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ABSTRACT

Recent observations from spaceborne microwave sensors have revealed detailed structure of the surface
flow over the equatorial eastern Pacific in the boreal fall season. A marked acceleration of surface wind
across the northern sea surface temperature (SST) front of the cold tongue is a prominent feature of the
regional climate. Previous studies have attributed the acceleration to the effect of enhanced momentum
mixing over the warmer waters. A high-resolution numerical model is used to examine the cross-frontal flow
adjustment. In a comprehensive comparison, the model agrees well with many observed features of cross-
equatorial flow and boundary layer structure from satellite, Tropical Atmosphere Ocean (TAO) moorings,
and the recent Eastern Pacific Investigation of Climate Processes (EPIC) campaign. In particular, the model
simulates the acceleration across the SST front, and the change from a stable to unstable boundary layer.
Analysis of the model momentum budget indicates that the hydrostatic pressure gradient, set up in response
to the SST gradient, drives the surface northward acceleration. Because of thermal advection by the mean
southerly flow, the pressure gradient is located downstream of the SST gradient and consequently, diver-
gence occurs over the SST front, as observed by satellite. Pressure gradients also act to change the vertical
shear of the wind as the front is crossed. However, the model underpredicts the changes in vertical wind
shear across the front, relative to the EPIC observations. It is suggested that the vertical transfer of
momentum by mixing, a mechanism described by Wallace et al. may also act to enhance the change in shear

in the observations, but the model does not simulate this effect. Reasons for this are discussed.

1. Introduction

The climatological state of the eastern equatorial Pa-
cific is important to climatic variability such as the El
Nifio-Southern Oscillation. Coupled ocean—atmosphere
models have difficulty modeling this state correctly
(Mesocho et al. 1995; Davey et al. 2002) and hence
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studies of the physical processes of the air—sea interac-
tion in the eastern equatorial Pacific are important
[Cronin et al. 2002; see Xie (2004a) for a recent review].
In this paper, a high-resolution numerical model is used
to investigate one component of the system, the re-
sponse of the atmospheric planetary boundary layer
(PBL) to the oceanic cold tongue and the sharp SST
front on its northern edge. These numerical results are
complementary to EPIC2001, an intensive observa-
tional campaign conducted during September and Oc-
tober 2001 as part of the Eastern Pacific Investigation
of Climate Processes (EPIC; Cronin et al. 2002; Ray-
mond et al. 2004).

At least two processes are conceivably important to
the cross-equatorial flow in the eastern equatorial Pa-
cific. First, air parcels flowing toward the equator can-
not adjust to the change in Coriolis force and so advec-
tive accelerations become important. Mahrt (1972)
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noted that for a latitudinally constant pressure gradient,
the meridional (cross isobar) velocity in the boundary
layer was found to increase as the equator was crossed.
The explanation was that for flow crossing the equator,
the zonal wind component suddenly opposes the direc-
tion of the zonal Ekman wind, and flow is accelerated
toward lower pressure (Mahrt 1972). Tomas et al.
(1999) further noted that the meridional advection of
anticyclonic absolute vorticity was important to cross-
equatorial flow in their reduced gravity model. In par-
ticular, they found that the meridional advection of
zonal momentum was essential to achieve a divergence/
convergence couplet just north of the equator.

Second, in the eastern equatorial Pacific the low-
level, large-scale southerly flow associated with the
ITCZ and the Hadley cell is modified locally by the
presence of the SST front, referred to here as the Equa-
torial Front. Observations from satellite show that the
near-surface southeasterlies and southerlies are signifi-
cantly accelerated (in a Lagrangian sense) as they cross
the equatorial front (Fig. 1a; the wind speed changes 3
ms~! between 1°S and 2°N at 95°W, equivalent to a
divergence of 0.9 X 107° s~! and an approximate
Lagrangian acceleration of around 0.6 X 10~*m s~ 2 or
5ms ! day ). To explain the effect of SST gradients,
Lindzen and Nigam (1987) proposed a boundary layer
model where the eddy air temperature was positively
correlated with the eddy SST throughout the layer, the
eddy part being the deviation from zonal mean. In their
model the sea level pressure anomalies overlie the SST
anomalies. In low latitudes where the Coriolis force is
negligible, the strongest winds would occur over the
SST fronts in response to the pressure gradient.

Wallace et al. (1989) conducted an observational
study of the effect of SST on surface winds in the east-
ern equatorial Pacific on seasonal and interannual time
scales. They noted that the Lindzen—Nigam explanation
was appropriate to the large-scale dynamics, but did not
explain the fact that observations showed divergence
over the SST front and the strongest winds located fur-
ther north over warm water. Wallace et al. concluded
that stability-induced mixing variations led to the pre-
cise phasing of the observed wind patterns. In particu-
lar, stable conditions over the cold tongue would lead
to enhanced shear and a decoupling of weak surface
winds from the higher level southeasterly jet. North and
south of the cold tongue, unstable conditions exist and
the vertical wind profile may be expected to be more
uniform with stronger winds at the surface.

Recent findings from Tropical Atmosphere Ocean
(TAO) buoy observations (Cronin et al. 2003) and nu-
merical simulations (Small et al. 2003) of tropical insta-
bility waves have indicated that due to thermal advec-
tion, the PBL pressure gradient can be spatially lagged
relative to SST gradient. This calls into question the
hypothesis of Wallace et al. (1989) that pressure gradi-
ents cannot explain the observed SST-wind phase re-
lationships in the eastern equatorial Pacific. These new
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findings suggest that a reexamination of the relative
importance of pressure gradient, static stability varia-
tions, and momentum advection to the cross-equatorial
flow is required.

The aim of this paper is to study atmospheric adjust-
ment across the equator and SST front during the cold
tongue season, using a high-resolution regional climate
model. In particular, this paper will attempt to explain
the structure of the PBL in the eastern equatorial Pa-
cific based on numerical simulations and by comparison
with observations from EPIC, TAO, and satellite. The
findings will be interpreted in terms of the cross-
equatorial momentum budget.

The paper is structured as follows: The numerical
model, experimental setup, and the observations used
for verification are presented in section 2. Section 3
discusses the mean states of the surface fields and of the
boundary layer structure, both in model and in obser-
vations. Section 4 describes the effect of the thermal
structure and thermal advection on the surface pressure
gradients. In section 5, the model momentum budget is
presented to explain the mechanisms of the cross-
equatorial flow. Section 6 presents a discussion of how
the present results compare with previous studies. Fi-
nally, section 7 presents conclusions of the study.

2. Numerical model and data

a. Numerical model and experimental details

The high-resolution regional climate model devel-
oped at the International Pacific Research Center
(IPRC-RegCM) has been used to study the atmo-
spheric response to the oceanic SST field. The IPRC-
RegCM is a hydrostatic, sigma coordinate, primitive
equation model (Wang et al. 2003; Small et al. 2003).
The model was chosen as having detailed PBL and
cloud physics parameterizations and high resolution.
Details of the physical processes of the model are con-
tained in Table 1, together with references and com-
ments relevant to the simulation.

The model has 29 vertical levels with substantial
high-resolution in the PBL (12 levels below 800 hPa).!
In this study, the model domain extended from 15°S to
20°N, 130° to 63°W, with a grid spacing of 4°, both in
zonal and meridional directions. The time step was 360
s. The model was run for a period from 1 September
2001 to 31 October 2001, chosen to correspond to the
EPIC2001 field campaign (see section 2b). The first
week was treated as a model spinup and so the model
analysis used the last 54 days of data, which will be
referred to as “two months” for simplicity later on.

The turbulence scheme follows the Langland and

! The model sigma levels are: 0.0, 0.03, 0.05, 0.07, 0.09, 0.11,
0.14, 0.18, 0.24, 0.3, 0.37, 0.44, 0.51, 0.58, 0.65, 0.72, 0.77, 0.81, 0.84,
0.862, 0.882, 0.902, 0.92, 0.938, 0.956, 0.972, 0.988, 0.994, 1.
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TABLE 1. List of physics parameterization schemes used in the IPRC-RegCM (version 1.1).

Physical process Scheme

Reference

Comments

Grid-resolved moist
processes

Bulk mixed ice phase cloud
microphysics

Subgrid-scale Shallow convection, midlevel

convection convection, and deep
convection (2000)
Mixing Vertical: 1.5-level turbulence

closure
(1985)
Horizontal: Fourth-order

Surface layer over Bulk scheme

ocean

Radiation Multiband

Cloud optical
properties

Longwave radiation
Shortwave radiation

(1998)

Cloud amount Semi-empirical scheme

Land surface
processes

Biosphere—Atmosphere
Transfer Scheme (BATS)

Langland and Liou (1996),
Detering and Etling

Wang et al. (2003)
Fairall et al. (1996)

Edwards and Slingo (1996)
updated by Sun and
Rikus (1999)

Sun and Shine (1994)
Slingo and Schrecker
(1982), Chou et al.

Xu and Randall (1996)

Dickinson et al. (1993)

Wang (1999, 2001) and
references therein

Tiedtke (1989), Nordeng
(1994), Gregory et al.

With CAPE closure and organized entrainment
and detrainment. Coupling between
subgrid-scale convection and grid-resolved
moist processes via cloud-top detrainment
(Wang et al. 2003).

Modified to include cloud buoyancy production
of turbulence (Wang 1999).

Deformation and terrain-slope dependent
diffusion coefficient.

TOGA COARE v2.6

7 bands for longwave, 4 bands for shortwave.
Full coupling between cloud microphysics
and cloud liquid/ice water path.

With specified cloud droplet number
concentration (CDNC) of 100 cm ™ * over
ocean and 300 cm > over land.

Dependent on relative humidity and cloud
liquid/ice water extent.

Modified algorithm for solving leaf temperature
to ensure a convergent iteration of numerical
solution (Wang et al. 2003).

Liou (1996) 1.5-level closure, run with a separate time
step of 120 s. Surface boundary conditions for this
scheme are as formulated by Mailhot and Benoit (1982)
and are dependent on the friction velocity u* provided
by surface layer theory. The surface layer in the model
lies between the surface and the lowest sigma midlevel,
(o = 0.997, at around 30 m) and is assumed a constant
flux layer. The bulk fluxes, u*, and the roughness length
Z, are derived from the model data at o = 0.997 and the
known SST distribution, using the Fairall et al. (1996)
surface layer algorithms. We derive the model neutral
equivalent 10-m wind speed as follows:

u* 10
w(z) = " <ln Z_> , (1)

0

where k is von Karmén’s constant.

The model atmosphere responds to a prescribed
time-dependent SST, which in this case was a daily SST
product derived from a three-day running mean of
Tropical Rainfall Measuring Mission (TRMM) Micro-
wave Imager (TMI) data, obtained from Remote Sens-
ing Systems (www.ssmi.com). National Centers for En-
vironmental Prediction-National Center for Atmo-
spheric Research (NCEP-NCAR) reanalysis (Kalnay
et al. 1996) version 3 products (released in May 2002)
are used to initialize the model and to provide lateral
boundary conditions every 6 h [see Wang et al. (2003)
for details].

b. Observations

Model simulations in this study will be compared
with data from the EPIC-enhanced monitoring pro-
gram (Cronin et al. 2002) and the EPIC2001 intensive
field campaign (Raymond et al. 2004). The EPIC
dataset includes long time series of surface meteoro-
logical variables from TAO buoys at 95°W, enhanced
with extra buoys at 3.5°N, 10°N, and 12°N. Here, mea-
surements of basic meteorological quantities at the
TAO moorings at typical heights of 4 m are converted
to bulk fluxes using the Fairall et al. (1996) algorithm.
The EPIC2001 intensive field campaign was conducted
during September and October 2001, including ship and
NCAR C130 aircraft measurements along transects at
95°W and at a fixed location under the ITCZ (Ray-
mond et al. 2004). In this paper, data from the TAO
moorings and NCAR C130 aircraft flights will be used.

Cross-equatorial flight transects along 95°W made on
eight days between 7 September and 10 October 2001
are used to construct composite sections of cross-
equatorial PBL structure. On the southward legs of
these flights in situ measurements of various quantities
including temperature, wind velocity, water vapor,
cloud liquid water, and flux measurements were per-
formed. The “porpoising,” repeating flight pattern con-
sisted of level flight legs (nominally 50 km in length) at
32 and 1628 m connected by ascent and descent periods
with eight cycles over 13 degrees of latitude. On the
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northward return, dropsondes were released at an alti-
tude of 5.5 km at 1°-latitude intervals from the equator
to 12°N. The soundings from the dropsondes were com-
bined with the low-level flight legs to create latitude—
height cross sections. Further information on the flight
measurements can be found in McGauley et al. (2004).

Turbulent fluxes were measured using correlations of
turbulent quantities, sampled at 25 Hz, equivalent to a
5-m range sampling along the flight track. Additional
flux measurements were made during two NCAR C130
flights over the SST front on 3 and 5 October 2001,
when the aircraft flew two stacks of east—west legs cen-
tered at 0.5°S and 2°N within 55 km of 95°W. For each
flight day, the mean and standard error of direct esti-
mates of the momentum flux were computed at each
vertical level for each location following the method of
Vickers and Mahrt (2003). Although alongwind biases
were found in the NCAR C130 wind stress measure-
ments (C. Bretherton 2004, personal communication),
the east-west legs avoid much of the difficulty since the
mean winds during the flights had a relatively large
southerly component.

In addition to the in situ data, observations from the
QuikSCAT and TRMM satellites were obtained from
Remote Sensing Systems (www.ssmi.com). The data
provided is gridded onto Y4°, and for a three-day run-
ning average. The QuikSCAT scatterometer is used to
provide measurements of surface stress and derived
10-m neutral equivalent vector wind (Wentz and Smith
1999). The TMI data was used to provide descriptions
of the SST field.

3. Mean state

a. Near-surface fields

A time mean was constructed from the two months
of the model simulation to indicate the background
flow field. Figure 1b shows the observed SST and mod-
eled neutral equivalent wind speed and vectors at 10 m.
The situation is typical of the eastern equatorial Pacific
in the boreal fall season in non—EI Nifio years when the
cold tongue is particularly prominent (Wallace et al.
1989).

The modeled 10-m neutral winds in Fig. 1b may be
compared with the observed QuikSCAT winds for the
same period (Fig. 1a). The cross-equatorial flow, me-
ridional shear of zonal velocity, and convergence into
the ITCZ at around 10°-12°N is reproduced reasonably
well in the model. In contrast, the low wind speed core
of 4-6 m s~ ! in the model over the cold tongue (Fig. 1b)
has a much smaller zonal extent than in the observa-
tions (Fig. 1a). Further, the high wind speeds a few
degrees poleward of the cold tongue are about 1 ms™*
higher in the model than in the observations. Thus, the
simulated wind speeds are higher overall than observed
by QuikSCAT. (The IPRC-RegCM also simulated
higher wind speeds than the NCEP-NCAR reanalysis

SMALL ET AL.

1815

data used to force the model, suggesting that the bias
was not due to the forcing.)

Despite the absolute difference between the model
and QuikSCAT wind speeds, the divergence fields,
which are a relative measure, are similar (Figs. 2a, b).
One distinct feature in these fields is the strong diver-
gence located precisely over the equatorial front. This
contrasts with a weak convergence south of the cold
tongue (more prominent in the observations, Fig. 2a)
and strong convergence in the ITCZ.

The two-month mean of near-surface quantities from
the model data at 95°W is next compared with data
from the TAO mooring array and QuikSCAT data at
the same longitude and period and with in situ turbu-
lent flux and related statistics from an eight-flight com-
posite of the NCAR C130 data at the lowest flight level
(between 25 and 30 m, see section 2b).

The ocean—atmosphere interface is typically unstable
in the eastern equatorial Pacific. The modeled air-sea
virtual potential temperature difference (S = 6, — 0.,
where subscripts a and s refer to air and sea, respec-
tively, and the virtual temperature in the model at 30-m
height was used to compute 6,,) shows positive values
of S everywhere except for near the center of the cold
tongue, and rising to a peak over 4 K, just north of the
equatorial front (Fig. 3a). Over the cold tongue the
interface is weakly stable or close to neutral stability
with minimum § between —0.5 and -1 K. The strong
meridional gradient in S across the equatorial front
shows that as the air passes across the front it is rapidly
destabilized. The TAO values of virtual air-sea tem-
perature difference (S) show a very similar range to
that seen in the model in the region of the equatorial
front (Fig. 3b).

The changes in stability lead to large variations in
heat fluxes across the front. The modeled sensible heat
rises from =3 W m~ 2 over the cold tongue to a peak of
37 W m 2 close to 2°N, somewhat higher than the peak
of around 29 W m ™2 in the TAO and C130 flight data
(Fig. 3c). The modeled latent heat flux rises from 20 W
m~ to a peak comparable with the C130 data (200 W
m ™2 between 2° and 3°N) but rather larger than the
TAO value (peaking at 140 W m~%; Fig. 3e).

Comparisons of the surface wind stress indicate that
the model values are larger than the measurements
from TAO and QuikSCAT (by around 0.01-0.02 N
m ™2, or about 20%-50%, Fig. 3b) but that the relative
difference between 1°S and 2°N is similar (0.05 N m~?),
suggesting that the model captures the change in stress
across the front. The overall larger stress (and hence
u*) in the model data, related to the larger wind speeds
noted in Fig. 1, may also explain why the sensible and
latent heat, which depend on u*, are larger than ob-
served.

The model values of near-surface turbulent kinetic
energy (TKE), Fig. 3d, are also larger than the
EPIC2001 data (by around 0.03-0.05 m?s™ 2, about
20%-50%), partly due to the larger values of u* in the
















































