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ABSTRACT

The roles of intraseasonal Kelvin waves and tropical instability waves (TIWs) in the intraseasonal and low-

frequency mixed-layer temperature budget were examined in an isopycnal ocean model forced by QuikSCAT

winds from 2000 to 2004. Correlations between temperature tendency and other terms of the intraseasonal

budget compare well with previous results using Tropical Atmosphere Ocean (TAO) observations: the net

heat flux has the largest correlation in the western Pacific and zonal advection has the largest correlation in

the central Pacific. In the central Pacific, the intraseasonal variations in zonal advection were due to both the

zonal background velocity acting on the Kelvin wave temperature anomaly and the Kelvin wave’s anomalous

velocity acting on the background temperature. In the eastern Pacific, three of the four temperature budget

terms have comparable correlations. In particular, the vertical processes acting on the shallow thermocline

cause large SST anomalies in phase with the intraseasonal thermocline anomalies.

On intraseasonal time scales, the influence of individual composite upwelling and downwelling Kelvin

waves cancel each other. However, because the intraseasonal SST anomalies increase to the east, a zonal

gradient of SST is generated that is in phase with intraseasonal zonal velocity. Consequently, heat advection

by the Kelvin waves rectifies into lower frequencies in the eastern Pacific. Rectification resulting from TIWs

was also seen. The prevalence of intraseasonal Kelvin waves and the zonal structure of intraseasonal SST

from 2002 to early 2004 suggested that they might be important in setting the eastern Pacific SST on inter-

annual time scales.

1. Introduction

Previous research suggests possible connections be-

tween intraseasonal downwelling Kelvin waves driven

by westerly wind bursts in the western Pacific and SST

warming in the eastern Pacific on both intraseasonal and

low-frequency time scales (Harrison and Schopf 1984;

Harrison and Giese 1988; Giese and Harrison 1991;

Kessler et al. 1995; McPhaden 1999; Kessler and Kleeman

2000; Vecchi and Harrison 2000; Zhang and Gottschalck

2002; McPhaden 2002; Kutsuwada and McPhaden

2002; Seo and Xue 2005). On intraseasonal time scales,

downwelling Kelvin waves can remotely affect the

eastern Pacific SST by changing the zonal current

structure in the central and eastern equatorial Pacific

(Harrison and Giese 1988; Giese and Harrison 1991;

Kessler et al. 1995; Vecchi and Harrison 2000), by

changing the thermocline slope (Zhang 2001), and by

influencing the meridional advection by the tropical

instability waves (TIWs; Giese and Harrison 1991; see

Kessler 2005 for a review). The intraseasonal signal can

also rectify into lower frequencies through nonlinear-

ities. In the western Pacific, Kessler and Kleeman (2000)

found rectification in SST by the feedback between the

warm pool SST and Madden–Julian oscillation (MJO).
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Likewise, if the intraseasonal wave causes temperature

gradient anomalies that are in phase with the velocity

anomalies, then advective processes can cause the

anomalies to rectify into lower frequencies. For in-

stance, Jochum and Murtugudde (2004) found that

TIWs cause a rectified SST signal in the eastern Pacific.

McPhaden (2002) examined the physical processes

that control the intraseasonal SST variability in the

equatorial Pacific at four Tropical Atmosphere Ocean

(TAO) moorings sites (1658E, 1708W, 1408W, and

1108W). McPhaden found that zonal advection domi-

nates in the central Pacific and vertical advection and

entrainment dominate in the eastern Pacific. His find-

ings provided an explanation for the warming and

cooling events that occurred simultaneously over a wide

longitude range, as noted by Kessler and McPhaden

(1995) during the 1991/92 El Niño. McPhaden argued

that the increased importance of vertical advection and

entrainment in the eastern Pacific, which leads the

thermocline depth by a quarter of a cycle, can cause the

SST to vary in phase along the equator or even to ap-

pear to propagate westward. We note that if SST varied

in phase perfectly with the same magnitude at all lon-

gitudes, then there would be no zonal SST gradient

anomalies associated with Kelvin waves and the tem-

perature advection would not rectify into lower fre-

quencies. Likewise, if the SST anomaly was perfectly in

phase with the velocity anomaly, then the zonal SST

gradient due to the wave would be zero when the ve-

locity anomaly was at its maximum and, again, there

would be no rectification into lower frequencies. Given

the complexity of the dynamics in the equatorial Pacific

and the approximation and assumptions invoked by the

empirical analysis, it is not clear that either of these two

cases is uniformly valid. In this study, we will use a

numerical model to investigate the intraseasonal varia-

tions resulting from Kelvin waves and whether and how

advection rectifies intraseasonal variations into the

lower-frequency temperature balance. We also will ex-

amine potential rectification by tropical instability waves.

Legeckis (1977) first characterized TIWs from satel-

lite SST, with a period of about 25 days and a wave-

length of about 1000 km. The contribution of TIWs to

the low-frequency SST anomalies in the eastern Pacific,

particularly to seasonal SST anomalies, has been stud-

ied in the past (Hansen and Paul 1984; Swenson and

Hansen 1999; Wang and McPhaden 1999; Kessler et al.

1998; Polito et al. 2001; Menkes et al. 2006; Jochum and

Murtugudde 2004). Many of these studies emphasize

the role of TIWs in warming the cold tongue in its sea-

sonal evolution through horizontal eddy heat transport.

Determining how TIWs modulate both intraseasonal and

low-frequency SST anomalies of the cold tongue in an

OGCM with improved forcing of high-resolution

QuikSCAT winds is the secondary goal of this study.

The overall goal of this study is to explore the influ-

ence of horizontal advection by Kelvin waves and TIWs

on both the intraseasonal and low-frequency SST vari-

ability in the equatorial Pacific. The improved high-

resolution satellite forcing enables us to investigate this

influence with more realism than was possible before.

The QuikSCAT winds have been shown to provide

high-accuracy and high-resolution winds that produce

more realistic mean SST, 208C isotherm depth, and la-

tent heat flux than National Centers for Environmental

Protection/Department of Energy Global Reanalysis 2

(NCEP-2) winds (Jiang et al. 2008). They also provide

high-quality hybrid turbulent heat fluxes in the tropical

Pacific (Jiang et al. 2005; Zhang 2006). Thus, QuikSCAT

winds would be expected to allow an ocean model to

accurately simulate intraseasonal Kelvin waves and

TIW variability, along with their SST response.

The model and data used in this study are described in

section 2. Section 3 gives a detailed comparison between

the model and the observations. The mixed-layer tem-

perature (MLT) budget analyses of both the intra-

seasonal and low-frequency time scales are described in

sections 4 and 5, respectively. The roles of the intra-

seasonal Kelvin waves and the tropical instability waves

in the horizontal advection and influence on the tem-

perature budgets are also examined. Finally, we give a

discussion and summary in section 6.

2. Model and data

The Geophysical Fluid Dynamics Laboratory (GFDL)

Hallberg Isopycnal Model (HIM; Hallberg 1997; Ladd

and Thompson 2002) was used in this study. HIM is a

three-dimensional, isopycnal coordinate, C-grid general

ocean circulation model. A Kraus–Turner-like bulk

mixed layer, which is similar to the Kraus–Turner model

except that the contribution to the entrainment velocity

by wind mixing decays with mixed-layer depth, and

Richardson number dependant mixing are implemented

in the model (Oberhuber 1993). Note that the mixed

layer is one single model layer. The model domain ex-

tended from 308S–308N, 1008E–708W in the tropical

Pacific, with 18 in longitude, 0.58 in latitude, and 16 layers

in the vertical including an active mixed layer. The bi-

harmonic along-isopycnal viscosity (9 3 1011 m4 s21)

is used. A biharmonic form of Smagorinsky’s nonlinear

eddy viscosity is also used with the nondimensional

biharmonic Smagorinsky’s constant 0.032. The kine-

matic viscosity below the mixed layer is 1 3 1024 m2 s21.

For the diffusivity, the along-isopycnal tracer diffusivity

is 1 3 103 m2 s21 and the diapycnal diffusivity of density
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below the mixed layer is 3 3 1025 m2 s21. We spun up

the model for 10 yr using the 40-yr European Centre

for Medium-Range Weather Forecasts (ECMWF)

Re-Analysis (ERA-40) forcing from January 1995 to

December 1999, repeated once, and then we ran the

model for 5 yr from January 2000 to December 2004

using QuikSCAT winds, International Satellite Cloud

Climatology Project (ISCCP) shortwave and longwave

radiation, and NCEP-2 for other atmospheric state

variables.

It has been shown that QuikSCAT winds have smaller

errors than numerical weather prediction (NWP) rean-

alysis winds when compared to TAO buoy winds (Kelly

et al. 1999; Chelton et al. 2001; Jiang et al. 2005). The

model was forced by the 18 3 18 gridded daily QuikSCAT

winds field (Kelly et al. 1999). For the shortwave and

longwave radiation, we chose 18 3 18 daily ISCCP data.

The turbulent heat fluxes (latent and sensible heat

fluxes) were calculated in the model using the Univer-

sity of Arizona bulk algorithm (Zeng et al. 1998) from

QuikSCAT wind speed, NCEP-2 atmospheric variables,

and model SST. Single variables (e.g., T, u, and y) and

mixed-layer temperature budget terms from January

2000 to December 2004 were saved as 5-day averaged

fields for analysis. (See Jiang et al. 2008 for details on

the dynamical forcing fields used in this study.)

To gain confidence in the analysis, the model SST and

208C isotherm depth (Z20) averaged between 28S and

28N are compared with TAO array buoy measurements

within 28S–28N. We also compared the model SST along

28N with the fusion SST product from Remote Sensing

Systems (RSS), which is an optimally interpolated SST

map using the Tropical Rainfall Measuring Mission

(TRMM) Microwave Imager (TMI) sensor.

To obtain the intraseasonal signal, which is primarily

Kelvin waves but also includes some energy from

Rossby waves propagating from the far eastern Pacific,

we used a bandpass scheme similar to that used in

McPhaden (2002). The 5-yr mean and seasonal cycle

were first subtracted from the initial time series to de-

rive an anomalous time series. The anomalous time

series were then low-pass filtered with a filter whose

half-power frequency was 30 days and another filter

whose half-power frequency was 90 days. The band-

passed intraseasonal signal was the difference between

the above two low-pass-filtered results. The time series

associated with tropical instability waves (also called

high frequency) was obtained by high-pass filtering the

anomalous time series with a filter whose half-power

frequency was 30 days. The above bandpass scheme

with intraseasonal Kelvin waves and TIWs is justified by

the distinct peak gaps between 208C isotherm depth at

08, 1408W and SST at 28N, 1258W for both the obser-

vations and the model (Fig. 1). A peak of 50–75 days

(Kelvin waves) is shown in TAO Z20 at 08, 1408W, and a

peak of 20–35 days (TIWs) is shown in TMI SST at 28N,

1258W. The respective values for the model match well

with the observations. Note that the peaks in both the

observations and the model are statistically significant.

3. Comparison of the model with observations

The model compares well with TAO measurements

along the equator (Figs. 2, 3) in most aspects (Jiang et al.

2008). The model Z20 is slightly too shallow in the

western Pacific and too deep in the east (Fig. 3c).

Consistent with errors in Z20, the model SST is slightly

too cool in the western equatorial Pacific and too warm

in the eastern equatorial Pacific (Fig. 3d). The mean

zonal velocity from the model (Fig. 2d) captured the

main features of the observed velocity (Fig. 2b), with

the maximum magnitude of the equatorial undercurrent

(EUC) in the model only slightly weaker and the posi-

tion of the EUC core only slightly deeper than ob-

served. The weak EUC in the model might be partly

responsible for the slightly warm temperature in the

eastern Pacific. The westward ocean currents in the

western Pacific shown in the observations were not

simulated well in the model, probably owing to either

the poor data availability of TAO observations or the

coarse coastline and topography used in the model.

The time series of model Z20 (Fig. 3) correlates well

with the observations in the central and eastern Pacific

(correlation coefficient c $ 0.60), whereas the correla-

tion is relatively small in the western Pacific around

1608E. For SST, the model and the observations corre-

late well in the central and eastern Pacific (c . 0.75) but

not as well in the western Pacific (c , 0.60).

a. Intraseasonal

The intraseasonal signal in the model, as represented

by Z20, compares well with the observations, especially

in phase speed (Figs. 4a,c). The eastward propagation of

Z20 can be seen in both the observations and the model,

and it is associated with the propagation of downwelling

and upwelling Kelvin waves, generated in response to

both westerly wind bursts and easterly wind anomalies

in the western Pacific. The magnitude of the intra-

seasonal thermocline fluctuation (up to 20 m) in the

model is generally larger than in the observation, which

suggests that the intraseasonal Kelvin waves in the

model are somewhat too vigorous. The time–longitude

plots of the intraseasonal sea surface temperature also

compare well with the TMI observations (Figs. 4b,d).

Contrary to the eastward propagation of the Z20, the

warming and cooling events on intraseasonal time scales
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occurred almost simultaneously over a wide range of

longitudes and even appeared to propagate westward,

especially in the eastern Pacific. These phenomena have

also been noticed in the 1990s and early 2000s (Kessler

and McPhaden 1995; Zhang 2001; McPhaden 2002).

Note that the magnitude of the SST variations tended to

increase from west to east. As a result, the zonal gra-

dient of the intraseasonal temperature showed large

magnitude in the eastern Pacific, which can be seen in

both the observations and the model (Figs. 5a,b). The

intraseasonal zonal velocity anomalies propagate east-

ward in phase with Z20 anomalies (Fig. 5c). However,

an interesting pulsing pattern can also be seen in the zonal

velocity, which we interpret as interference between

eastward-propagating Kelvin and westward-propagating

Rossby waves. It is noteworthy that the magnitude of the

zonal velocity by the Kelvin wave is much larger than

that of the Rossby wave. The effect of this interference

pattern is westward-propagating zonal-convergence

anomalies that appear to be responsible for the west-

ward propagation of the intraseasonal zonal-temperature-

gradient anomalies shown in Figs. 5a,b.

The intraseasonal Z20 time series in the model cor-

relates well with TAO in the central Pacific (c $ 0.60).

The correlations are relatively low, however, in the far

western and eastern Pacific, which might be due to the too-

vigorous Kelvin waves located there in the model. For the

intraseasonal SST, the model agrees well with the obser-

vations in the western and central Pacific but has a rela-

tively small correlation in the eastern Pacific (not shown).

FIG. 1. Power spectral density of Z20 (m) at 08, 1408W, where the distinct signal of Kelvin waves were shown for (a) TAO and (b) HIM

and power spectral density of SST (8C) at 28N, 1258W where the distinct signals of TIWs were shown for (c) TAO and (d) HIM. The

smooth solid curve is the spectrum of red noise that has the same total variance as the signal. The dashed curve is the 95% confidence level

(CL) needed to reject a null hypothesis of red noise on an a priori basis.
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b. High frequency

The 30-day high-pass-filtered SST in the model (Fig. 6a)

agrees well with TMI SST (Fig. 6b) along 28N. The west-

ward propagation of the TIWs can be seen easily, espe-

cially during autumn and winter. The model did not do

well in capturing TIW activity in the central Pacific in the

second half of 2000 and in 2001. However, the model did

do well in simulating the strong TIW activity in early 2003,

the importance of which will be addressed in detail later.

The strength of TIWs in the model, which can be il-

lustrated by the meridional velocity (time averaged

from January 2000 to December 2004) in the mixed

layer at 08, 1408W, is consistent with the meridional

velocity observations of TAO array at 35-m depth,

which is in the middle of the mixed layer in the model

(not shown). In addition, the meridional velocity in the

mixed layer at 081408W has a period of approximately

20 days, which is consistent with the peak in the velocity

at 35-m depth from 08, 1408W TAO mooring (not shown).

The 5-yr TAO time series at 1408 and 1108W along the

equator show a surface (35 m) maximum of eddy kinetic

energy (EKE) of 436 and 649 cm2 s22, respectively; with

periods less than 30 days, the respective values for the

model are 403 and 562 cm2 s22.

4. Intraseasonal mixed-layer temperature budget

Given the adequate performance of the model in

reproducing the variability and the mean along the

equator mentioned in section 3, we proceed with the

budget analysis to investigate the roles of Kelvin waves

and TIWs in SST variability.

The MLT in the model evolves in a sequential manner

with the following five steps: 1) horizontal advection, 2)

horizontal diffusion, 3) net surface heat flux, 4) vertical

diffusion, and 5) entrainment. We calculate the mixed-

layer temperature budget terms associated with each of

these processes by evaluating the temperature values

before and after the relevant model routines are recorded

FIG. 2. Five-year mean (a),(c) temperature (8C) and (b),(d) zonal velocity (cm s21). Data are from (a),(b) TAO and (c),(d) the model

along the equator (averaged over 28S–28N). The dark black line in (a) shows the mean Levitus mixed-layer depth, and the dark black line

in (c) shows the mean mixed-layer depth in the model.
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(Dawe and Thompson 2007). The MLT budget closes

and is consistent with the representation of the tem-

perature budget in the model. The vertical diffusion is

not separated from the vertical entrainment term in this

study. The horizontal diffusivity term is much smaller

(averaged ;0.18C yr21) than other terms (;182108C yr21)

so it is excluded in the analysis. At the same time as the

temperature is evolved in the model, the mixed-layer

depth and other layer thicknesses also evolve, such that

the mixed-layer depth at each step and the model

temperature evolution are consistent.

Thus, the four primary mixed-layer temperature

budget terms that influence its tendency (›T/›t) are the

zonal advection, meridional advection, vertical diffusion

and entrainment, and the net surface heat flux absorbed

in the mixed layer (absorbed shortwave radiation in the

mixed layer, net outgoing longwave radiation, sensible

heat flux, and latent heat flux). For a shorthand, we write

those four terms as�u(›T/›x), �y(›T/›y), �we(DT/h),

and Qnet/r0Cph, where u, y, and we are the mixed-layer

zonal velocity, meridional velocity, and vertical en-

trainment, respectively, at the base of the mixed layer;

FIG. 3. Time–longitude plots of the equatorial (a) TAO 208C isotherm depth, (b) TAO SST, (c) HIM 208C

isotherm depth, and (d) HIM SST.
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r0 is the seawater density; Cp is the heat capacity; h is

the mixed-layer depth; and DT is the temperature dif-

ference between the mixed layer and the temperature of

the layer being entrained into the mixed layer. In this

study, Qnet represents the net surface heat flux absorbed

in the mixed layer and is equivalent to the adjusted net

surface heat flux Qadj used in McPhaden (2002). How-

ever we emphasize that, as discussed earlier, our method

of estimating these terms differs from that typically used

in empirical analyses such as McPhaden (2002). In par-

ticular, each term, including vertical diffusion and en-

trainment, is calculated exactly at each model time step.

a. Along the equator

The correlations between the intraseasonal MLT

tendency and each of the other four temperature budget

terms along the equator are shown in the left panel of

Fig. 7. The correlations of the same four TAO moorings

as in McPhaden (2002) are presented in the right panel

FIG. 4. Time–longitude plots of the intraseasonal (a) TAO 208C isotherm depth, (b) TMI SST, (c) HIM 208C

isotherm depth, and (d) HIM SST. The 14 dotted black lines in (c) show the selected downwelling Kelvin wave

ray paths, and the 12 dotted white lines show the upwelling Kelvin wave ray paths. The zonal grid resolutions in

(b) and (d) are 18.
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of Fig. 7 to facilitate the comparison with his results.

The time series of the model at a certain mooring lo-

cation are obtained by taking the mean of the nearby

model points within 58 longitude. The model suggested

an important role for zonal advection (top panel) at all

longitudes on the equator with the largest correlations

in the central Pacific. The net surface heat flux term

(bottom panel) has the largest correlation in the western

Pacific. In the eastern Pacific, zonal advection, vertical

diffusion and entrainment, and the meridional advec-

tion all have comparable magnitudes of correlations

with the temperature tendency. The net heat flux has

the smallest correlation in the eastern Pacific, especially

east of 1208W. In general, the model results at the four

TAO sites (right panel of Fig. 7) compare well with

those of McPhaden (2002, his Figs. 6, 8, 10, and 12) that

were based on TAO buoy data at those four sites: the

correlation between the zonal advection and the tem-

perature tendency is largest in the central Pacific and

the correlation between the net surface heat flux and

temperature tendency is the largest in the western Pa-

cific. In the eastern Pacific, however, the model differs

from his result: three of those four terms (zonal ad-

vection, vertical diffusion and entrainment, and merid-

ional advection) have comparable magnitudes, whereas

McPhaden found that the vertical flux and entrainment

dominated. It is noteworthy that the vertical term in

McPhaden (2002) is the residual of other budget terms.

The model result suggested that, when following a sin-

gle Kelvin wave, one would expect to see the effect of

zonal advection from the wave on the intraseasonal tem-

perature tendency in the central Pacific but not necessarily

in the eastern Pacific because the two other processes

contribute as well.

To determine which physical processes associated with

Kelvin waves and TIWs contribute most to the temper-

ature tendency along the equator, we decomposed the

zonal and meridional advection terms by frequency. We

FIG. 5. Time–longitude plots of the equatorial (a) TMI ›Tis/›x, (b) HIM ›Tis/›x, (c) HIM zonal velocity uis, and (d) HIM ›uis/›x.
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independently bandpass filtered the temperature and

velocities and then calculated the contribution to the

tendency from each cross term. We decomposed each

single variable (e.g., T, u, and y) into three parts: high

frequency, which represents the TIWs (hf; ,30 days);

intraseasonal signal, which represents primarily the

Kelvin waves but also includes other variability such as

from Rossby waves generated in the far eastern Pacific

(is; 30–90 days); and the residual signal, which we refer

to as the low-frequency signal (lf; .90 days). The

FIG. 6. Time–longitude plots of the 30-day high-passed SST (8C) along 28N for (a) TMI and (b) the model.
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residual low-frequency signal includes the seasonal cy-

cle, the interannual signal, and the five-year mean.

Single variables can be expressed as a sum of three

frequency band components:

T 5 Thf 1 T is 1 T lf ,

u 5 uhf 1 uis 1 ulf , and

y 5 yhf 1 yis 1 ylf .

(1)

Their contribution to the advection gives nine cross

terms for zonal advection,

u
›T

›x
5 (uhf 1 uis 1 ulf) 3

›

›x
(Thf 1 T is 1 T lf)

5 uhf
›Thf

›x
1 uhf

›T is

›x
1 uhf

›T lf

›x

1 uis
›Thf

›x
1 uis

›T is

›x
1 uis

›T lf

›x

1 ulf
›Thf

›x
1 ulf

›T is

›x
1 ulf

›T lf

›x
, (2)

and meridional advection,

FIG. 7. (left) Correlations of the intraseasonal temperature tendency with temperature budget terms: (top)–

(bottom) zonal advection, meridional advection, vertical diffusion and entrainment, and net surface heat flux

along the equator. (right) Corresponding values at four TAO buoys. Ninety-five percent confidence limits for the

correlations (dashed–dotted lines in left and asterisks in right) are also shown.
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y
›T

›y
5 (yhf 1 yis 1 ylf) 3

›

›y
(Thf 1 T is 1 T lf)

5 yhf
›Thf

›y
1 yhf

›T is

›y
1 yhf

›T lf

›y

1 yis
›Thf

›y
1 yis

›T is

›y
1 yis

›T lf

›y

1 ylf
›Thf

›y
1 ylf

›T is

›y
1 ylf

›T lf

›y
.

(3)

We calculated each term separately from filtered

5-day averaged variables and then filtered the cross

terms to determine how much each contributed to the

temperature tendency in the corresponding frequency

band (hf, is, and lf). The physical interpretations of

some cross terms in (2) and (3) are listed in Table 1.

We first examine the zonal advection contribution to

the intraseasonal temperature tendency. In the central

Pacific, where the correlation with temperature tendency

is largest, intraseasonal zonal advection results from both

advection of intraseasonal temperature gradient by the

low-frequency zonal velocity [�ulf(›T is/›x); see Table 1]

and advection of the low-frequency temperature gradient

by the intraseasonal zonal velocity [�uis(›T lf/›x); see

Table 1]. This implies that the intraseasonal waves can

affect the temperature in the central Pacific by modifying

both the zonal current structure (uis) and the zonal

temperature gradient ›T is/›x. In the eastern Pacific,

�ulf(›T is/›x) increases and dominates, owing to the

larger anomalous zonal temperature gradient there (Fig.

5b). As discussed earlier, the increased magnitude of the

intraseasonal SST anomaly in the eastern Pacific results

in an anomalous zonal SST gradient.

The contribution to the intraseasonal temperature

tendency from meridional advection cross terms (Fig. 8b)

is relatively small when compared to zonal advection

(Fig. 8a). However, among the nine cross terms in (3),

there are two terms that stand out in the eastern Pacific:

meridional advection of the mean temperature gradient

by the intraseasonal meridional velocity �yis(›T lf/›y),

which might result from cross-equatorial wind stress

anomalies, and the high-frequency nonlinear term

�yhf(›Thf/›y) (see Table 1) produced by the TIWs that

rectify into the intraseasonal band.

One might argue that if the largest cross terms in ei-

ther zonal or meridional advection could cancel, then

their sum would not matter to the intraseasonal tem-

perature tendency. However, the largest cross terms,

averaged from 1508 to 908W, are not significantly anti-

correlated and thus appear to play a role in the intra-

seasonal temperature tendency.

b. Along the composite Kelvin waves

The intraseasonal signal in this study includes pri-

marily the Kelvin waves but also some energy from

intraseasonal Rossby waves in the far eastern Pacific.

Therefore, to examine the effect of intraseasonal Kelvin

waves on SST variability, it is important to quantify how

much a composite downwelling or upwelling Kelvin

wave contributes to the intraseasonal SST anomaly at a

certain location. From the contours of the intraseasonal

time–longitude plots of the 208C isotherm depth along

the equator (28S–28N), we tracked 14 downwelling

(dark dotted lines in Fig. 4c) and 12 upwelling (white

dotted lines in Fig. 4c) Kelvin waves during the 5-yr

period. For each downwelling Kelvin wave, for instance,

we determined its temporal and spatial extent from the

positive maximum anomaly of the intraseasonal 208C

isotherm depth. Note that Z20 is positive throughout

this paper. The temporal and spatial locations of all 14

downwelling and 12 upwelling Kelvin waves for single

variables (e.g., T, u, and y) and mixed-layer temperature

budget terms were then obtained. Finally, at each lon-

gitude grid point, we averaged the single variables and

budget terms over periods of anomalous positive and

negative Z20 to obtain the average values for respec-

tively downwelling and upwelling Kelvin waves.

As evident in Fig. 9, there was a warming anomaly

almost all the way from west to east along the trajectory

of a composite downwelling Kelvin wave. In the central

Pacific, from 1808 to 1258W, zonal advection along the

composite downwelling Kelvin wave accounted for

most of the positive anomaly in the temperature ten-

dency (Fig. 9a). In the eastern Pacific, east of 1308W,

however, vertical diffusion and entrainment started to

play an important role (Fig. 9b). The region separating

these two processes appeared to be much less than

2500 km, a quarter of the Kelvin wavelength. Thus, the

time for a composite Kelvin wave to travel from the re-

gion where the zonal advection dominates to the region

where the vertical processes contribute is short relative to

the time for SST to respond to zonal advection. There-

fore, warming by a single downwelling Kelvin wave

TABLE 1. Physical interpretation of some cross terms in (2) and (3).

Cross terms Physical interpretation of advection terms

�ulf
›T is

›x

Zonal advection of T anomalies from Kelvin

waves by low-frequency velocity

�uis
›T lf

›x

Zonal advection by velocity anomalies

from Kelvin waves

�ulf
›T lf

›x

Low-frequency zonal advection

�uis
›T is

›x

Zonal rectification from Kelvin waves

�yhf
›Thf

›y

Meridional rectification from TIWs
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could occur earlier in the eastern Pacific than in the

central Pacific, given the fact that the vertical diffusion

and entrainment leads the zonal advection by a quarter

of a cycle. The magnitude of the meridional advection

along Kelvin waves (not shown) is smaller than the

zonal advection and vertical diffusion and entrainment.

We also found apparent cancellations of the temper-

ature tendency, zonal advection, and vertical diffusion

and entrainment along the equator between composite

downwelling and upwelling Kelvin waves. Zonal ad-

vection and vertical processes tend to oppose the cool-

ing anomalies by an upwelling Kelvin wave, although

this cancellation is not exact. As shown in the histo-

grams of the intraseasonal Z20 along 14 downwelling

(Fig. 9c) and 12 upwelling (Fig. 9d) Kelvin waves, the

mean magnitude of Z20 along the two selected types of

waves are the same (about 12 m).

5. Low-frequency mixed-layer temperature budget

For the low-frequency temperature budget (.90 days),

the correlation results are similar to those of the intra-

seasonal time scale: zonal advection has a significant

correlation with temperature tendency along the equa-

tor, especially in the central Pacific (Fig. 10, top panel).

In addition, the net surface heat flux (Fig. 10, bottom

panel) has the largest correlation with temperature ten-

dency in the western Pacific. Meridional advection and

vertical diffusion and entrainment have slightly smaller

correlations along the equator than zonal advection and

net surface heat flux but might still be important.

Of the three cross terms in (2) that contribute sig-

nificantly to the low-frequency zonal advection, advec-

tion of the low-frequency temperature gradient by the

low-frequency velocity �ulf(›T lf/›x) has the largest mag-

nitude (Fig. 11a). This term is associated with the inter-

action between the low-frequency horizontal velocity and

temperature gradient fluctuations. The rectification from

the intraseasonal Kelvin waves�uis(›T is/›x) is associated

with the interaction between the intraseasonal zonal

current with zonal SST gradient by the intraseasonal

waves to the temperature tendency and contributes

significantly in the eastern Pacific. In addition, there is a

small rectification from tropical instability waves

[�uhf(›Thf/›x)]. There are no significant anticorrelations

between the largest cross terms, suggesting that they are

all crucial terms in zonal advection (Figs. 12a,b). De-

termining whether or not those cross terms contribute

greatly to the low-frequency temperature tendency re-

quires a complete decomposition analysis of all the

budget terms, including vertical diffusion and entrain-

ment and net heat flux, which cannot be easily done

FIG. 8. Root-mean-square (RMS) of the intraseasonal temperature tendency and the decompositions of

the (a) zonal advection and (b) meridional advection along the equator.
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using the same bandpass method as in the horizontal

advection because the mixed-layer depth evolves in

concert with other variables in this isopycnal model.

The time series of the largest cross terms in zonal

advection (Fig. 12a), averaged from 1508 to 908W, sug-

gest that the rectification from intraseasonal waves

[�uis(›T is/›x)] is a positive (warming) contribution to

the low-frequency temperature tendency from late 2002

to early 2004.

For meridional advection, rectification from tropical

instability waves�yhf(›Thf/›y) has the largest magnitude

from 1408 to 1108W among all the cross terms (Fig. 11b).

As in the zonal advection, there are no significant can-

cellations between the largest cross terms in the meridi-

onal advection (Fig. 12b). The term associated with the

interaction between the low-frequency meridional veloc-

ity and temperature gradient fluctuations [�ylf(›T lf/›y)]

showed seasonal cycles, with cooling in March and

FIG. 9. (a) The intraseasonal temperature tendency vs zonal advection along composite Kelvin waves, (b) tem-

perature tendency vs vertical diffusion and entrainment along composite Kelvin waves, (c) histogram of the

intraseasonal Z20 for all 14 downwelling Kelvin waves, and (d) histogram of the intraseasonal Z20 for all

12 upwelling Kelvin waves.
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warming in September. However, the cooling by this

term in early 2003 seems to be mostly compensated by

the anomalous warming by the rectification from TIWs

[�yhf(›Thf/›y)], indicating a possibly important role of

TIWs in the seasonal evolution of the cold tongue.

It can be shown that the approaches used by Kessler

and Kleeman (2000) and Shinoda and Hendon (2002) to

calculate the rectification are comparable to the band-

passed method used in this study. Briefly, the rectifica-

tion from an anomalous signal (V9) to the mean (Vmean)

in their approaches is the running mean of the differ-

ence between a product of the anomalous signals plus

their means and a product of the means. In analogy to

their approach, the rectification in the zonal advection is

defined as the running mean of the difference between

the following two terms: (umean 1 uis)[›(Tmean 1 T is)/›x]

and umean[›(Tmean)/›x]. The signal longer than 90 days

was referred to as the mean in Shinoda and Hendon

(2002) and is the same as the low-frequency signal in this

study. Therefore, the rectification using their approaches

before the 90-day running mean is taken as identical to

three cross terms in this study [uis(›T is/›x), uis(›T lf/›x),

and ulf(›T is/›x)]. We found that rectification calculated

from their approaches is primarily from one single

bandpass-filtered term [uis(›T is/›x)] in this study.

The low-frequency temperature tendency has both

seasonal and interannual cycles (Fig. 13a), whereas the

rectification of the intraseasonal waves occurred during

the second half of 2002, all of 2003, and the first half of

2004 (Fig. 13b). The large magnitude of the rectification

was mainly centered in the eastern Pacific, especially

east of 1408W, where the large magnitude of the zonal

gradient of the intraseasonal SST was found (Fig. 5). As

mentioned in section 4, the increased magnitude of the

intraseasonal temperature tendency in the east by the

Kelvin waves (Fig. 9) might be responsible for the large

SST gradient and, therefore, the rectification. Five years

of analysis is not long enough to identify which time

scale of temperature tendency the intraseasonal Kelvin

waves rectified to. However, there is distinct rectifica-

tion of the tropical instability waves in the meridional

advection term in early 2003, which might be associated

with the strong TIW activity during that period (as

shown in Fig. 6). This strong TIW activity caused a large

positive latitudinal SST gradient (over 18C between 28N

and the equator); the resulting warming of the cold

tongue may have contributed to the demise of the 2003

La Niña (McPhaden 2004). It is yet unclear whether this

strong TIW activity is related to the prevalence of in-

traseasonal Kelvin waves from 2002 to 2004.

6. Discussion and conclusions

In this study, we examined the contribution of Kelvin

waves and TIWs to the intraseasonal and low-frequency

mixed-layer temperature tendency from 2000 to 2004.

An isopycnal ocean model was forced with QuikSCAT

winds, ISCCP shortwave and longwave radiation, and

other NCEP-2 meteorological variables.

The model well captured the mean and variability

along the equator as compared to observations. The

FIG. 10. As in left of Fig. 7, but for the low-frequency signal.
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FIG. 11. As in Fig. 8, but for the low-frequency signal and three largest terms.

FIG. 12. Time series of the largest three terms averaged from 1508 to 908W in (a) zonal advection and (b)

the meridional advection from January 2000 to December 2004.
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intraseasonal variability of Z20, the SST, and the SST

zonal gradient compared well with TAO observations.

The zonal SST gradient has large magnitude in the

eastern Pacific and appeared to propagate westward in

the far east. The intraseasonal anomalies in the zonal

SST gradient are ultimately caused by the large SST

variations to the east caused by vertical processes acting

on the shallow thermocline there. These large SST

variations tend to be in phase with weaker SST varia-

tions in the central Pacific and thus result in a SST zonal

gradient. Once this gradient is generated, the westward-

propagating zonal convergence associated with the

Kelvin and Rossby wave interference pattern causes the

zonal temperature gradient to also propagate westward.

Additionally, the TIW signals along 28N in the model

agreed well with the TMI SST observations, especially

in early 2003. The strength of the TIWs in the model is

consistent with the TAO observations.

The intraseasonal mixed-layer temperature budget is

consistent with the results of McPhaden (2002) based on

four TAO moorings: the temperature tendency has the

largest correlation with the net surface heat flux in the

western Pacific, where the thermocline is deep, and with

zonal advection in the central Pacific. In the eastern Pa-

cific, the model differs from McPhaden’s results, in that

three of the four temperature budget terms (zonal advec-

tion, vertical diffusion and entrainment, and meridional

advection) have comparable correlations with tempera-

ture tendency. In particular, the vertical processes acting

on the shallow thermocline cause large SST anomalies in

phase with the intraseasonal thermocline anomalies.

The intraseasonal temperature budget analysis along

the composite Kelvin wave confirmed the above results

along the equator. The region where the zonal advection

dominates was found to be adjacent and to the west of the

region where the vertical processes contribute, with the

transition occurring roughly at 1308W. This finding con-

firms the statement of McPhaden (2002) that the growing

importance of the vertical diffusion and entrainment in

the eastern Pacific is responsible for the in-phase or even

westward-propagating SST variations, as shown in Fig. 4.

Furthermore, there were apparent cancellations in the

intraseasonal temperature tendency, zonal advection, and

vertical diffusion and entrainment between the composite

FIG. 13. Time–longitude plots of the (a) low-frequency temperature tendency, (b) intraseasonal zonal advection

of the intraseasonal zonal temperature gradient, and (c) high-frequency meridional advection of the high-

frequency meridional temperature gradient. Units are 1027 8C s21.
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downwelling and upwelling Kelvin waves. These cancel-

lations suggested that the importance of Kelvin waves to

SST variability depends on the ratio of the numbers of

downwelling to upwelling Kelvin waves weighted by their

strength with only linear effects included.

We decomposed the horizontal advection terms into

three spectral bands (high frequency: ,30 days; intra-

seasonal: 30–90 days; low frequency: .90 days). For

the intraseasonal temperature tendency, a comparison of

the contributions suggested that zonal advection of the

intraseasonal temperature gradient by the low-frequency

zonal velocity �ulf(›T is/›x) and zonal advection of the

low-frequency temperature gradient by intraseasonal

zonal velocity�uis(›T lf/›x) are comparable in the central

Pacific, but that �ulf(›T is/›x) dominates in the eastern

Pacific, where the thermocline is shallow. A small con-

tribution from the meridional advection of the high-

frequency meridional temperature gradient by the high-

frequency meridional velocity, �yhf(›Thf/›y), indicated

a rectification of meridional advection from the TIWs

to the intraseasonal temperature tendency.

The low-frequency mixed-layer temperature ten-

dency has the largest correlation with zonal advection in

the central Pacific and the net surface heat flux in the

western Pacific, but all budget terms might contribute to

low-frequency temperature tendency in the eastern

Pacific. We found rectification in horizontal advection

from the intraseasonal waves and TIWs to be secondary

contributors, with the largest contribution from the

advection of the low-frequency temperature gradients

by low-frequency velocities. The rectification from the

intraseasonal waves [�uis(›T is/›x)] had large magnitude

in the eastern Pacific, especially east of 1408W, where a

large magnitude of the zonal gradient of the intra-

seasonal SST can also be found. In addition, the can-

cellations we found in the intraseasonal temperature

tendency between a composite downwelling and up-

welling Kelvin wave do not indicate there would be no

net contribution. There would be no net contribution

from a downwelling Kelvin wave and a subsequent

upwelling Kelvin wave only in a linear context in which

no interaction among intraseasonal oscillations [e.g.,

�uis(›T is/›x)] occurred. It is the nonlinearity between

the intraseasonal zonal velocity and the zonal gradient

of the intraseasonal SST by the Kelvin waves that re-

sulted in the rectification to low-frequency SST. The

rectification in SST by the feedback between the warm

pool SST and MJO in the western Pacific has been found

in Kessler and Kleeman (2000). This study, however,

provided the physical mechanism for the rectification in

SST from intraseasonal waves in the eastern Pacific.

The rectification in SST from TIWs in the eastern

Pacific has been found in the coupled model of Jochum

et al. (2007b) and Jochum and Murtugudde (2004). Our

paper suggested that the strong TIW activity associated

with strong SST fronts along 28N and cold SST on the

equator in early 2003 may be responsible for the recti-

fication of the TIWs to the low-frequency temperature

tendency. Averaged from 1508 to 908W, the magnitude

of the rectification of TIWs in early 2003 to the low-

frequency SST variability is comparable with the cooling

contribution from low-frequency interaction. This im-

plies that anomalously strong TIWs in early 2003 warm

the cold tongue, which may contribute to the abrupt

cessation of the La Niña in early 2003 (McPhaden 2004).

Because we only decomposed the horizontal advec-

tion terms in this study, the rectification from the

intraseasonal Kelvin waves and TIWs to the low-

frequency temperature tendency through zonal advec-

tion might be smaller than other MLT budget terms and

therefore have less of a contribution to the low-

frequency temperature tendency. Further and more

complete studies are required to determine the roles of

these two types of waves to the low-frequency SST

variability. Although the low-frequency analysis in this

study includes the seasonal cycle and the interannual

variability, our results did not indicate the exact time

scales on which the Kelvin waves and TIWs rectified.

With only 5 yr of QuikSCAT wind forcing, we could not

examine the longer time scale in detail. It would be in-

teresting to further explore this scale interaction when a

longer period of QuikSCAT winds is available. In ad-

dition, our analysis focused on the equatorial tempera-

ture budget, not on the meridional temperature struc-

ture. Using a numerical model, Jochum and Murtugudde

(2006) showed that the off-equatorial zonal heat flux

convergences by the TIWs were comparable in size to

the meridional eddy heat flux convergence on the

equator. This was verified by Jochum et al. (2007a) us-

ing on- and off-equatorial current meter measurements.

According to Jochum and Murtugudde (2006), TIWs act

as a vertical heat pump and increase the net air–sea

surface heat flux on the annual-mean time scale. Further

temperature budget studies with longer model runs are

needed to determine whether or not the rectification

from intraseasonal Kelvin waves and TIWs are critical

to ENSO and to climate variability.
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