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Oceanic and Atmospheric Anomalies of Tropical

Instability Waves
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Abstract. Tropical instability waves (TIWs) are detected
in remotely-sensed sea surface height (SSH), temperature
(SST), and wind records of the eastern equatorial Pacific.
Analyses of TIW anomaly relationships reveal strong dy-
namical influence of TIWs within approximately 5° of the
equator. The first influence is advective heat flux. The
primary forcing of TIW SST anomalies is advection of the
meridional temperature gradient by TIW currents. The sec-
ond influence is modification of the wind stress and Ek-
man pumping fields by TIW surface ocean currents. By
affecting surface stress and hence roughness, TIW currents
in this low-wind region introduce a significant bias in scat-
terometer vector wind measurement. This bias is evident in
both NSCAT and QuikSCAT winds. The difference between
wind measurements from TAO moorings and scatterome-
ters is phase-locked with TIW SST oscillations. These re-
sults have important implications for scatterometry and for
understanding tropical dynamics, thermodynamics and bio-
geochemistry.

Introduction

Equatorial Pacific TIWs have been observed and mod-
eled for more than two decades [Legeckis, 1977; Coz, 1980;
Halpern et al., 1988; Yu et al., 1995; Qiao and Weisbery,
1998]. TIWSs are Rossby or Rossby-gravity waves whose
phase always propagates westward and whose group velocity
can be either westward or eastward. The waves are gener-
ated by barotropic instability and are seasonally and inter-
annually modulated by variations in the system of currents
that sustains them.

TIW horizontal phase propagation is mainly zonal with
phase speeds (c,), wavelengths (\) and periods (P) on the
order of -35 km day~!, 1000 km and 30 days. These at-
tributes are based on observational and theoretical results
that can differ by more than a factor of two [Qiao and Weis-
berg, 1995], depending on latitude, instrumentation and
time, among other variables.

Theory

We present basic theory for phase and scaling arguments
essential to interpretation of anomaly relationships.

TIWSs are evident as westward propagating anomalies in
SSH (n) and SST (SST’). n are mostly caused by variations
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in the density of the water column, dominated by tempera-
ture (thermosteric) fluctuations:

0= a/ho T(2)dz, (1)

where « is the thermal expansion coefficient, T'(z) the tem-
perature anomaly profile and h a depth below the main ther-
mocline. In Equation 1, a 1°C anomaly extending to 300 m
results in a p of 0.1 m. If the temperature anomaly extends
to depth h, 7 and SST’ should be in phase.

Strong meridional current fluctuations are associated
with TIWs. Because of equatorial upwelling, the poleward
temperature gradient is positive and relatively strong where
TIWs develop. SST’ due to advection of the meridional
SST gradient (%) by a meridional geostrophic current
anomaly (v,) acting for a period P are approximately:
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where g is gravity, f the Coriolis parameter and = the zonal
dimension. Heat and mass exchange are neglected. In Equa-
tion 2, a 0.5 m s~* v/, acting for 15 days in the presence of a
meridional SST gradient of 2x107% °C m™*! results in SST’
of 1.5°C. If forced by TIW meridional currents, SST’ should
lag n by 90°.

Although Ekman pumping does not cause TIWs, we
present theory and scaling because TIW-like patterns are
observed in the wind stress curl field. EkP anomalies (EkP’)
cause density fluctuations in the Ekman layer and thus in-
fluence . The vertical velocity at the base of the Ekman
layer is given by the EkP equation, and the vertical velocity
of the surface (%) induced by wind forcing is given by EkP’
scaled by the stratification:
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SST =w P, with v

ot~ Apf’ (3)
where Ap is the density difference between the layers above
and below the base of the Ekman layer, and Vj X 7 is the
vertical component of the wind stress curl. The wind stress
curl is in phase with the vertical velocity, and thus its inte-
gral 1 should lead V. x 7 by 90°.

With thermal stratification, Ekman upwelling can result
in SST cooling. In Equation 3, considering only the spectral
band associated with TIWSs, a wind anomaly of 3 m s~ ! over
%)\ of a TIW would force vertical displacement of isotherms
of ~ 10 m in 15 days. In this region, the thermal stratifica-
tion is such that a 10 m displacement would result in SST'
of ~ 0.5°C. Ekp’ forcing of SST’ would show SST’ leading
by 90°.

Data Sets and Methods

To examine the relationship between TIW geophysical
anomalies we used WOCE TOPEX/POSEIDON SSH data,
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Figure 1. Zonal-temporal diagrams of unfiltered (left) and fil-
tered (right) n, SST’, v/, v’ and EkP’.

daily 9-km AVHRR Pathfinder SST, and daily NASA Scat-
terometer (NSCAT) 0.5° Level 3 winds. The period ex-
amined coincides with the NSCAT period, September 1996
through May 1997. The spatial domain extends between
the date line and 100°W, 10.5°S and 10.5°N. The SSH data
were acquired bin-averaged at 0.5° x 0.5° x 10.0 days. Daily
SST and wind fields were averaged into 7-day, 2° latitude
bins at the zonal resolution of the data. All data sets were
interpolated via bicubic gridding to a common 0.5° x 7-day
zonal-temporal grid.

For computing EkP, wind stress was calculated accord-
ing to Large and Pond [1981]. Although this drag coefficient
parameterization is not ideal for low wind conditions of the
equatorial Pacific, its use here is justified. Because the drag
coefficient is a simple function of wind speed, TIW patterns
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Figure 2. Wind component differences (QuikSCAT — TAO

buoy, right axes) relative to TAO buoy SST (left axes) at 2°N,
125°W during and following the 1999-2000 TIW season. Thin
lines (gray and magenta, respectively) are unfiltered. Thick lines
(black and red, respectively) are 20-day low pass filtered.

found in the stress and its derivatives are a direct result of
wind anomalies that are central to analysis of phase rela-
tionships. Further, the magnitude of the computed wind
stress curl is used only for a scaling argument that does not
change key conclusions drawn from the results.

Anomalies were computed for all variables by remov-
ing the temporal mean. For winds and SST, the temporal
mean was over the NSCAT period. For SSH, anomalies were
computed relative to the mean for November 1992 through
November 1998. All anomaly time series were then band-
pass filtered using the same series of 2D (zonal-temporal)
finite impulse response filters [Polito and Cornillon, 1997].
The strength of the TIW signal in each variable is estimated
by the percent of the total variance explained by the filtered
signal (¢). For each pair of variables the zonal-temporal
cross-correlation matrix was calculated. A sinusoidal sur-
face was least-squares fit to the correlation to obtain the
maximum correlation (Cpaz) within one A and P of the ori-
gin, and the average phase difference (A®). Because of the
coarse resolution of the data in relation to the wave period,
A® are estimated only to the nearest 90° increment.

To compare buoy and scatterometer winds in the TIW
region, we examined observations from the Tropical Atmo-
sphere Ocean (TAO) mooring array [McPhaden, 1995] for
all buoys along 2°N, east of 160°W for the 1996-1997 TIW
season observed by NSCAT and the 1999-2000 TIW season
observed by QuikSCAT (0.25° Level 3).
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Figure 3. As in Figure 2 for 2°N, 140°W.
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Table 1. Summary of anomaly statistics (see methods). Positive
A® indicates that the first parameter leads the second.

parameter o parameters AD Chaz
n 30% n,SST’ 90° 1%
SST’ 30% n,v’ 90° 68%

u’ 21% nu’ -90° 66%

v 28% n,EkP’ 0° 60%
EkP’ 40% SST' v’ 0° 62%
SST' u' —180° 78%

SST' ,EkP’ —-90° 61%

Results and Discussion

TIW signals are most clearly evident in the NSCAT
record in the 2° latitude bands centered at 1.5°N and 3.5°N,
between 160°W and 120°W and October 1996 through Jan-
uary 1997. Outside this domain the fractional variance of
the filtered SST' signal is <10%, and its correlation with
n is <50%. Because the amount of variance explained by
the filtered signals was greatest at 3.5°N, we present results
from this latitude band (Figure 1). The TIW signals are ev-
ident in zonal-temporal plots as diagonally-oriented bands
of positive and negative anomalies whose orientation indi-
cates westward phase propagation (white dashed line). TIW
anomalies are evident in the unfiltered data, together with
strong, large-scale signals that are removed by the 2D band-
pass filter. From filtered anomalies, the estimates of ¢, ~
37 km day~', P ~ 30 days, and A ~ 1100 km are in agree-
ment with previous estimates for TIWs [Qiao and Weisberg,
1995].

The high correlation and quadrature of phase between
n and SST’ (Table 1) have two important interpretations.
First, they indicate that TIW SST’ are not in phase with
upper layer thermosteric anomalies (Equation 1). Second,
they suggest that advection of the meridional temperature
gradient by TIW geostrophic currents causes SST’ (Equa-
tion 2). Northward currents associated with the positive
zonal 7 slopes of TIWs advect cold SST northward. Con-
versely, southward currents associated with negative zonal n
slopes advect warm SST southward. This interpretation is
consistent with high resolution mapping of circulation and
SST across a TIW [Flament et al., 1996].

Zonal and meridional wind anomalies (u’,v") also show a
strong, clear TIW signal (Figure 1). v’ are highly correlated
with both n (A® = 90°) and SST' (A® = 0°). v’ in quadra-
ture with 1 and in phase with SST’ are in opposition of phase
with TIW geostrophic surface currents. A plausible hypoth-
esis for a relationship between 7 and v’ in this spectral band
is that TIW currents affect scatterometer wind retrievals.
As demonstrated by Liu and Large [1981], space based scat-
terometer measurement is more closely related to surface
stress than wind. The algorithm relating equivalent neutral
wind to NSCAT observations was derived on the assump-
tion that ocean currents are negligible compared with wind.
We propose that scatterometer winds over TIWs are biased
by enhanced surface roughness caused by surface currents.
This hypothesis is supported by comparison of buoy and
scatterometer winds in the TIW region (Figures 2 and 3).
The difference between TAO mooring and QuikSCAT winds
is phase—locked with TIW SST’. The relationship apparent
in Figures 2 and 3 breaks down at the end of the TIW season
in January 2000. The same results are evident with NSCAT
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winds but are clearer with the higher temporal resolution
QuikSCAT winds.

TIW EkP’ (Figure 1) are strongly correlated with SST'
(Table 1). Although EkP’ can force SST’, this relationship
is not supported. First, EkP’ lead SST’ by 90°. For EkP’
forcing of SST', SST' should lead EkP’ by 90°. Second,
considering the relatively weak thermal stratification of the
upper 10 m, SST cooling by Ekman upwelling would be ~
0.5 °C, significantly less than the observed SST’ (Figure 1).
Thus correlation and phase relationships indicate that TIW
SST’ are predominantly forced by TIW meridional current
anomalies.

TIW EKP’ are also strongly correlated with n (Table 1).
The expected phase lag for EkP’ forcing n is 90° (Equa-
tion 3), however n and EkP’ are in phase. EkP’ in phase
with n are consistent with meridional surface stress anoma-
lies due to TIW surface currents (Figure 1). East (west) of
a positive 7 in the Northern Hemisphere, TIW surface cur-
rent anomalies are southward (northward). Corresponding
northward (southward) wind stress anomalies would appear
as a wind stress curl anomaly in phase with 7, as observed
(Table 1). EKP’ due to surface ocean currents are analogous
to inverted Ekman pumping resulting from bottom friction.
It is important to distinguish between the influence of ocean
currents on scatterometer wind velocity retrievals and EkP
derived from scatterometer winds. The results support the
conclusion that wind velocity bias is caused by scatterome-
ter detection of enhanced stress at the air—sea interface due
to ocean currents. Although wind velocities are biased, the
enhanced stress causing the bias is real, and thus so are the
EkP’.

Modification of the surface stress field by TIW ocean cur-
rents is distinct from the air—sea coupling recently described
in which TTW SST anomalies influence surface wind velocity
through modification of boundary layer stability [Liu et al.,
2000; Chelton et al., 2001]. Both of these air—sea coupling
phenomena have important implications for understanding
the heat budget of the cold tongue and tropical dynamics
and thermodynamics. Similar wave patterns have been ob-
served in scatterometer winds south of the equator in the
Atlantic and Pacific [Hashizume et al., 2001]. TIWs also
impact biological distributions and processes [Yoder et al.,
1994; Flament et al., 1996; Chavez et al., 1999], and their as-
sociated EkP’ may force variation in nutrient supply to the
euphotic zone in this biogeochemically important upwelling
system. Multisensor studies are revealing the complexities
and significance of TIW oceanic and atmospheric anomalies.
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