification, that is, ¢,,(¢) = 1. Ad-
ditional inputs would be needed to calculate the strat-
ification.

We make afirst guess on the pressure gradient, which
we assume to be constant throughout the boundary layer,
and obtain a first wind profile. The bulk wind is cal-
culated by integration of this profile, and a new estimate
of the pressure gradient is obtained from the bulk force
balance (1):
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where h = 500 m and w, = 1 cm s~*. A final value for
the pressure gradient is obtained by convergence within
a few iterations.

The method is verified to be qualitatively consistent
with both STV’s example profilesin the Tropics and the
geostrophic winds obtained with the UWPBL inverse
model when applied to the midlatitudes where entrain-
ment is less important. Note that the values for h and
w, obtained by STV are climatological means, but they
are used here to solve “individual” cases. In a similar
way, climatological free-tropospheric winds (mean
monthly winds on a 2.5° grid) are used to calculate
“instantaneous”” wind profileson a0.5° grid. Theresults
are expected to depart from the values one would obtain
if the entrainment were known. Our experiments and
sensitivity tests (below) suggest, however, that useful
tropical pressure fields are obtained using these cli-
matological datato define the upper boundary condition
on the PBL solution.

PATOUX ET AL.

815

c. The pressure field retrieval

These two models yield three sets of zonal (p,) and
meridional (p,) pressure gradients—two in the midlat-
itudes (UWPBL from 60° to 10°S and from 10° to 60°N)
and one in the Tropics (mixed-layer model from 20°S
to 20°N). At each point of the corresponding grids, we
can write, in matrix notation (Brown and Zeng 1994),

Hx =y
where
19
a Ccosg JA P
H= x=P, and y=|" (7
145 y P, (7)
adp’

where a is the radius of the earth, A is the longitude,
and ¢ the latitude. We can then find an approximate
solution for x by a least squares optimization scheme:

|[HTHX — HTy|2 = 0. ©®

The solution matrix x defines a grid of zero-mean rel-
ative pressure values. Absolute values of pressure can
be obtained by a second least squares fit to pressure
observations, such as buoy measurements. The pres-
sures can also be smoothed and corrected for erroneous
scatterometer wind vectors or contamination by rain as
described in Patoux and Brown (2001).

The three resulting pressure fields are blended as de-
scribed in the appendix.

3. Data

The SeaWinds-on-QuikSCAT level-2B surface wind
vectors were used, discarding the vectors flagged for
rain contamination (Wentz and Smith 1998). The wind
vectors are interpolated onto the 0.5° grid on which the
UWPBL model is run.

In section 5, buoy pressure differences obtained from
the National Oceanic and Atmospheric Administration
(NOAA) National Data Buoy Center (NDBC) archives
and from the NOAA Tropica Atmosphere-Ocean
(TAO) Array project are compared with the UWPBL
bulk pressure gradients. UWPBL surface pressurefields
(50-km resolution) are also compared with global pres-
sure analyses at synoptic times obtained from the Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWEF) (1.25° X 1.12° grid).

Mean monthly 925-hPa winds obtained from the
NOAA Climate Diagnostics Center were used to esti-
mate the free-tropospheric winds in the Tropics. The
height of the 925-hPa level is about 650—700 m, which
is close to the top of the boundary layer determined as
the optimal fit by STV (i.e.,, 500 m). They used 850-
hPa winds as a proxy to the winds above the PBL to
minimize the effects of the boundary layer scheme on
the analyzed winds, even though the 850-hPa surface
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is about 1300—1400 m. Here, we performed all of our
calculations with both 925- and 850-hPa winds and
found that better results were obtained with 925-hPa
analyzed winds. The wind vectors are available on a
2.5° grid and are interpolated onto our 0.5° grid. Twelve
monthly mean values are calculated at each grid point
based on 1948-2002.

We present in sections 4 and 5 a detailed analysis of
the method. To demonstrate the model we show here a
randomly selected example of a swath-long pressure
field retrieved with the method described in section 2.
It is shown in Fig. 1 where it is compared with the
corresponding ECMWF analysis from 30 min later. Ab-
solute values of pressure were determined by least
squares fitting of the UWPBL field to ECMWFE Good
agreement can be observed throughout the swath in the
positioning and intensity of the two low pressure sys-
tems in the midlatitudes and in the positioning of the
1012-hPa contours around 10°N and 10°S. The weak
high pressure region appearing at 30°S does not appear
in the QS-derived field. A large number of pressure
fieldswere similarly created and checked for visual con-
sistency, and they revealed similar agreement with the
corresponding ECMWF analyses. A more detailed anal -
ysis of the method follows.

4. Sensitivity to optimal parameters

The pressure fields are derived from thousands of
individual scatterometer wind vectors. It has been
shown that scatterometer wind errors can be modeled
by independent normally distributed errorsin each com-
ponent (Freilich and Dunbar 1999). Hence, the error in
pressure retrieval attributable to wind error aone should
not lead to systematic error in the pressures because a
least squares pressure retrieval will tend to distribute
the error throughout the field. However, systematic error
could be introduced by biases in the PBL model used
to estimate pressure gradients from the winds. Patoux
and Brown (2002) showed that using gradient wind vec-
torsinstead of geostrophic wind vectorsto retrieve pres-
sure fields could introduce biases of up to 20% in syn-
optic pressure differences. In a similar way, asymmetry
in the thermal advection regime can introduce large bi-
ases in midlatitude pressure retrievals (Foster and Levy
1998; Foster et al. 1999). Hence, we assess the likeli-
hood of systematic biases in the tropical pressure re-
trieval model.

For the tropical part of the model, entrainment is rec-
ognized to be a first-order effect, and, because it is pa-
rameterized, it is important to evaluate the impact of
the two parameters, the entrainment velocity w, and the
boundary layer depth h, as well as the assumed upper-
level wind field. Thisis achieved by choosing atypical
situation in which the free-tropospheric wind is purely
zonal and easterly (U; = —6 m s*) and the surface
wind is easterly with a small northerly component (u,,
= -5 m s v, = —1 m s*). The corresponding
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Fic. 1. Comparison between the final pressure field calculated from
QS data at 0530 UTC (solid lines) and the corresponding ECMWF
pressure field at 0600 UTC (dashed lines), on 20 Sep 1999. Labels
appearing inside (outside) the swath refer to the QS-derived (ECMWF
derived) contours.

pressure gradients are calculated for different values of
h (300-1000 m) and w, (0.2-2.0 cm s1t). The results
are shown in Fig. 2.

Figures 2a,c show that shallower boundary layersare
more sensitive to changes in the entrainment velocity
than are deeper boundary layers. For agiven PBL depth,
increasing w, enhances the meridional pressure gradient
and reduces the zonal pressure gradient. In this case,
free-tropospheric momentum is rapidly mixed into the
PBL and affects the whole wind profile (it resists the
turning of the wind) and thus the bulk force balance.
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Fic. 2. Sensitivity of (top) meridional (thin lines) and (bottom) zonal (thick lines) pressure gradient calculations to (a) w, for h = 300,
500, and 1000 m; (b) h for w, = 0.5, 1, and 2 cm s7%; (c¢) h with the ratio w,/h kept constant (=2 X 10-% s7%); (d) changes in free-
tropospheric wind direction for —20%, 0, and +20% changes in wind speed; and (e€) changes in free-tropospheric wind speed for —20°, 0,
and +20° changes in wind direction. The dots indicate the parameters used in the current analyses.

Deeper boundary layers with small entrainment veloc-
ities are not very sensitive to changes in w, or h (i.e,
the curves flatten out in Figs. 2a,b). The maximum
change in P, and P, encountered when one parameter
takes on the whole range of values while the other pa-
rameter is held constant, is about 0.1 hPa (100 km)-*.
A morerealistic range of valuesisoneinwhich h chang-
es by 200 or 300 m and w, changes by 0.5 cm s~*. In
this case, the maximum change in P, and P, is on the
order of 0.02—0.03 hPa (100 km) 1.

Figure 2c shows the sensitivity to h when the ratio
w./h is held constant at 2 X 10-5 s7*. It is almost zero

for P, and is somewhat larger for P, in shallower bound-
ary layers. Intuition for this behavior can be gained by
looking at (6). Because the surface drag is mostly zonal
(vyo small), P, is determined essentially by the merid-
ional component of U; — U, which is a factor of w,/h.
Because w,/h is held constant in Fig. 2c, P, is not ex-
pected to vary much. However, P, should be more sen-
sitive in a shallow boundary layer. If w./h is held con-
stant, the entrainment flux termin (6a) is constant. How-
ever, the surface drag contribution scales as 1/h, so in-
creasing h decreases P,. As aresult, P, is less sensitive
to changes in h than P,, and the real uncertainty on the
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retrieved pressure gradients is less than the 0.02-0.03
hPa (100 km)-* indicated above. This number can be
used as a worse-case estimate of the error.

The sensitivity to the free-tropospheric wind vector
was investigated by rotating U, by +20° and by varying
its speed by +20%. The results are shown in Fig. 2d,e.
The range of values taken by P, and P, is similar to
that obtained in the previous sensitivity analysis, but the
sensitivity of P, to changesin the wind direction is high
for al wind speeds. By rotating the upper boundary
condition, we effectively rotate the whole force balance,
which in turn significantly affects the integrated wind
profile. Note, moreover, that a =20° error on the direc-
tion of U isnot necessarily an upper bound to the range
of errors likely to occur, especially when we are using
the climatological free-tropospheric winds to force the
model. Larger directional errors were actually observed
in the analyses presented in section 5b when comparing
the climatological winds with the closest-in-time
ECMWZF-analyzed winds. The quantitative comparisons
also suggest that the pressure retrieval can be sensitive
to the choice of free-tropospheric winds at individual
points. However, these small-scale effects are mini-
mized by the least squares optimization, and, as shown
below, acceptable pressure retrievals can be obtained
using the climatological winds.

The same sensitivity analysis has been performed on
various wind geometries representative of the Tropics,
with similar results and uncertainties on the pressure
differences of interest in a scatterometer swath.

5. Results
a. Assessment of the global model with NWF data

The combined UWPBL-mixed-layer model, now re-
ferred to as the UWPBL global model, is first assessed
by comparing ECMWF analysis surface pressure fields
with the pressure fields retrieved with the described
method applied to ECMWF analysis surface winds. An
example of such a comparison is shown in Fig. 3 for
1200 UTC 28 July 1999, where the solid lines are
UWPBL isobars and the dashed lines are ECMWF iso-
bars (4-hPainterval). It reveals afairly typical synoptic
situation, with adepression north of the Aleutian | slands
(the ““Aleutian low™) and an anticyclone occupying
much of the North Pacific Ocean (the** Hawaiian high™).
In the southern Pacific Ocean, the situation is reversed,
with an anticyclone around 55°S and a cyclone around
40°S. Along the trough extending northwest from the
edge of that storm one notes two smaller depressions.
In the Tropics there are two low pressure regions at
140°E and 160°W. The two pressure fields agree well
visually, and quantitatively, with a root-mean-square
(rms) difference of 1.7 hPa.

Because the skill of the UWPBL model in the mid-
latitudes has been previously demonstrated, the empha-
sis here is on the tropical region, shown in Fig. 4. It
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contrasts the ECMWF pressure field (Fig. 4a, same as
dashed lines in Fig. 3) with the surface pressure field
calculated with the UWPBL global model from the
ECMWF surface wind vectors and mean monthly 925-
hPawinds (Fig. 4b, sasme as solid linesin Fig. 3). Figure
4c shows the surface pressure field calculated with the
UWPBL model and the analyzed 925-hPawind vectors.
Because the pressure gradients are much weaker than
in the midlatitudes, the isobars are plotted at 2-hPa in-
tervals. Each pressure field contains overall the same
features (a depression at 160°W; a larger low pressure
region northeast of Indonesia; a fairly uniform increase
in pressure to the north; and, to the south, a trough of
low pressures at 170°E separating two ridges of higher
pressures), but Figs. 4a and 4c agree better in the po-
sitioning, extent, and intensity of those features. This
result is confirmed by calculating the rms difference
between Figs. 4a and 4b (1.6 hPa) and between Figs.
4a and 4c (1.4 hPa). This is consistent with the idea
that using the actual free-tropospheric winds would lead
to an improvement when compared with climatological
winds. In this particular case, we verified that the 925-
hPa winds did not depart significantly from the mean
monthly July winds. In other cases for which the 925-
hPa winds differ greatly from the climatological winds,
the improvement is larger.

To obtain a better quantitative estimate and because
the pressure distribution in the Tropics is relatively
“flat” and it is thus difficult to estimate visually the
degree to which the pressure fields agree, 30 pressure
fields were calculated, along with the average standard
deviation from the ECMWF pressures. The standard de-
viation is 1.1 hPa in the midlatitudes (for pressure var-
iations on the order of 10-15 hPa), 2.2 hPain the Trop-
ics when using the climatological values of 925-hPa
winds, and 1.2 hPa when using the analyzed 925-hPa
winds (for pressure variations on the order of 2-3 hPa).
Thisresult showsthat thelevel of compatibility between
the UWPBL global model and the ECMWF NWF model
is high in the midlatitudes and is fairly good in the
Tropics. This comparison alone does not point to the
superiority of one model over the other, nor does it
enable us to quantify the skill of the UWPBL global
model in estimating “‘real” pressure gradients.

b. Assessment of the global model with buoy
measurements

Our best tool for assessing the global model is a
comparison with actual measurements of surface pres-
sure over the ocean. However, such measurements by
buoys, ships, and weather stations on islands are
scarce in the Tropics. The Pilot Research Moored Ar-
ray in the Tropical Atlantic (PIRATA) buoys cover a
substantial area of the tropical Atlantic but do not
report surface pressure. The TAO buoys similarly
cover a substantial area of the tropical Pacific, but
surface pressure sensors are only present on alimited



JUNE 2003 PATOUX ET AL. 819

140°E 160°E 180° 160°W 140°W

60°N

20°N

20°S —

40°S N

60°S

Fic. 3. Comparison between the UWPBL (solid lines) and ECMWF (dashed lines)
pressure fields.

number of buoys along the 95° and 110°W longitude
lines. We use here a collection of NDBC and TAO
buoys in the eastern Pacific Ocean, shown in Fig. 5.
The time range of available measurements from the
TAO buoys is limited to about a year at 95°W (No-

vember 2000—November 2001). The number of times
a QS swath intersects the buoy array is also limited.
The same configuration is obtained at a recurrent pe-
riod of 4 days, but the swath shifts slightly eastward
over time and the optimal geometry islost. For these
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FiG. 4. Comparison among three surface pressure fields on 28 Jul
1999 at 1200 UTC: (a) ECMWEF, (b) UWPBL with climatological
925-hPa winds, and (c) UWPBL with ECMWF 925-hPa winds.

reasons, there were 23 cases as shown in Fig. 5a, only
7 cases as in Fig. 5b, and 26 cases as in Fig. 5c.
The problem of assessing our bulk pressure gradient
estimates over the eastern tropical Pacific Oceanismade
even more difficult by the fact that the pressure gradients
are generally weak in that region. Figure 6a shows the
monthly mean sea level pressure for the month of June
(from the NOAA Climate Diagnostics Center), with the
black triangles representing the buoys used in section
1 below. Pressure differences of 2 or 3 hPa can be
expected between these two buoys. Weaker pressure
gradients can be expected in the zonal direction, as
shown in Fig. 6b [with triangles representing buoys used
in section 5b(2) below]. An accurate calibration of our
model would certainly benefit from other buoy mea-
surements in regions of the tropical ocean where pres-
sure gradients are more pronounced (e.g., around the
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date line). Note that if this points to the limitations of
the present analysis, it also points to the crucial need
for pressure measurements in the Tropics. The scatter-
ometer-derived pressure fields could be a good alter-
native to buoy measurements.

1) MERIDIONAL PRESSURE DIFFERENCES IN THE
TrRoOPICS

The pressure difference between the 8°S, 95°W and
the 8°N, 95°W TAO buoys (at 0100 UTC) was compared
with the pressure difference obtained by running the
UWPBL global model with QS surface winds when the
QS swath would intersect the buoys as described in Fig.
5a (at 0040 UTC). The results for the 23 different days
arerecorded in Table 1. On each day, the buoy-measured
pressure difference is indicated first, followed by three
sets of two values. Each set contains a modeled pressure
difference (respectively, UWPBL with climatological
925-hPa winds, UWPBL with 925-hPa analyzed winds,
and ECMWF analysis at 0000 UTC) and the difference
between that modeled value and the buoy-measured val -
ue. The rms averages are indicated in the last row of
the table.

Two features should be emphasized. First, the
UWPBL-modeled pressure gradient consistently hasthe
right sign, with a tendency to overestimate the pressure
difference. Second, the rms error in the global model
estimatesis 1.2 hPa, which is not negligible when com-
pared with the rms error of 2.3 hPa of the measured
quantity. The rms error drops to 0.9 hPa when using
analyzed 925-hPa winds. Note that the ECMWF rms
error is smaller (0.6 hPa), despite the larger time dif-
ference. It should be noted that the TAO buoy mea-
surements are assimilated into the ECMWF analyses.

We investigated the possibility that the tendency to
overestimate the pressure differences (i.e., bulk P,)
might be due to a bias in the model, in particular, in the
choice of free parameters, as discussed in section 4. The
23 cases considered here cover a 3-month period from
the end of April to the end of July, during which the
inter tropical convergence zone (ITCZ) islocated rough-
ly around 5°N. The flow between the two buoys thus
encompasses a large band of southeasterly trade winds
(south of the ITCZ), the ITCZ itself, and a few north-
easterly trade winds (north of the ITCZ). A visual in-
spection of the wind fields reveals that the trade winds
are fairly consistent over the 3-month period but that
the ITCZ region is characterized by numerous convec-
tive cells in which the wind variability is high and scat-
terometer wind vectors are occasionally missing because
of rain contamination. If the overestimation of P, should
be assigned to a bias in the model, it would have to be
sought in the southeasterly trade wind region. Inspection
of the sensitivity analysis results suggests that reducing
the entrainment velocity w,, or increasing the PBL depth
h would help in overcoming this bias. However, con-
sidering the constraining limitations of the analyses, this
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Fic. 5. Buoy and QS-swath geometry used to compare modeled and measured pressure differences: () meridional pressure differences in the
Tropics, (b) zona pressure differences in the Tropics, and (c) meridional pressure differences from the Tropics to the midlatitudes.

is only proposed as a possible subject for future inves-
tigation.

2) ZONAL PRESSURE DIFFERENCES IN THE TROPICS

The same analysis as above was performed using two
TAO buoys separated by about 1600 km at the same
latitude (see Fig. 5b). The results are presented in Table
2, with the same format as Table 1 for comparison. The
values are valid at 1300 (TAO), 1240 (QS), and 1200
UTC (ECMWF) on each day.

The pressure gradients calculated with the UWPBL
global model all have the right sign. In the zona di-
rection, there is a tendency to underestimate the gra-
dients with the climatological values. That same trend
is noticeable in the ECMWF pressure differences but
not in the UWPBL with analyzed winds. Thermsvalues
are indicated in the last row of the table. The UWPBL
rms errors, 0.5 and 0.4 hPa out of 1.1 hPa, are com-
parable to the meridional error of the previous section.
The ECMWEF rms error is larger.

At that time of the year (October), and as verified by
inspecting the seven corresponding wind fields, the dis-
tance separating the two buoys encompasses essentially
southerly winds, with a small southeasterly component.
ThelTCZ islocated at 8°N and should not directly affect
the bulk pressure gradients cal culated along the equator.
However, the equatorial region is also characterized by
significantly lower wind speeds (below 6 m s—1, as op-
posed to 8-12 m s—* around 5°S and 5°N). Thissituation
is thought to be due to a change in stratification over
the equatorial cold tongue. Because the PBL is more
stably stratified, the turbulent flux of momentum is de-

creased, resulting in lower surface winds (Hayes et al.
1989; Chelton et al. 2001). The UWPBL rmserror might
be due to the assumption of a neutral PBL. The higher
ECMWEF rms error might be due to a limitation of the
ECMWEF PBL model in light-wind conditions as much

120°'E  150°E 180" 150°'W 120'W  90°'W

120°'W

120°'E  150°E 180° 150°'W 90°'W

Fic. 6. Mean monthly sea level pressure for the months of (a) Jun
and (b) Oct (2-hPa contour intervals, based on Climate Diagnostics
Center analyses). The black triangles represent the buoys used in our
comparisons.
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TABLE 1. Comparison between 1) TAO-measured (8°S, 95°W — 8°N, 95°W) pressure differences (column 2) and UWPBL-with-climato-
logical-winds (column 3), UWPBL-with-analyzed-winds (column 4); and ECMWF (column 5) pressure differences. The errors (columns 4,

6, and 8) are indicated for reference.

UWPBL (925-hPa

UWPBL (925-hPa

Buoys climatological winds) analyzed winds) ECMWF

Date measured Calc Diff Calc Diff Calc Diff

25 Apr 2001 0.3 0.5 +0.2 0.7 +0.4 0.7 +0.4
29 Apr 2001 2.2 0.6 -16 11 -1.1 1.4 -0.8
3 May 2001 1.3 2.1 +0.8 1.8 +0.5 2.3 +1.0
7 May 2001 1.0 1.8 +0.8 13 +0.3 0.5 -0.5
11 May 2001 15 1.8 +0.3 1.9 +0.4 1.0 —-05
15 May 2001 2.4 2.6 +0.2 18 -0.6 2.2 -0.2
19 May 2001 1.6 3.0 +14 2.2 +0.6 1.3 -0.3
23 May 2001 2.1 4.1 +2.0 2.7 +0.6 3.2 +1.1
31 May 2001 2.9 2.6 -0.3 1.6 =13 2.7 —-0.2
4 Jun 2001 2.8 45 +1.7 3.3 +0.5 2.7 -0.1
8 Jun 2001 3.7 2.6 =11 2.1 —-16 2.9 -0.8
12 Jun 2001 2.3 25 +0.2 2.8 +0.5 2.2 -0.1
16 Jun 2001 1.6 1.8 +0.2 2.0 +0.4 1.9 +0.3
19 Jun 2001 2.4 1.6 -0.8 13 -1.1 2.4 0.0
23 Jun 2001 2.2 1.9 -0.3 1.3 -0.9 3.2 +1.0
27 Jun 2001 2.5 2.7 +0.2 2.1 -0.4 2.9 +0.4
1 Jul 2001 2.3 3.6 +1.3 2.6 +0.3 2.9 +0.1
5 Jul 2001 35 1.9 -16 2.0 -15 3.2 -0.3
13 Jul 2001 2.7 3.7 +.1.0 3.0 +0.3 2.6 -0.1
17 Jul 2001 2.5 1.8 -0.7 13 -1.2 2.8 +0.3
21 Jul 2001 1.9 3.7 +1.8 3.0 +1.1 3.3 +14
25 Jul 2001 17 3.9 +2.2 3.7 +2.0 25 +0.8
29 Jul 2001 3.0 1.6 -14 1.9 =11 2.2 -0.8
Rms 2.3 27 1.2 2.2 0.9 2.4 0.6

as to an inadequate entrainment parameterization or to
a statistical artifact. With only seven cases, we are cur-
rently unable to address this question. Such cases will,
however, be good candidates for refining the model
when additional data become available.

3) MERIDIONAL PRESSURE DIFFERENCES BETWEEN
THE MIDLATITUDES AND THE TROPICS

Because the pressure gradients are weak in the Trop-
ics, they are not much larger than the uncertainties in
the data and the models, which makes the assessment
of the global model difficult. The same analysis as be-
fore was thus performed on alarger distance (4500 km),
covering part of the Tropics and part of the midlatitudes,
as shown in Fig. 5c. The results are presented in Table

3 and characterize the skill of the combined two-layer
similarity/mixed-layer model in retrieving correct pres-
sure differences. Note that when the measured pressure
difference is negative (column 2), the numbers in col-
umns 4, 6, and 8 are positive (negative) if the model
overestimates (underestimates) the pressure gradient, in-
dependent of the sign. This emphasizes better the ten-
dency of the model to produce tighter or weaker pressure
gradients.

With the exception of two singular cases in which the
pressure difference between the two buoys was 0.5 and
0.9 hPa, the pressure differences calculated with the
global model had consistently the same sign as the mea-
sured value, with atendency to underestimate it, where-
as ECMWF has a tendency to overestimate it. The
UWPBL-with-climatological-windsrmserror is 1.9 hPa

TABLE 2. Same as Table 1; but for 0°, 110°W — 0°, 95°W TAO buoys.

UWPBL (925-hPa

UWPBL (925-hPa

Buoys climatological winds) analyzed winds) ECMWF

Date Measured Calc Diff Calc Diff Calc Diff

5 Oct 2001 0.7 13 +0.6 0.8 +0.1 0.0 -0.7
9 Oct 2001 0.6 0.2 -0.4 0.7 +0.1 -0.7 -1.3
13 Oct 2001 0.5 0.1 -0.4 0.8 +0.3 0.1 -0.4
17 Oct 2001 15 0.9 -0.6 13 -0.2 0.6 -09
21 Oct 2001 1.3 13 0 1.8 +0.5 0.2 -11
25 Oct 2001 16 1.0 -0.6 0.7 -0.9 15 -0.1
29 Oct 2001 0.7 0.6 -0.1 0.5 -0.2 0.9 0.2
Rms 11 0.9 0.5 1.0 0.4 0.8 0.8
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TABLE 3. Same as Table 1; but for NDBC 46059 — 2°N, 110°W TAO buoy.
UWPBL (925-hPa UWPBL 925-hPa
Buoys climatological winds) analyzed winds) ECMWF

Date Measured Calc Diff Calc Diff Calc Diff
12 Apr 2001 15.6 15.6 0.0 14.8 -0.8 17.4 +1.8
16 Apr 2001 -3.4 -3.9 +0.5 —-4.9 +15 -0.6 -2.8
20 Apr 2001 2.3 2.9 +0.6 3.1 +0.8 4.6 +2.3
24 Apr 2001 15.9 11.8 —-4.1 13.0 -29 16.9 +1.0
28 Apr 2001 9.6 7.9 =17 8.4 =12 10.8 +1.2
2 May 2001 21.2 19.9 -13 21.5 +0.3 235 +2.3
6 May 2001 139 12.7 =12 13.6 -0.3 15.0 +1.1
10 May 2001 11.8 11.8 0.0 13.1 +1.3 13.3 +15
18 May 2001 12.6 10.8 -18 12.2 -04 14.4 +1.8
22 May 2001 0.5 -19 —2.4 —24 -29 0.3 -0.2
26 May 2001 6.1 49 =12 49 =12 79 +1.8
30 May 2001 12.7 12.2 -04 11.0 -17 13.8 +1.1
3 Jun 2001 10.7 9.5 =12 10.0 -0.7 12.1 +14
7 Jun 2001 11.1 8.7 —24 8.8 -23 11.6 +0.5
11 Jun 2001 9.1 8.6 -0.5 8.8 -0.3 11.5 +2.4
15 Jun 2001 14.2 13.3 -1.0 14.3 +0.1 154 +1.2
19 Jun 2001 12.2 10.1 —22 11.2 -11 13.1 +0.9
23 Jun 2001 9.6 7.9 -17 8.8 -0.8 10.9 +1.3
27 Jun 2001 0.9 -0.6 -15 1.1 +0.2 3.2 +2.3
1 Jul 2001 9.7 5.0 —4.6 6.4 -3.3 10.1 +0.4
5 Jul 2001 12.1 11.0 -11 11.7 -04 12.1 +0.0
9 Jul 2001 7.7 6.4 -1.3 7.0 -0.7 9.4 +1.7
13 Jul 2001 11.7 8.9 —-2.8 10.1 -16 12.7 +1.0
17 Jul 2001 8.9 7.7 -1.2 7.8 -11 9.6 +0.7
21 Jul 2001 8.0 6.7 -13 7.7 -04 9.5 +15
25 Jul 2001 6.4 8.7 +2.4 9.1 +2.7 7.3 +0.9
Rms 11.0 9.8 1.9 10.4 1.5 12.1 1.5

and is larger than the ECMWF rms error (1.5 hPa). The
UWPBL -with-analyzed-winds rms error is 1.5 hPa and
is comparable to the ECMWF rms error.

The same analysis was performed between NDBC
buoys 46001, 46005, and 46006 and the 2°N, 110°W
TAO buoy with similar results (not shown here).

6. Discussion

The current results enable us to make the following
comments. 1) The momentum-integral PBL model de-
veloped by STV can be successfully applied to the re-
trieval of surface pressure fields from scatterometer
winds in the Tropics using STV'’s values for w, and h
and assuming climatological upper-level winds. 2) The
surface pressure fields produced by the new model are
similar to those produced by ECMWE 3) The validity
of the model is supported by the fact that using 925-
hPa analyzed winds is an improvement over using cli-
matological winds. 4) The bulk pressure gradients ob-
tained with the global model have the correct sign, even
for small values on the order of 1-2 hPa, compare well
to buoy measurements, and are nearly as accurate as
those obtained by ECMWE It must be emphasized that
the global model has no knowledge of the buoy mea-
surements, whereas they are assimilated into ECMWF
analyses. 5) Considering the simplicity and the current
limitations of the model in the Tropics, further refine-
ments will probably bring even better results. In the

meantime, these scatterometer-derived tropical surface
pressure fields can provide dense, useful information in
this data-poor and climatologically important region.

These comments are supported by systematic com-
parisons of pressure fields and bulk pressure gradients.
The global model and ECMWF are consistent with each
other within 1.1 hPain the midlatitudes, 1.2 hPain the
Tropics when using ECMWF analyzed 925-hPa winds,
and 2.2 hPa (in the Tropics), when using climatol ogical
925-hPa winds. The UWPBL -with-climatological -
winds/lUWPBL -with-analyzed-windss ECMWF bulk
surface pressure gradient rms errors (when compared
with buoys) are 1.2/0.9/0.6 hPa, respectively, in the
Tropics in the meridional direction, 0.5/0.4/0.8 hPa, re-
spectively, in the Tropics in the zonal direction (based
only on seven cases), and 1.9/1.5/1.5 hPa, respectively,
on alarger distance covering both the Tropics and mid-
latitudes. These results are very encouraging, athough
the data available for verification are limited.

Because the entrainment of free-tropospheric mo-
mentum into the PBL is parameterized by a relatively
simple expression with two free parameters, w, and h,
and because the model requires a field of free-tropo-
spheric wind vectors above the PBL, the sensitivity to
these quantities must be assessed. The sensitivity anal-
ysis in section 4 shows that the uncertainty in the w,
and h parameters translates into atypical 0.02-0.03 hPa
(100 km)~* uncertainty on the pressure gradients, this
value being smaller if the ratio w./h is considered to
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remain constant. The model is more sensitive to uncer-
tainties in the free-tropospheric wind field. This is of
concern when using climatological data to force the
model, because errors can be introduced locally. An
operational implementation could easily employ fore-
cast 925-hPa winds to reduce this error.

A series of calculations was also performed with 850-
hPa climatological winds and 850-hPa analyzed winds.
The comparison of bulk pressure gradients with buoys
produced rms errors of (to be compared with errorsin
the previous paragraph) 2.3/1.4/0.6 hPa, respectively, in
the Tropics in the meridional direction; 0.5/0.6/0.8 hPa,
respectively, in the Tropics in the zonal direction; and
1.9/1.6/1.5 hPa, respectively, inthe Tropics/midlatitudes
cases. The results were systematically better (or the
same) when using 925-hPa winds. Relative confidence
in the choice of parametersis gained through these sen-
sitivity results.

The comparisons of the tropical surface pressure re-
trieval with buoy data suggest that the retrieved merid-
ional pressure gradients (P,) are too large. Based on
sensitivity analyses, thereisasuggestion that decreasing
W, or possibly increasing h would tend to improve the
surface pressure retrievals in the Tropics, although in-
creasing h tends to lower the overall sensitivity of the
model. However, the TAO buoys with pressure sensors
used in this study cover a region in which the wind
dynamics are complex. They encompass, in particular,
the convective PBL encountered along the ITCZ, where
the current implementation of the model is not expected
to perform as well. Moreover, decreasing w, or increas-
ing h will affect the zonal pressure gradient (P,) retriev-
al. Although the buoys used in section 5b(2) are far
from the ITCZ and its convective wind regime, they lie
along the equatorial cold tongue, where stratification
plays an important role and only seven cases are avail-
able to assess the retrieval of P,. As a result, there are
not sufficient data to tune the parameters more finely
than was done by STV. Hence, this issue must be left
for the future when sufficient buoy—scatterometer
matchups are available.

The model used to estimate the mean flow in the
tropical PBL was chosen specifically because of itssim-
plicity and similarity to PBL parameterizations em-
ployed in the ECMWF and National Centers for En-
vironmental Prediction (NCEP) analysis/forecasting
models. The cubic K profile [(5¢)] with or without the
so-called nonlocal flux contribution is known to over-
predict entrainment severely in convective boundary
layers, and fixes have likely been incorporated to im-
prove its performance (e.g., Beljaars and Viterbo 1998).
Hence, the ad hoc entrainment flux parameterization
employed here, tuned by STV to reproduce tropical sur-
face wind fields from NCEP surface pressures, is ade-
quate for the present.

Important future improvements to the model will in-
clude stratification effectsin (5c), that is, ¢,({) # 1; a
predicted boundary layer height h; extension of the gra-
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dient wind correction to the Tropics; and incorporation
of nonlocal transport by PBL rolls or other coherent
structures. The boundary layer depth is known to vary
with the surface stratification (and wind and potential
temperature profiles). With the new-era satellites such
as the Earth Observing System (EOS) Terra/Aqua and
the future National Polar-Orbiting Operational Environ-
mental Satellite System (NPOESS), it is conceivable
that much of the information necessary to estimate the
relevant oceanic boundary layer processes may be avail-
able from remote sensors. Assessing the model on dif-
ferent regions of the World Ocean and at different times
of the year will also produce significant improvements.

It has been shown that including the effects of PBL
rolls in the midlatitudes improves the accuracy of PBL
parameterizations and pressure retrievals from scatter-
ometers (Brown and Zeng 1994; Brown and Levy 1986).
Rolls are known to form in the Tropics. Although the
existing roll parameterization (Brown 1981) is invalid
in the Tropics, the more general model of Foster (1996)
could be incorporated into the framework of the present
tropical model, which would allow a single pressure
retrieval model to be used in both the Tropics and mid-
latitudes without patching solutions in the subtropical
regions. Because such aunified model could include the
dominant PBL processes (variable stratification, entrain-
ment flux, nonlocal fluxes, and thermal wind), it would
improve our capability to produce consistent global sur-
face pressure fields from satellite data, including in the
data-poor Tropics.

7. Concluding remarks

A simple model for relating surface pressure gradients
to surface winds in the Tropics, based on the Stevens
et al. (2002) mixed-layer model, is described and in-
corporated into the UWPBL model to retrieve swath-
long (pole to pole) surface pressure fields from scatter-
ometer-measured wind vectors. The pressure gradients
are retrieved in the midlatitudes with a two-layer sim-
ilarity model and in the Tropics by solving a simple
force balance among the pressure gradient, Coriolis
force, surface drag, and entrainment of free-tropospheric
momentum into the PBL. Entrainment is parameterized
with an entrainment vel ocity w,, aboundary layer depth
h, and climatological or analyzed 925-hPawinds. STV'’s
proposed values of 0.01 m s~* and 500 m, respectively,
are used throughout this study. The global model is
assessed against ECMWF pressurefieldsand NDBC and
TAO buoy bulk pressure gradients.

The prospect of using global pressure fields to ini-
tialize NWF models has recently stirred some interest
(R. Atlas 2002, personal communication). The UWPBL
pressure fields can compete with the ECMWF numerical
outputs and have the advantage of containing superior
information about the location of surface frontsand low
pressure centers, especialy in the Southern Hemisphere
where measurements are scarce. With an almost com-
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plete coverage of the global ocean every 12 h, QS
derived sealevel pressure fields and surface-wind fields
should prove valuable in NWF model assimilation.
Moreover, the 925-hPa winds from the previous anal-
ysis, or from the forecast run, could be used to define
better the entrainment at the top of the PBL, thus im-
proving the quality of the surface pressure estimatesin
the Tropics. Current and planned satellite remote sensors
may provide sufficient ancillary information to incor-
porate the effects of stratification and coherent structures
into the global model and to improve further the pressure
retrievals. In 2003, with the SeaWinds scatterometer on
the Advanced Earth Observing Satellite-Il (ADEOS1)
orbiting the earth jointly with the SeaWinds-on-
QUIKSCAT satellite, aquasi-global picture of the surface
winds over the ocean will be available roughly every 6
h, which will improve the resolution of the global pres-
sure fields in both time and space. A refined mixed-
layer model in the Tropics will then be extremely valu-
able.

Acknowledgments. We thank Christopher S. Breth-
erton for his helpful comments during the research. Au-
thors J. Patoux and R. A. Brown acknowledge support
from NASA Grant NS033A-01, administered through
Oregon State University, NASA Grant NAG8-1424, and
NASA EOS Grant NAGW-2633. Author R. C. Foster
acknowledges support from NASA Ocean Vector Winds
science team Grant JPL 1216956 and NASA Surface
Winds from SAR Grant NAG5-10114.

APPENDIX

Blending Pressure Fields

Theinversion isrun separately on the Northern Hemi-
sphere [pressure field p, (A, ¢)], the Tropics [p,(A, ¢)],
and the Southern Hemisphere [p,(A, ¢)], and the three
resulting pressure fields are blended with the following
weighting function:

p = wp, + W0, + WP, (Ald)
il if > 20°N
1 21(¢ — 10) o o
=[=1- _— <<
A 2{1 cos 20 } if 10° < ¢ < 20°N
0 if ¢ <10°N,
(Alb)
0 if > 20°N
1 27 (¢ — 10) .
+ _— < < 20°
}5{1 cos 20 } if 100 < ¢ < 20°N
w, = 01 if 10°S< ¢ < 10°N
1 27(¢ + 10) .
+ _— < < 10°
}5{1 cos 20 } if 20° < ¢ < 10°S
0 if ¢ <20°S,

(Alc)
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Fic. Al. Weights used in the blending of Northern Hemisphere,
tropical, and Southern Hemisphere pressure fields.

io if ¢ > 10°S

1 2 + 10 .

W, = O 1—COSM if 20° < ¢ < 10°S
DZ 20
ol if ¢ < 20°S.

(A1d)

The value of the weights as a function of latitude are
shown in Fig. Al.

The compatibility of the two models was verified by
running them independently on the entire swath and
verifying their qualitative agreement. Moreover, it can
be verified that the inverse model degenerates only
smoothly in the overlapping region and becomes in-
adeguate only in the 10°S-10°N latitudinal band. Be-
cause the blending is performed in the 10°—20° bands,
it does not introduce any major discrepancy.
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