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Abstract

The roles of intra-seasonal Kelvin waves and tropical initg waves (TIWSs) in
the intra-seasonal and low-frequency mixed-layer tempezdudget were examined
in an isopycnal ocean model forced by QuikSCAT winds from@@9p2004. Cor-
relations between temperature tendency and other terrhe afitra-seasonal budget
compare well with previous results using TAO observatioihe net heat flux has
the largest correlation in the western Pacific; and zonatetilmn has the largest cor-
relation in the central Pacific. In the central Pacific, thieairseasonal variations in
zonal advection were due to both the zonal background wglacting on the Kelvin
wave temperature anomaly and the Kelvin wave’s anomalolegi acting on the
background temperature. In the eastern Pacific, three dbthidemperature budget
terms have comparable correlations. In particular, théoadrprocesses acting on
the shallow thermocline cause large SST anomalies in phiakdhe intra-seasonal
thermocline anomalies.

On intra-seasonal time scales, the influence of composuellipg and down-
welling Kelvin waves cancel each other. However, becausearttia-seasonal SST
anomalies increase to the east, a zonal gradient of SST eaed that is in phase
with intra-seasonal zonal velocity. Consequently, heagation by the Kelvin waves
rectifies into lower frequencies in the eastern Pacific. iReation due to TIWs was
also seen. The prevalence of intra-seasonal Kelvin wawés$henzonal structure of
intra-seasonal SST from 2002 to early 2004 suggested teptntight be important

in setting the eastern Pacific SST on interannual time scales
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1. Introduction

Previous research suggests possible connections betwiarseéasonal downwelling Kelvin
waves driven by westerly wind bursts in the western Pacifictae SST warming in the eastern
Pacific on both intra-seasonal and low frequency time sc@tzsrison and Schopf 1984; Harri-
son and Giese 1988; Giese and Harrison 1991; Kessler et3; MtPhaden 1999; Kessler and
Kleeman 2000; Vecchi and Harrison 2000; Zhang and Gottskl2802; McPhaden 2002; Kut-
suwada and McPhaden 2002; Seo and Xue 2005). On intra-sg¢éisemscales, the downwelling
Kelvin waves can remotely affect the eastern Pacific SST baypgimg the zonal current structure
in the central and eastern equatorial Pacific (Harrison aad€G1988; Giese and Harrison 1991,
Kessler et al. 1995; Vecchi and Harrison 2000), by chandieghermocline slope (Zhang 2001),
and by influencing the meridional advection by the tropioatability waves (TIWs) (Giese and
Harrison 1991). See Kessler (2005) for a review. Intra-@ealssignal can also rectify into lower
frequencies through nonlinearities. In the western Pacifiessler and Kleeman (2000) found
rectification in SST by the feedback between the warm pool &R&ITMadden-Julian Oscillation
(MJO). Likewise, if the intra-seasonal wave causes tenmperaradient anomalies that are in
phase with the velocity anomalies, then advective prosesae cause the anomalies to rectify
into lower frequencies. For instance, Jochum and Murtug@@04) found rectification in SST
from TIWSs in the eastern Pacific.

McPhaden (2002) examined the physical processes thabttmrintra-seasonal SST vari-
ability in the equatorial Pacific at four TAO (Tropical Atn@geric-Ocean) moorings Sitelss6° F,
170°W, 140°W, and110°W). McPhaden found that zonal advection dominates in ther@ent
Pacific and vertical advection and entrainment dominatbereastern Pacific. His findings pro-

vided an explanation for the warming and cooling events dlcaurred simultaneously over a
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wide longitude range, as noted by Kessler and McPhaden JTR@mg the 1991/1992 El M.
McPhaden argued that the increased importance of vertivalkcdion and entrainment in the east-
ern Pacific, which leads the thermocline depth by a quarteydk, can cause the SST to vary
in phase along the equator or even to appear to propagateavdstWe note that if SST varied
in phase perfectly with the same magnitude at all longituttesn there would be no zonal SST
gradient anomalies associated with Kelvin waves and thpeeature advection would not rectify
into lower frequencies. Likewise, if the SST anomaly wadgmly in phase with the velocity
anomaly, then the zonal SST gradient due to the wave woul@teexactly when the velocity
anomaly was maximum and, again, there would be no rectificatito lower frequencies. Given
the complexity of the dynamics in the equatorial Pacific dreapproximation and assumptions
invoked by the empirical analysis, it is not clear that thiege cases are uniformly valid. In this
study we will use a numerical model to investigate the isgasonal variations due to Kelvin
waves and whether and how advection rectifies intra-sebganations into the lower frequency
temperature balance. We also will examine potential reatibn by tropical instability waves.
Legeckis (1977) first characterized TIWSs from satellite sedace temperature (SST), with
a period of about 25 days and a wavelength of about 1000 km. cohg&ibution of TIWs to
the low frequency SST anomalies in the eastern Pacific,codaitly to seasonal SST anomalies,
has been studied in the past (Hansen and Paul 1984; Swendddaasen 1999; Wang and
McPhaden 1999; Kessler et al. 1998; Polito et al. 2001; Memkel. 2006; Jochum and Mur-
tugudde 2004). Many of these studies emphasize the roleWwsTh warming the cold tongue
in its seasonal evolution through horizontal eddy heatspart. Determining how TIWs modu-
late both intra-seasonal and low frequency SST anomali#seafold tongue in an OGCM with

improved forcing of high-resolution QuikSCAT winds is thecendary goal of this study.
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The overall goal of this study is to explore the influence ofizuntal advection by Kelvin
waves and TIWs on both the intra-seasonal and low frequeBdy\@ariability in the equatorial
Pacific. The improved high-resolution satellite forcingables us to investigate this influence
with more realism than was possible before. The QuikSCATdwinave been shown to provide
high accuracy and high resolution winds that produce maabkste mean SST, 2@ isotherm
depth, and latent heat flux than NCEP reanalysis-2 windsag®aal. 2008). They also provide
high quality hybrid turbulent heat fluxes in the tropical fac(Jiang et al. 2005; Zhang 2006).
Thus QuikSCAT winds would be expected to allow an ocean mimdatcurately simulate intra-
seasonal Kelvin waves and TIW variability, along with th@BT response.

The model and data used in this study are described in Setti@ection 3 gives a detailed
comparison between the model and the observations. Thelrayer temperature budget anal-
ysis on both the intra-seasonal and low-frequency timeescale described in Section 4 and
Section 5, respectively. The roles of the intra-seasonbliiKevaves and the tropical instability
waves in the horizontal advection and influence on the teatpes budgets are also examined.

Finally, we give a discussion and summary in Section 6.

2. Model and data

The GFDL Hallberg Isopycnal Model (HIM, Hallberg (1997);déhand Thompson (2002)) was
used in this study. HIM is a three-dimensional, isopycnardmate, C-grid general ocean circu-
lation model. A Kraus-Turner-like bulk mixed layer whichgsnilar to the Kraus-Turner model
except that the contribution to the entrainment velocitydiyd mixing decays with mixed-layer

depth, and Richardson number dependant mixing are impletien the model (Oberhuber
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1993). Note that the mixed layer is one single model layere iftodel domain extended from
100°E —70°W, 30°S — 30°N in the tropical Pacific, with in longitude and).5° in latitude, and
16 layers in the vertical including an active mixed layer.eThharmonic along-isopycnal vis-
cosity (9 x 10! m*/s) is used. A biharmonic form of Smagorinsky’s nonlinear edicosity
is also used, with the nondimensional biharmonic Smagkyiasonstant 0.032. The kinematic
viscosity below the mixed layer ist 10~* m?/s. For the diffusivity, the along-isopycnal tracer
diffusivity is 1 x 10 m?/s, and the diapycnal diffusivity of density below the mixegdais 3 x
107> m?/s. We spun up the model for 10 years using ECMWF (European EéotiMedium-
Range Weather Forecasts) 40-yr Reanalysis (ERA40) fofcorg January 1995 to December
1999 repeated once, and then we ran the model for five years Jamuary 2000 to Decem-
ber 2004 using QuikSCAT winds, ISCCP (International SeéelCloud Climatology Project)
shortwave and longwave radiation, and NCEP reanalysis€EMPR) for other atmospheric state
variables.

It has been shown that QuikSCAT winds have smaller errors BA&P (Numerical Weather
Prediction) reanalysis winds when compared to TAO buoy wir(&elly et al. 1999; Chelton
et al. 2001; Jiang et al. 2005). The model was forced bylthe 1° gridded daily QuikSCAT
winds field (Kelly et al. 1999). For the shortwave and longevaadiation, we chos#’ x 1°
daily ISCCP data. The turbulent heat fluxes (latent and bnkeat fluxes) were calculated in
the model using the University of Arizona bulk algorithm (@eet al. 1998) from QuikSCAT
wind speed, NCEP2 reanalysis atmospheric variables, an@inSST. Single variables (e.d.,
u, v, etc) and mixed-layer temperature budget terms from Jg2@00 to December 2004 were
saved as five-day averaged fields for analysis. See Jiang2088) for details on the dynamical

forcing fields used in this study.
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To gain confidence in the analysis, the model SST arid'28otherm depth (Z20) averaged
betweer2®S and2°N are compared with TAO array buoy measurements wizhih— 2°N. We
also compare the model SST aladzfgVv with the fusion SST product from Remote Sensing Sys-
tems (RSS), which is an optimally interpolated SST map usiMg Tropical Rainfall Measuring
Mission (TRMM) Microwave Imager) sensor.

To obtain the intra-seasonal signal, which is primarily\Kelwaves but also includes some
energy from Rossby waves propagating from the far eastaifi¢;ave used a bandpass scheme
similar to that used in McPhaden (2002). The five-year meahsaasonal cycle were first
subtracted from the initial time series to derive an anonskime series. The anomalous time
series were then low-pass filtered with a filter whose halfgrofrequency was 30 days and
another filter whose half-power frequency was 90 days. Thdpassed intra-seasonal signal was
the difference between the above two low-pass filtered t®silihe time series associated with
tropical instability waves (hereafter called high-freqgag) was obtained by high-pass filtering
the anomalous time series with a filter whose half-powerdeegy was 30 days. The above
bandpass scheme with intra-seasonal Kelvin waves and Té\i(ssiified by the distinct peak
gaps between0°C' isotherm depth &@°140°W and SST aR° N125°W for both the observations
and the model (Fig. 1). A peak of 50’5 days (Kelvin waves) is shown in TAO Z20G&t40°W,
and a peak of 2035 days (TIWSs) is shown in TMI SST & N125°W. The respective values
for the model match well with the observations. Note thatibaks in both the observations and

the model are statistically significant.

[Figure 1 about here.]
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3. Comparison of the model with observations

The model compares well with mean TAO measurements alongghator (Fig. 2) in most as-
pects (Jiang et al. 2008). The five-year-mean temperatomettie model (Fig. 2c) matches well
with the TAO observations (Fig. 2a) for isotherms aba¥eC', but is much colder below. Ad-
ditionally, the mean model temperature in the eastern Rgerfoundl 10°W) is slightly warmer
than the observations above 200m. The mean zonal velooity fine model (Fig. 2d) captured
the main features of the observed velocity (Fig. 2b), withnmaximum magnitude of the equa-
torial undercurrent (EUC) in the model only slightly wealeerd the position of the EUC core
only slightly deeper than observed. The weak EUC in the mdght be partly responsible for
the slightly warm temperature in the eastern Pacific. Théwaesl ocean currents in the western
Pacific shown in the observations was not simulated well@ntlodel, probably owing to either
the poor data availability of TAO observations or the coasastline and topography used in the
model there.

The time-longitude plots of Z20 and SST in the model agree¢ wigh TAO measurements
(not shown). The model Z20 is slightly shallower in the westeacific and deeper in the east.
Consistent with errors in Z20, the model SST is slightly eoloh the western equatorial Pacific,
and warmer in the eastern equatorial Pacific than observegltime series of model Z20 corre-
lates well with the observations in the central and eastaaifie (c> 0.60), while the correlation
is relatively small in the western Pacific arout@®E. For SST, the model and the observations
correlate well in the central and eastern PacificQ&’5), but not as well in the western Pacific.
The poor data availability of TAO observations and the ceaxsastline and topography used in

the model are two possible factors that contribute to thdlsoaelations in the western Pacific.
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[Figure 2 about here.]

3a. Intra-seasonal

The intra-seasonal signal in the model, as represented Oycopares well with the observa-
tions, especially in phase speed (Fig. 3a, c). The eastwapmhpation of Z20 can be seen in
both the observations and the model and is associated v@tprépagation of downwelling and
upwelling Kelvin waves, generated in response to both wigsténd bursts and easterly wind
anomalies in the western Pacific. The magnitude of the sgesonal thermocline fluctuation
(up to 20m) in the model is generally larger than in the oletam, which suggests that the
intra-seasonal Kelvin waves in the model are somewhat tgorous. The time-longitude plots
of the intra-seasonal sea surface temperature also compdreith the TMI observations (Fig.
3b, d). Contrary to the eastward propagation of the Z20, theming and cooling events on
intra-seasonal timescales occurred near simultaneoustysowide range of longitudes or even
appeared to propagate westward, especially in the easteificP This phenomena has also been
noticed in the 1990s and early 2000s (Kessler and McPhades; Zhang 2001; McPhaden
2002). Note that the magnitude of the SST variations tendéuctease from west to east. As a
result, the zonal gradient of the intra-seasonal temperatwowed large magnitude in the eastern
Pacific, which can be seen in both the observations and thelr{féid. 4a, b). The intra-seasonal
zonal velocity anomalies propagate eastward in phase Witheiomalies (Fig. 4c). However, an
interesting pulsing pattern can also be seen in the zonatiglthat we interpret as interference
between eastward propagating Kelvin and westward propagRiossby waves. It is notewor-
thy that the magnitude of the zonal velocity by the Kelvin was much larger than that of the
Rossby wave. The effect of this interference pattern iswest propagating zonal convergence

8
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anomalies that appear to be responsible for the westwaphgation of the intra-seasonal zonal

temperature gradient anomalies shown in Fig. 4 a and b.

[Figure 3 about here.]

[Figure 4 about here.]

The intra-seasonal Z20 time series in the model correlagdiswith TAO in the central Pacific
(c > 0.60). The correlations are relatively low, however, in thiewestern and eastern Pacific,
which might be due to the too vigorous Kelvin waves there srtiodel. For the intra-seasonal
SST, the model agrees well with the observations in the wested central Pacific, but has a

relatively small correlation in the eastern Pacific (notvehp

3b. High frequency

The 30-day high-pass filtered SST in the model (Fig. 5a) agrees w#ll W1 SST (Fig. 5b)
along2°N. The westward propagation of the TIWs can be easily seeeced|y during autumn
and winter. The model did not capture very well TIW activitythe central Pacific in the second
half of 2000 and 2001. However, the model simulated well treng TIW activity in early 2003,

whose importance will be addressed in detail later.

[Figure 5 about here.]

The strength of TIWs in the model, which can be illustratedi®/meridional velocity (time
averaged from January 2000 to December 2004) in the mixedt Ety)°140°1V, is consistent
with the meridional velocity observations of TAO array an88epth, which is in the middle of
the mixed layer in the model (Fig. 2). In addition, the meagigal velocity in the mixed layer at

9
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0°140°W has a period of approximately 20 days, which is consistettit thie peak in the velocity
at 35m depth frond°140°W TAO mooring (not shown). The five-year TAO time serie3&1°WW
and110°WW along the equator show a surface (35m) maximum of EKE (edagtii energy) of
436cm?/s* and 649cm?/s? with periods less than 30 days, the respective values famthel

are 403m?/s* and 562cm? /s>

4. Intra-seasonal mixed-layer temperature budget

Given the adequate performance of the model in reprodubiagariability and the mean along
the equator mentioned in Section 3, we proceed with the huadgdysis to investigate the roles
of Kelvin waves and TIWs in SST variability.

The mixed-layer temperature (MLT) in the model evolves irequential manner with the
following five steps: (1) horizontal advection, (2) horizaldiffusion, (3) net surface heat flux,
(4) vertical diffusion, and (5) entrainment. We calculate mixed-layer temperature budget
terms associated with each of these processes by evalulgrigmperature values before and
after the relevant model routines are recorded (Dawe ananpBon 2007). The MLT budget
closes and is consistent with the representation of the eestyre budget in the model. The
vertical diffusion is not separated from the vertical emmaent term in this study. The horizontal
diffusivity term is much smaller (averaged 0.1°C yr~!) than other terms~ 1 — 10°C yr—!)
so that it is excluded in the analysis. At the same time asstimgérature is evolved in the model,
the mixed-layer depth and other layer thickness also eyslveh that the mixed-layer depth at
each step and the model temperature evolution are consisten

Thus the four primary mixed-layer temperature budget tehasinfluence its tendency@gg)

10
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are the zonal advection, meridional advection, verticugion and entrainment, and the net
surface heat flux absorbed in the mixed layer (absorbedwgaestradiation in the mixed layer,

net outgoing longwave radiation, sensible heat flux, anentaheat flux) respectively. For a

shorthand, we write those four terms ag 2, —v2L, —w. 55, and -2t with u, v, andw,
T Y poLp

being the mixed-layer zonal velocity, meridional velociyd vertical entrainment at the base

of the mixed layerp, the seawater density;, the heat capacity; the mixed-layer depth, and

AT the temperature difference between the mixed layer ancethpdrature of the layer being

entrained into the mixed laye®,,.; in this study represents the net surface heat flux absorbed in

the mixed layer, and is equivalent to the adjusted net seiff@at fluxQ,,; used in McPhaden

(2002). We emphasize, however, that as discussed eatdiemethod of estimating these terms
differs from that typically used in empirical analyses sash McPhaden (2002). In particular,
each term, including vertical diffusion and entrainmestcalculated implicitly at each model

time step.

4a. Along the equator

The correlations between the intra-seasonal MLT tendemdyach of the other four temperature
budget terms along the equator are shown in the left panefoBk The correlations on the same
four TAO moorings as in McPhaden (2002) are presented inghé panel of Fig. 6 to facilitate

the comparison with his results. The time series of the maieertain mooring location are ob-
tained by taking the mean of the nearby model points wisfilongitude. The model suggested
an important role for zonal advection (top panel) at all itcundes on the equator, with the largest
correlations in the central Pacific. The net surface heattéux (bottom panel) has the largest
correlation in the western Pacific. In the eastern Pacifinakadvection, vertical diffusion and

11
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entrainment, and the meridional advection all have conipan@agnitudes of correlations with
the temperature tendency. The net heat flux has the smatigslation in the eastern Pacific,
especially east of20°WW. In general, the model results at the four TAO sites (rigmgpaf Fig.

6) compare well with those of McPhaden (2002) (his figures &08and 12) that were based on
TAO buoy data at those four sites: the correlation betweerztimal advection and the tempera-
ture tendency is largest in the central Pacific, and the lativa between the net surface heat flux
and temperature tendency is the largest in the western ®akibwever, in the eastern Pacific
the model differs from his result: three of those four tera@n@l advection, vertical diffusion
and entrainment, and meridional advection) have companaalgnitudes, whereas McPhaden
found that the vertical flux and entrainment dominated. ftateworthy that the vertical term in
McPhaden (2002) is the residual of other budget terms. Th#ehresult suggested that, when
following a single Kelvin wave, one would expect to see tifeatfof zonal advection from the
wave on the intra-seasonal temperature tendency in theat@&aicific, but not necessarily in the

eastern Pacific since other two other processes contribwtelh

[Figure 6 about here.]

To determine which physical processes associated withiikehaves and TIWs contribute
most to the temperature tendency along the equator, we gms®d the zonal and meridional
advection terms by frequency. We independently bandp#sfil the temperature and velocities,
and then calculated the contribution to the tendency frooh eaossterm. We decomposed each
single variable (e.g1", u, v) into three parts: high frequency, which represents thesT(wf] <
30 days), intra-seasonal signal, which represents priynide Kelvin waves, but also includes
other variability such as from Rossby waves generated ifatheastern Pacifidg, 30 days— 90
days), and the residual signal, which we hearafter refes tiha low-frequency signalf( > 90

12



24 days). The residual low-frequency signal includes the@®glycle, the interannual signal and
265 the five-year mean.

266 Single variables can be expressed as a sum of three freqbhandycomponents:

T = Thy+Tis+ Ty

U = Upp+ Uis + Uy,
UV = Upf+ Vis + Uif; (1)
267 Their contribution to the advection gives 9 crossterms orat advection:

or

0
Uy = (uns + wis +uir) X == (Thy + Tis + Tiy)

ox
8Thf 8TZ$ aTlf
= Uns ox + Un ox + U ox

0Ty oT; oTi¢
His ox + Uis ox + s Ox
8Thf 8TZS aTlf
ox g ox g ox '

(2)

+ urf
268 and meridional advection:

0
v = (vng +vis +vip) X o (Thy + Tis + Tiy)

dy
y oty 0T . oy
hi dy dy hi dy
o7, -
bt + Vjs 8E + Vs aﬂf
dy dy dy
8Th f 8TZ s 8Tl f
Ui f 83/ —|-’Ulf 83/ +Ulf 83/

! +Uhf

+ Vis

(3)
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269 We calculated each term separately from filtered five-daye@esl variables and then filtered
20 the crossterms to determine how much each contributed tethgerature tendency in the corre-
-n sponding frequency band f, s, andl f). The physical interpretation of some crossterms in (2)

222 and (3) are listed in Table 1.
273 [Table 1 about here.]

274 We first examine the zonal advection contribution to theahsteasonal temperature tendency.
25 In the central Pacific, where the correlation with tempematandency is largest, intra-seasonal
276 zonal advection is owing both to advection of intra-seabt@raperature gradient by the low-

2r7 - frequency zonal velocity-{u,; s ‘98T;, Table 1 (a)) and advection of the low-frequency tempeeatur

oT; f
ox

a3 gradient by the intra-seasonal zonal velocityuf, -, Table 1 (b)). This implies that the intra-

279 Seasonal waves can affect the temperature in the centrdicHac both modifying the zonal

250 CUrrent structureu;,) and the zonal temperature gradie%‘(). In the eastern Pacifie; u; f%

;31 INcreases and dominates, owing to the larger anomaloud nperature gradient there (Fig.

22 4b). As discussed earlier, the increased magnitude of tin@-#@asonal SST anomaly in the

253 €astern Pacific results in an anomalous zonal SST gradient.

284 The contribution to the intra-seasonal temperature terydieom meridional advection crossterms

s (Fig. 7Db) is relatively small when compared to zonal adwec(Fig. 7a). However, among the

26 9 crossterms in (3), there are two terms that stand out inabem Pacific: meridional advec-

oTy;

257 tion of the mean temperature gradient by the intra-seasoaeatlional velocity—visa—y, which

238 Might be owing to cross-equatorial wind stress anomaliesilae high-frequency nonlinear term

%]

w0 —vpp 2L (Table 1 (€)) produced by the TIWSs that rectify into the irgemsonal band.
oy p y

290 [Figure 7 about here.]
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One might argue that if the largest crossterms in eitherlzonaeridional advection could
cancel, then their sum would not matter to the intra-sedsemgperature tendency. However, the
largest crossterms, averaged fraat°11” to 90°W, are not significantly anticorrelated, and thus

they appear to play a role in the intra-seasonal tempertndency.

4b. Along the composite Kelvin waves

The intra-seasonal signal in this study includes primatlky Kelvin waves, but also includes
some energy from intra-seasonal Rossby waves in the fagrad2acific. Therefore, to examine
the effect of intra-seasonal Kelvin waves on SST variahilit is important to quantify how
much a composite downwelling or upwelling Kelvin wave cdnites to the intra-seasonal SST
anomaly at a certain location. From the contours of the is¢@sonal time-longitude plots of the
20°C' isotherm depth along the equatar§ — 2°N), we tracked 14 downwelling (dark dotted
lines in Fig. 3c) and 12 upwelling (white dotted lines in FRr) Kelvin waves during the five-
year period. For each downwelling Kelvin wave, for instagnee determined its temporal and
spatial extent from the positive maximum anomaly of theargeasonat0°C' isotherm depth.
Note that Z20 is positive throughout this paper. The temipana spatial locations of all 14
downwelling and 12 upwelling Kelvin waves for single valeb(e.g.,7’, u, v, etc) and mixed-
layer temperature budget terms were then obtained. Fjrettllgach longitude grid point, we
averaged the single variables and budget terms over pesfaisomalous positive and negative
Z20 to obtain the average values for respectively downngkind upwelling Kelvin waves.

As evident in Fig. 8, there was a warming anomaly almost @lwlay from west to east
along the trajectory of a composite downwelling Kelvin wale the central Pacific, from80°
to 125°W, zonal advection along the composite downwelling Kelvirvgvaccounted for most
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of the positive anomaly in the temperature tendency (Fig. 8athe eastern Pacific, east of
130°W, however, the vertical diffusion and entrainment starteglay an important role (Fig.
8b). The region separation of those two processes appeatslirhuch less that 500Km, a
quarter of the Kelvin wavelength. Thus, the time for a conmedselvin wave to travel from the
region where the zonal advection dominates to the regiomenthe vertical processes contribute
is short relative to the time for SST to respond to zonal atileecTherefore, warming by a single
downwelling Kelvin wave could occur earlier in the eastdrart in the central Pacific, given the
fact that the vertical diffusion and entrainment leads thweat advection by a quarter of cycle. It
is noteworthy that the magnitude of the meridional advectilmng Kelvin waves (not shown) is
smaller than the zonal advection, and vertical diffusiod antrainment.

We also found apparent cancellations of the temperatucketeay, zonal advection, vertical
diffusion and entrainment along the equator between theosite downwelling and upwelling
Kelvin waves. Zonal advection and vertical processes terappose the cooling anomalies by
an upwelling Kelvin wave, although this cancellation is awact. As shown in the histograms of
the intra-seasonal Z20 along 14 downwelling (Fig. 8c) and@®&elling (Fig. 8d) Kelvin waves,

the mean magnitude of Z20 along the two selected types ofsaeecthe same (aboiim).

[Figure 8 about here.]

5. Low-frequency mixed-layer temperature budget

For the low-frequency temperature budge®0 days), the correlation results are similar to those
of the intra-seasonal time scale: zonal advection has afisgmt correlation with temperature

tendency along the equator, especially in the central Bg€ifg. 9 top panel). In addition, the
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net surface heat flux (Fig. 9 bottom panel) has the largestkedion with temperature tendency
in the western Pacific. Meridional advection and verticLdion and entrainment have slightly
smaller correlations along the equator than zonal adveetnal net surface heat flux, but might

still be important.
[Figure 9 about here.]

Of the three crossterms in (2) that contribute significatalyhe low-frequency zonal ad-
vection, advection of the low-frequency temperature gnadby the low-frequency velocity
(—ulf%, Table 1 (c)) has the largest magnitude (Fig. 10a). This terassociated with the
interaction between the low-frequency horizontal velpwaiith temperature gradient fluctuations.
The rectification from the intra-seasonal Kelvin W&VGSQ(;%, Table 1 (d)) is associated with

the interaction between the intra-seasonal zonal curr@ht zenal SST gradient by the intra-

seasonal waves to the temperature tendency and contrgigteBcantly in the eastern Pacific.

8Th f
ox

In addition, there is a small rectification from tropical tiasility waves u, s ). There are

no significant anticorrelations between the largest censs, suggesting that they are all crucial
terms in zonal advection (Fig. 11a, b). Whether or not thasssterms contribute greatly to
the low-frequency temperature tendency requires a compietomposition analysis of all the
budget terms, including the vertical diffusion and entmaémt and net heat flux, which can not be
easily done using the same bandpass method as in the hatiaonection, because the mixed

layer depth evolves in concert with other variables in tegpicnal model. The time series of

the largest crossterms in zonal advection (Fig. 11a), geerfrom150°W to 90°WW, suggest that

8Ti5
S Ox

the rectification from intra-seasonal wavesu( ) is a positive (warming) contribution to the

low-frequency temperature tendency from late 2002 to €2004.
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[Figure 10 about here.]

For meridional advection, rectification from tropical ialsility waves ¢uy ang , Table 1
(e)) has the largest magnitude fram0°1¥ to 110°WW among all the crossterms (Fig. 10b). As
in the zonal advection, there are no significant canceliatioetween the largest crossterms in
the meridional advection (Fig. 11b). The term associatet thie interaction between the low-
frequency meridional velocity and temperature gradiemtdiations v, 8%) showed seasonal
cycles, with cooling in March and warming in September. Melaite, the cooling by this termin

early 2003 seems to be mostly compensated by the anomaloosngeaby the rectification from

TIWS (—vps %T;f), indicating a possibly important role of TIWs in the seasavolution of the

cold tongue.
[Figure 11 about here.]

It can be shown that the approaches used by Kessler and Kie@0@0) and Shinoda and
Hendon (2002) to calculate the rectification are compartabtbe bandpassed method used in
this study. Briefly, the rectification from an anomalous sigfi’’) to the mean (},,..,,) in their
approaches is the running mean of the difference betweeondugrr of the anomalous signals
plus their means and a product of the means. In analogy toapproach, the rectification in the
zonal advection is defined as the running mean of the difteréetween the following two terms:

a(anan +Tis

e & 8 Tme(zn
(umean + uis) T) andumean (7

. The signal longer than 90 days was referred to as the
“mean” in Shinoda and Hendon (2002), and is the same as th&émuency signal in this study.
Therefore, the rectification using their approaches befe®0-day running mean is identical to

three crossterms in this study;(=; BT” , Uis alf andu; s Tw) We found that rectification calculated

from their approaches is primarily from one single bandpitssed term aT“) in this study.
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The low-frequency temperature tendency has both seasotahgerannual cycles (Fig.12a),
while the rectification of the intra-seasonal waves ocaldering the second year of 2002, the
whole year of 2003, and the first half of 2004 (Fig. 12b). Thigéanagnitude of the rectification
was mainly centered in the eastern Pacific, especially éastéll’, where large magnitude of
the zonal gradient of the intra-seasonal SST was found @igAs mentioned in Section 4, the
increased magnitude of the intra-seasonal temperatudenew in the east by the Kelvin waves
(Fig. 8) might be responsible for the large SST gradient, thiedefore the rectification. Five
years of analysis is not long enough to identify which tinadsof temperature tendency the
intra-seasonal Kelvin waves rectified to. Meanwhile, themistinct rectification of the tropical
instability waves in the meridional advection term in e&003, which might be associated with
the strong TIW activity during that period, as shown in Fig.This strong TIW activity caused
a large positive latitudinal SST gradient (ovi’C'/ between2°N and equator); the resulting
warming of the cold tongue may have contributed to the deofiige 2003 La Nka (McPhaden
2004). It is yet unclear whether this strong TIW activity &ated to the prevalence of intra-

seasonal Kelvin waves from 2002 to 2004.

[Figure 12 about here.]

6. Discussion and conclusion

In this study, we examined the contribution of Kelvin wavesl &IWs to the intra-seasonal and
low-frequency mixed-layer temperature tendency from 2@02004. An isopycnal ocean model
was forced with QuUikSCAT winds, ISCCP shortwave and longavadiation, and other NCEP2

meteorological variables.
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The model captured well the mean and variability along theagay compared to observa-
tions. The intra-seasonal variability of Z20, the SST asdzd@nal gradient compared well with
TAO observations. The zonal SST gradient has large magnituthe eastern Pacific and ap-
peared to propagate westward in the far east. The intrasabanomalies in the zonal SST
gradient are ultimately caused by the large SST variatiotisg east caused by vertical processes
acting on the shallow thermocline there. These large SSiati@ns tend to be in phase with
weaker SST variations in the central Pacific and thus reswdt$ST zonal gradient. Once this
gradient is generated, the westward propagating zonalecgerice associated with the Kelvin
and Rossby wave interference pattern causes the zonal ragegradient to also propagate
westward. Additionally, the TIW signals alor2gN in the model agreed well with the TMI SST
observations, especially in early 2003. The strength of §ldthe model is consistent with the
TAO observations.

The intra-seasonal mixed-layer temperature budget isstenswith the results of McPhaden
(2002) based on four TAO moorings: the temperature tendbasythe largest correlation with
the net surface heat flux in the western Pacific, where thentheme is deep; and with zonal
advection in the central Pacific. In the eastern Pacific, tbdehdiffers from McPhaden’s re-
sults, in that three of the four temperature budget termsalzadvection, vertical diffusion and
entrainment, and meridional advection) have comparabteladions with temperature tendency.
In particular, the vertical processes acting on the shalt@smocline cause large SST anomalies
in phase with the intra-seasonal thermocline anomalies.

The intra-seasonal temperature budget analysis alongtheasite Kelvin wave confirmed
the above results along the equator. The region where thed admection dominates was found

to be adjacent and to the east of the region where the vepticaksses contribute, with the tran-
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sition occurring roughly ai30°1W. This finding can not be achieved from TAO observations
because of their sparse resolution (McPhaden 2002; Zhad) 2Bleanwhile, this finding con-
firms the statement of McPhaden (2002) that the growing itapoe of the vertical diffusion
and entrainment in the eastern Pacific is responsible fomtiphase or even westward propa-
gating SST variations shown in Fig. 3. Furthermore, thereeve@parent cancellations in the
intra-seasonal temperature tendency, zonal advectionyenical diffusion and entrainment be-
tween the composite downwelling and upwelling Kelvin wavéblese cancellations suggested
that the importance of Kelvin waves to SST variability degeon the ratio of the numbers of
downwelling to upwelling Kelvin waves weighted by theirestigth and only the linear effect is
considered.

We decomposed the horizontal advection terms into threetrgppdoands (high-frequency:
<30 days; intra-seasonal: 30 day80 days; low-frequency=>90 days). For the intra-seasonal

temperature tendency, a comparison of the contributioggested that zonal advection of the

intra-seasonal temperature gradient by the low-frequenogl velocity—u; 387;1; and zonal ad-
. . . . T
vection of the low-frequency temperature gradient by isiasonal zonal velocityu;,—" are

887;j;5 dominates in the eastern Pacific where the

comparable in the central Pacific, but that;
thermocline is shallow. A small contribution from the meoidal advection of the high-frequency

meridional temperature gradient by high-frequency meridl velocity, —uv , indicated a

T s
9y
rectification of meridional advection from the TIWs to théraaseasonal temperature tendency.

The low-frequency mixed-layer temperature tendency hadatgest correlation with zonal
advection in the central Pacific, and with the net surface the@ain the western Pacific, but all

budget terms might contribute to low-frequency tempegtandency in the eastern Pacific.

We found rectification in horizontal advection from the smgeasonal waves and TIWSs to be
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secondary contributors, with the largest contributiomfrthe advection of the low-frequency

temperature gradients by low-frequency velocities. Thatiffeation from the intra-seasonal

aTis
oz

waves (u;;<%) had large magnitude in the eastern Pacific, especiallyadaisto°V, where
large magnitude of the zonal gradient of the intra-seas8&dl can also be found. In addi-
tion, the cancellations we found in the intra-seasonal exatpre tendency between a composite
downwelling and upwelling Kelvin wave does not indicaterthe/ould be no net contribution.

There would be no net contribution from a downwelling Kelwiave and a subsequent upwelling

Kelvin wave only in a linear context, in which no interactiamong intra-seasonal oscillations

(for instance—u;; ‘987};8) occurred. It is the nonlinearity between the intra-seabaanal velocity
and the zonal gradient of the intra-seasonal SST by the iKehaves that resulted in the recti-
fication to low-frequency SST. The rectification in SST by thedback between the warm pool
SST and MJO in the western Pacific has been found in Kesslekiaednan (2000). This study,
however, provided the physical mechanism for the rectiboah SST from intra-seasonal waves
in the eastern Pacific.

The rectification in SST from TIWSs in the eastern Pacific hanideund in the coupled model
of Jochum et al. (2007b) and Jochum and Murtugudde (2004is Sthdy suggested that the
strong TIW activity associated with strong SST fronts al@fyy and cold SST on the equator in
early 2003 may be responsible for the rectification of the $d/the low-frequency temperature
tendency. Averaged from50°WW — 90°W, the magnitude of the rectification of TIWs in early
2003 to the low-frequency SST variability is comparablewtite cooling contribution from low-
frequency interaction. This implies that anomalouslysird IWs in early 2003 warm the cold

tongue, which may contribute to the abrupt cessation of thé&liza in early 2003 (McPhaden

2004).
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Since we only decomposed the horizontal advection terntgsrstudy, the rectification from
the intra-seasonal Kelvin waves and TIWs to the low-fregydemperature tendency through
zonal advection might be smaller than other MLT budget teamd therefore have less of a
contribution to the low-frequency temperature tendeneyther and more complete studies are
required to determine the roles of these two types of wavélsadow-frequency SST variabil-
ity. Meanwhile, the low-frequency analysis in this studgludes both the seasonal cycle and
the interannual variability, our results did not indicate exact time scales on which the Kelvin
waves and TIWs rectified. With only five years of QuikSCAT windcing, we could not exam-
ine the longer time scale in detail. It would be interestingxplore further this scale interaction
when a longer period of QuikSCAT winds is available. In aidif our analysis focused on the
equatorial temperature budget, not on the meridional teatypes structure. Using a numerical
model, Jochum and Murtugudde (2006) showed that the offtegial zonal heat flux conver-
gences by the TIWs were comparable in size to the meridiat} beat flux convergence on the
equator. This was verified by Jochum et al. (2007a) using anoffrequatorial current meter
measurements. According to Jochum and Murtugudde (2008)s act as a vertical heat pump
and increase the net air-sea surface heat flux on the anregal-ime scale. Further temperature
budget studies with longer model runs are needed to deterwir@ther or not the rectification

from intra-seasonal Kelvin waves and TIWSs are critical tocdENand to climate variability.
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Figure 1. Power spectral density of Z2@) at 0°N140°W where the distinct signal of Kelvin
waves were shown for (a) TAO, and (b) HIM; and power specteisity of SST {C) at
2°N125°W where the distinct signals of TIWs were shown for (c) TAO, ddyl HIM. The
smooth solid curve is the spectrum of red noise which has dheedotal variance as the sig-

nal. The dashed curve is the 95% confidence level (CL) needegjetct a null hypothesis of red
noise on a priori basis.
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(a) TAO mean T vertical profile PC]
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(b) TAO mean U vertical profile [cm/s]
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(d) HIM mean U vertical profile [cm/s]
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Figure 2: Five-year-mean temperatut€’) (left panel) and zonal velocity::/s) (right panel)
from TAO (upper panel) and from the model (lower panel) altimg equator (averaged over
2°S — 2°N). The dark black line in (a) shows the mean Levitus mixeddagpth, and the dark
black line in (c) shows the mean mixed layer depth in the model
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(a) TAO intra—seasonal %o [m]
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Figure 3: Time-longitude plots of the intra-seasonal (aDTA°C isotherm depth, (b) TMI SST,
(c) HIM 20°C isotherm depth, and (d) HIM SST. The 14 dotted black linescinshow the
selected downwelling Kelvin wave ray paths, and the 12 dottkite lines show the upwelling
Kelvin wave ray paths. The zonal grid resolutions in (b) ahidafel degree.
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(2) TMIO T_/ 8 x [107°°C/m]
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Figure 4: Time-longitude plots of the equatorial (a) TWI;,/0x , (b) HIM 0T}, /dz, (c) HIM

(b) HIM A T_/ 8 x [107°°C/m]
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zonal velocityu;,, and (d) HIMOu; /0.
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(c) HIM Ui [m/s]
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(b) HIM SST 2°N

(@) T™MI SST 2°N
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Figure 5: Time-longitude plots of the 30-day highpassed 8&’) along 2N for (a) TMI, and
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(b) the model.
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Figure 6: Correlations of the intra-seasonal temperatamédncy with temperature budget terms:
zonal advection, meridional advection, vertical diffus@nd entrainment, and net surface heat
flux (from top to bottom, left panel) along the equator. Cep@nding values at four TAO buoys
are shown in the right panel. Ninety-five percent confidemoéd for the correlations (dash-dot
lines in left panel, asterisks in right panel) are also shown
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(a) Intra—seasonal RMS 0T/Ot&—uo Tla X
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Figure 7: Root mean square (RMS) of the intra-seasonal teatye tendency and the decom-
positions of (a) the zonal advection, and (b) the meridiagiaection along the equator.
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(a) Intra—seasonal 0 T/0 t & —ud T/0 x along Kelvin waves
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(c) Z20 along downwelling Kelvin waves (d) Z20 along upwelling Kelvin waves
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Figure 8: (a) The intra-seasonal temperature tendencyseanal advection along composite
Kelvin waves, (b) temperature tendency versus verticalisitbn and entrainment along compos-
ite Kelvin waves, (c) histogram of the intra-seasonal Z20aib14 downwelling Kelvin waves,
and (d) histogram of the intra-seasonal Z20 for all 12 upwglKelvin waves.
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Figure 9: Same as Fig. 6 left panel, but for low-frequencyaig
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(a) Low- frequency RMS 0 T/0t& —ud T/0 x
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Figure 10: Same as Fig. 7, but for low-frequency signal anekthfargest terms.
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(a) Low—frequency —-ud T/d x (averaged 150°W-90°W)
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Figure 11: Time series of the largest three terms averaged f650°1W — 90°W in (a) zonal
advection, and (b) the meridional advection from Jan 20(Ddgo 2004.
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(a) Low—freq 8 T/d t (b) Low—freq —uisa Tisla X (c) Low—freq —vhfo Th/a y
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Figure 12: Time-longitude plots of the (a) low-frequenayfpeerature tendency, (b) intra-seasonal
zonal advection of the intra-seasonal zonal temperat@adignt, and (c) high-frequency merid-
ional advection of the high-frequency meridional tempam@gradient. Units are0~7 °C's~!.
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Table 1: Physical interpretation of some crossterms in 1d) €3).

Crossterms Physical interpretation of advection terms

(@) —uy f% zonal advection of' anomalies from Kelvin waves by low-frequency veloc
(b) —uis% zonal advection by velocity anomalies from Kelvin waves

(c) —u; f% low-frequency zonal advection

(d) —uys daT; zonal rectification from Kelvin waves

aT;
() —vns=5,"

meridional rectification from TIWs
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