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Abstract During boreal summer, convective activity

over the eastern Pacific (EPAC) inter-tropical convergence

zone (ITCZ) exhibits vigorous intraseasonal variability

(ISV). Previous observational studies identified two dom-

inant ISV modes over the EPAC, i.e., a 40-day mode and a

quasi-biweekly mode (QBM). The 40-day ISV mode is

generally considered a local expression of the Madden-

Julian Oscillation. However, in addition to the eastward

propagation, northward propagation of the 40-day mode is

also evident. The QBM mode bears a smaller spatial scale

than the 40-day mode, and is largely characterized by

northward propagation. While the ISV over the EPAC

exerts significant influences on regional climate/weather

systems, investigation of contemporary model capabilities

in representing these ISV modes over the EPAC is limited.

In this study, the model fidelity in representing these two

dominant ISV modes over the EPAC is assessed by

analyzing six atmospheric and three coupled general cir-

culation models (GCMs), including one super-parameter-

ized GCM (SPCAM) and one recently developed

high-resolution GCM (GFDL HIRAM) with horizontal

resolution of about 50 km. While it remains challenging for

GCMs to faithfully represent these two ISV modes

including their amplitude, evolution patterns, and period-

icities, encouraging simulations are also noted. In general,

SPCAM and HIRAM exhibit relatively superior skill in

representing the two ISV modes over the EPAC. While the

advantage of SPCAM is achieved through explicit repre-

sentation of the cumulus process by the embedded 2-D

cloud resolving models, the improved representation in
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HIRAM could be ascribed to the employment of a strongly

entraining plume cumulus scheme, which inhibits the deep

convection, and thus effectively enhances the stratiform

rainfall. The sensitivity tests based on HIRAM also suggest

that fine horizontal resolution could also be conducive to

realistically capture the ISV over the EPAC, particularly for

the QBM mode. Further analysis illustrates that the observed

40-day ISV mode over the EPAC is closely linked to the

eastward propagating ISV signals from the Indian Ocean/

Western Pacific, which is in agreement with the general

impression that the 40-day ISV mode over the EPAC could

be a local expression of the global Madden-Julian Oscillation

(MJO). In contrast, the convective signals associated with

the 40-day mode over the EPAC in most of the GCM sim-

ulations tend to originate between 150�E and 150�W, sug-

gesting the 40-day ISV mode over the EPAC might be

sustained without the forcing by the eastward propagating

MJO. Further investigation is warranted towards improved

understanding of the origin of the ISV over the EPAC.

Keywords Intraseasonal variability � Eastern Pacific

warm pool � ITCZ

1 Introduction

Intraseasonal variability (ISV) plays a significant role in

the tropical atmosphere (see Lau and Waliser 2005; Zhang

2005 for a thorough review). While the strongest ISV is

found to be associated with the Asian monsoon, vigorous

intraseasonal variations with a dominant period of

30–50 days (hereafter the 40-day ISV mode) in winds and

convection have also been widely reported over the eastern

Pacific inter-tropical convergence zone (ITCZ) during

boreal summer (e.g., Knutson and Weickmann 1987;

Kayano and Kousky 1999; Maloney and Hartmann 2000a;

Maloney and Esbensen 2003, 2007; de Szoeke and Breth-

erton 2005; Jiang and Waliser 2008, 2009; and many oth-

ers). This 40-day ISV mode over the eastern Pacific

(EPAC) is mainly characterized by eastward propagation,

and is largely considered a local expression of the global

Madden-Julian Oscillation (MJO; Madden and Julian

1994). In addition to the eastward propagating component,

northward migration of this ISV mode over the EPAC,

noted by Jiang and Waliser (2008) and Maloney et al.

(2008), exhibits a strong resemblance to its counterpart

over the Asian summer monsoon region (Jiang et al. 2004).

In addition to the 40-day ISV mode, a recent study by Jiang

and Waliser (2009), based on an extended empirical orthog-

onal function (EEOF) analysis of rainfall data from the

Tropical Rainfall Measuring Mission (TRMM), also sug-

gested a second ISV mode over the EPAC ITCZ with a period

of about 16 days (hereafter a quasi-biweekly mode; QBM).

While quasi-biweekly oscillations have been widely reported

in many other areas (e.g., Asian monsoon region: Krishnam-

urti and Bhalme 1976; Chen and Chen 1993; Fukutomi and

Yasunari 1999; African monsoon: Janicot and Sultan 2001;

Sultan et al. 2003; Maloney and Shaman 2008; North America

monsoon: Mullen et al. 1998; Kiladis and Hall-McKim 2004;

Jiang and Lau 2008; Wu et al. 2009; South America: Paegle

et al. 2000), this high-frequency QBM ISV mode associated

with the EPAC ITCZ has received little attention possibly due

to an insufficiently long period of high-resolution observa-

tions over this region. The analysis by Jiang and Waliser

(2009) further indicates that the QBM over the EPAC is lar-

gely characterized by a northward propagation.

The ISV over the EPAC exerts significant influences on

regional weather and climate, including tropical cyclone

activity over the EPAC and the Gulf of Mexico (e.g.,

Maloney and Hartmann 2000a, b; Molinari and Vollaro

2000; Higgins and Shi 2001; Aiyyer and Molinari 2008;

Barrett and Leslie 2009), the summertime wind jets in the

Gulfs of Tehuantepec and Papagayo (Maloney and

Esbensen 2003), the Caribbean Low-Level Jet (Serra et al.

2010) and precipitation (Martin and Schumacher 2010), the

mid-summer drought over Central America and Mexico

(Magana et al. 1999; Small et al. 2007), the North Amer-

ican monsoon (Higgins and Shi 2001; Lorenz and Hart-

mann 2006; Wu et al. 2009), and possibly the El Nino

evolution (Vintzileos et al. 2005). Furthermore, if the

predictability of the EPAC ISV is similar to the MJO

(about 2–4 weeks; Waliser 2006; Jiang et al. 2008), a better

understanding of the ISV over the EPAC would greatly

benefit the improved predictive skill for regional climate.

The study of the capability of general circulation models

(GCMs) to represent the MJO has been the subject of

widespread interest in the climate research community

(e.g., Slingo et al. 1996, 2005; Lin et al. 2006; Kim et al.

2009). However, much less effort has been placed on the

assessment of GCM simulations of the ISV over the EPAC.

Lin et al. (2008b) analyzed simulations of the North

American Monsoon in conjunction with the ISV and

easterly waves over the EPAC by the 22 Coupled Model

Intercomparison Project-3 (CMIP3) models used in Inter-

governmental Panel on Climate Change (IPCC) Fourth

Assessment Report (AR4). Their results indicate that most

of the IPCC AR4 GCMs tend to underestimate the vari-

ances of the ISV over the EPAC. Meanwhile, these models

also poorly capture the eastward propagation of the

observed ISV. By using a regional coupled model, a recent

study by Small et al. (2011) illustrates that both the MJO

forcing from the west and local convection–circulation

feedbacks are important for the ISV over the EPAC,

whereas the air-sea coupling only plays a minor role.

In the present study, we examine model capabilities in

simulating the ISV over the EPAC in nine GCMs. In eight
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of the nine models analyzed herein, MJO variability was

evaluated by the Climate Variability and Predictability

(CLIVAR) MJO Working Group (Kim et al. 2009), using a

standardized diagnostic approach (MJOWG; Kim et al.

2009; US CLIVAR Madden-Julian Oscillation Working

Group 2009). Most of these models have recently been

updated since the IPCC AR4, including one super-param-

eterized AGCM (SPCAM), which utilizes embedded 2-D

cloud-resolving models (CRMs) instead of conventional

cumulus parameterization (Khairoutdinov et al. 2005), and

an operational forecast model (CFS; Saha et al. 2006) at the

National Oceanic and Atmospheric Administration

(NOAA). The ninth model analyzed herein is a new high

resolution atmospheric model (HIRAM; Zhao et al. 2009),

developed at NOAA’s Geophysical Fluid Dynamics Labo-

ratory (GFDL). We will evaluate how well the two leading

ISV modes over the EPAC are represented in these models.

The organization of this paper is as follows. The models and

observational datasets used for this study are briefly described

in Sect. 2. In Sect. 3, summer mean state and ISV variances

over the EPAC simulated by the GCMs are inspected. In Sect.

4, we focus on examining how well the observed two leading

ISV modes are represented in the GCMs. Finally, a summary

and a discussion are presented in Sect. 5.

2 Participating models and observational datasets

A brief description of the nine models used in this study,

including model names, horizontal and vertical resolutions,

and integration period, is given in Table 1. Note that while the

sub-grid cumulus processes in the parent GCM of SPCAM

are explicitly represented based on the embedded 2-D CRMs,

they are parameterized based on mass-flux-type schemes in

all other eight conventional GCMs, in which clouds are

represented by single or multiple updrafts and downdrafts

with the assumption of steady-state clouds. More details of

the three coupled (CFS, CM2.1, ECHAM4/OPYC) and five

uncoupled (CAM3.5, CAM3z, GEOS5,1 SNU, SPCAM)

GCMs participating the MJOWG model comparison can be

found in Kim et al. (2009), and also from the website:

http://climate.snu.ac.kr/mjo_diagnostics/index.htm.

In addition to the eight models employed by Kim et al.

(2009), simulations based on the GFDL HIRAM are also

analyzed in this study. The HIRAM was recently developed

based on the standard version of GFDL AGCM (AM2;

Anderson et al. 2004), i.e., the atmospheric component of the

GFDL CM2.1, to improve the deficiency in the AM2 in

simulating tropical transient activity (Zhao et al. 2009). This

model has been used in studies of hurricane interannual

variability, multi-decadal trends, responses to 21st century

warming as well as seasonal hurricane predictions for both

N. Atlantic and E. Pacific (Zhao and Held 2010; Zhao et al.

2010). The major changes in the HIRAM to the AM2

include: employment of a finite-volume core based on a

cubed-sphere grid instead of a longitude-latitude grid in the

AM2; an increase of the vertical levels from 24 to 32, with

extra vertical resolution particularly near the tropopause;

replacement of the prognostic cloud fraction scheme fol-

lowing Tiedtke (1993) in the AM2 with a simpler assumption

concerning the PDF of total cloud water; and replacement of

the relaxed Arakawa-Schubert convective closure in AM2.1

with a strongly entraining plume scheme following the

parameterization of shallow convection by Bretherton et al.

(2004). For more details on HIRAM, readers are referred to

Zhao et al. (2009). The horizontal resolution of the standard

version of HIRAM is about 50 km. In order to further

investigate the dependence of the ISV simulation over the

EPAC on the model horizontal resolution, we also analyze

output from an additional run based on HIRAM but with a

reduced horizontal resolution of about *2.5� (hereafter

HIRAM-lores). This horizontal resolution is comparable to

those in most of the other GCMs analyzed in this study.

Note that all the six AGCMs analyzed here are forced by

observed monthly mean sea surface temperature (SST)

during the periods listed in Table 1. Daily output of rainfall

and 850 hPa wind fields over the EPAC from the above nine

models are analyzed and compared to observations including

the mean state and intraseasonal variances. Rainfall obser-

vations are based on Tropical Rainfall Measuring Mission

(TRMM, version 3B42; Huffman et al. 1995) during the

period from 1998 to 2008. TRMM 3B42 rainfall is a global

precipitation product based on multi-satellite and rain gauge

analysis. It provides precipitation estimates with 3-hourly

temporal resolution on a 0.25-degree spatial resolution in a

global belt extending from 50�S to 50�N. The raw TRMM

rainfall is interpolated onto 1� by 1� daily data. Daily wind

fields during the same period of the TRMM rainfall are

obtained from the recent European Centre for Medium-

Range Weather Forecasts (ECMWF) reanalysis, e.g., ERA-

Interim (Simmons et al. 2006; hereafter ERA-I reanalysis),

with a horizontal resolution of 1.5� by 1.5�.

3 Summer mean state and ISV variances simulated

by GCMs

3.1 Summer mean state

Figure 1 depicts observed and simulated summer mean

rainfall (shaded) and 850 hPa winds (vectors) over the

1 Note that the GEOS5 model used to produce the simulation

analyzed here is essentially the same model used in the production of

the Modern Era Retrospective-Analysis for Research and Applica-

tions (MERRA; Bosilovich et al. 2006), though is run here at coarser

resolution.
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EPAC. The observed summer mean rainfall over the EPAC

(Fig. 1a) is largely characterized by the elongated rain belt

along the ITCZ near 10�N, and a broad rain zone at the far

eastern end of the EPAC, known as the EPAC warm pool.

Rainfall signals over Central America and Mexico are also

seen with a northwestward extension along Sierra Madre

Occidental off the Gulf of California (GoC), representing

the core region of the North American monsoon (NAM).

Meanwhile, rainfall over South American continent is also

observed. Accompanying this rainfall pattern, the most

prominent feature in the observed 850 hPa wind fields over

the EPAC is the convergent flow at the ITCZ, namely, the

northeasterly winds to the north, and the southeasterly

winds and cross-equatorial flow to the south of the ITCZ.

All the GCMs generally capture the bulk features of the

ITCZ rain belt and the NAM, although most of the models

tend to overestimate the rainfall amplitude, particularly

over the coastal region near Panama. Two models,

ECHAM4/OPYC and SNU, show a discontinuous ITCZ

belt near 120�W. HIRAM simulates well the spatial pattern

of mean rainfall but with too strong amplitude. The mean

rainfall patterns simulated in the two versions of HIRAM

are largely similar; the improvement of the NAM rainfall is

discernible in the high resolution run. Generally, among the

nine models, SPCAM displays relatively better simulations

of the observed ITCZ rainfall in terms of both amplitude

and pattern. However, the rainfall over South America is

underestimated in SPCAM; in contrast, it is too strong in

GEOS5.

While these GCMs are largely capable of simulating the

mean rainfall pattern, most of them exhibit large defi-

ciencies in simulating the observed convergent flow at

850 hPa associated with the ITCZ. In particular, the

southerly cross-equatorial flow is not simulated in most of

the GCMs except ECHAM4/OPYC, CFS and GEOS5.

Given that these deficiencies are evident in both AGCMs

and CGCMs, and also in both high and low-resolution

versions of HIRAM, the air-sea coupling and horizontal

resolution may not explain why observed convergent flow

at 850 hPa is poorly simulated. Further inspection of the

vertical wind structures in HIRAM shows that this model

represents both the deep and shallow overturning Hadley

cells over the EPAC as described by Zhang et al. (2004),

although the simulated southerly cross-equatorial flow is

mainly confined below 850 hPa (not shown). In contrast, in

ERA-I reanalysis, this southerly flow extends higher in the

atmosphere (800 hPa), suggesting deficiencies in the PBL

schemes in GCMs.

3.2 10–90 day Intraseasonal variances

Figure 2 illustrates the standard deviation of 10- to 90-day

band-pass filtered rainfall anomalies during boreal summer

based on TRMM observations (Panel a) and model simu-

lations (Panels b–k), which are often used to delineate the

amplitude of the ISV activity. Note that in order to elimi-

nate the potential influences of the horizontal resolution,

rainfall fields based on all these datasets are interpolated

Table 1 Participating models and brief descriptions

Model Horizontal resolution Vertical

resolution

Cumulus scheme Period Reference

CAM3.5 (NCAR) 1.9� lat 9 2.5� lon 26 Mass flux (Zhang and Mcfarlane

1995)

20 years 1 Jan

1986–31 Dec 2005

Neale et al. (2008)

CAM3z (SIO) T42 (2.8�) 26 Mass flux (Zhang and Mcfarlane

1995)

15 years 29 Jan

1980–23 Jul 1995

Zhang and Mu (2005)

CFS (NCEP) T62 (1.8�) 64 Mass flux (Hong and Pan 1998) 20 years Wang et al. (2005)

CM2.1 (GFDL) 2� lat 9 2.5� lon 24 Mass flux (Moorthi and Suarez

1992)

20 years Delworth et al. (2006)

ECHAM4/OPYC

(MPI via PCMDI)

T42 (2.8�) 19 Mass flux (Tiedtke 1989; Nordeng

1994)

20 years Roeckner et al. (1996),

Sperber et al. (2005)

GEOS5 (NASA) 1� lat 9 1.25� lon 72 Mass flux (Moorthi and Suarez

1992)

12 years 1 Dec

1993–30 Nov 2005

Rienecker et al. (2008)

SNU-AGCM (SNU) T42 (2.8�) 20 Mass flux (Numaguti et al. 1995) 20 years 1 Jan

1986–31 Dec 2005

Lee et al. (2003)

SPCAM (CSU) T42 (2.8�) 26 Super-parameterization

(Khairoutdinov and Randall

2001)

19 years 1 Oct

1985–25 Sep 2005

Khairoutdinov et al.

(2005)

HIRAM (GFDL)

HIRAM-lores

0.5� lat 9 0.6� lon

2.0� lat 9 2.5� lon

32 Mass flux (Bretherton et al. 2004) 19 years 1 Jan

1990–31 Dec 2008

Zhao et al. (2009)
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(a)

(b) (c)

(d) (e)

(f) (g)

(h) (i)

(j) (k)

Fig. 1 Observed and model

simulated summer mean (May–

October) rainfall patterns

(shaded; see color bar at the

bottom with units of mm day-1)

and 850 hPa winds (vectors;

m s-1). Wind vectors are

plotted on every three grid

points in both x, y directions in

observations, and on every four,

six, and two grid points in

GEOS5, HIRAM, and other

GCMs, respectively
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onto the same 2.5� 9 2.5� grids before calculating the

standard deviations. The distribution of the observed ISV

activity largely follows its summer mean rainfall pattern in

Fig. 1a. The maximum activity center is observed near

10�N between 120�W and 90�W over the EPAC. The

maximum amplitude of the ISV is underestimated in

CAM3.5 and CM2.1 to some degree, and overestimated in

CAM3z, CFS, ECHAM4/OPYC, and the two HIRAM

runs. In CAM3z, an unrealistic ISV maximum extends

from the east coast of Mexico to the EPAC. In SPCAM, the

amplitude of the ISV over the EPAC is mostly comparable

to the observations, although the maximum ISV activity

appears in the coastal region instead of in the EPAC ITCZ

in the observations, and it underestimates the ISV variance

over South America and Caribbean Sea. In spite of having

too strong ISV variance, both HIRAM runs (Fig. 2j–k)

capture well the observed spatial distribution of ISV

activities. The weakening of the ISV amplitude with a

decrease of the model horizontal resolution by HIRAM is

noted by comparing the HIRAM and the HIRAM-lores

simulations. Note that in addition to uncertainties in

physical parameterization schemes, biases in simulated

SST patterns could also be responsible for the deficiencies

in the mean state and ISV variance patterns in the coupled

GCM runs. For example, the too strong ISV activity over

the eastern Pacific in CFS is partially due to local warm

SST biases in this coupled run (Wang and Seo 2009). The

underestimated summer mean rainfall and ISV activity

over the ITCZ near 130�W in ECHAM/OPYC could be

related to small cold SST biases over this region.

Model skill in simulating summer mean rainfall pattern

and the ISV variances over the EPAC is summarized in

Fig. 3 by showing pattern correlations of mean rainfall

between observations and GCM simulations on the x-axis

and relative domain-averaged standard deviation ampli-

tudes in GCMs to the observations on the y-axis. Both

pattern correlation and domain-averaged amplitudes are

derived over 150�W–60�W, 5�S–30�N. The dark ‘‘star’’

mark in Fig. 3 represents observations. SPCAM, HIRAM,

and GEOS5 exhibit relatively higher correlation scores in

simulating the mean rainfall pattern than other GCMs. The

amplitude of the ISV in SPCAM is largely comparable to

the observations. While ISV activity is too active in CFS,

HIRAM, and CAM3z, it is too weak in the other five

GCMs.

4 Representation of the two leading ISV modes

over the EPAC in GCMs

In this section, we will examine how the two observed ISV

modes, namely, the 40-day mode and the QBM, are rep-

resented in the GCMs. The approach to identify the leading

ISV modes in both observations and each model is based

on an EEOF analysis (Weare and Nasstrom 1982) of

rainfall over the EPAC (140�W–90�W; EQ-30�N) follow-

ing Jiang and Waliser (2009; hereafter JW09). Prior to the

EEOF analysis, 3-day mean anomalous rainfall data (non-

overlapping) are calculated from the daily 10–90 day band-

pass filtered anomalies for both the TRMM observations

and GCM simulations. Differing from the previous study of

JW09 in which the rainfall data during all seasons were

analyzed, in this study the EEOF analysis is only per-

formed for boreal summer rainfall (May–October). The

EEOF analysis is conducted with 9 temporal lags of the

3-day mean anomalous data.

Figure 4 illustrates percentages of variances explained

by ten leading EEOF modes based on observations and

model simulations, where error bars are determined based

on the formula by North et al. (1982). Similar to JW09,

each of the two leading ISV modes over the EPAC based

on observed rainfall is represented by a pair of EEOF

modes in quadrature with each other, suggesting the

propagating nature of these ISV modes; namely, the first

(second) pair of the EEOFs represents the first (second)

leading ISV mode. The evolution patterns of anomalous

rainfall and 850 hPa winds associated with the two

observed leading ISV modes are depicted in Figs. 7a and

10a, respectively, which were derived by lag-regression of

these fields versus the standardized time series for the

EEOF1 and EEOF3. Since the ISV over the EPAC is rather

damped during boreal winter due to local cold SSTs by

strong gap winds (e.g., Xie et al. 2005), the leading EEOF

patterns of the TRMM rainfall derived here greatly

resemble those in JW09.

To identify model counterparts of the two observed

leading ISV modes, pattern correlations are calculated

between each of the first ten leading EEOF modes from

each model simulation and observed EEOF1/EEOF3. Prior

to calculations of the pattern correlation, all the EEOFs

based on both the observations and GCMs are interpolated

onto 2.5-by-2.5-degree grids covering 140�W–90�W, and

EQ-30�N. Since the EEOF analysis is based on 3-day mean

anomalous rainfall data with nine temporal lags, each of

the obtained EEOFs consists of evolution patterns with

nine sequential time steps, say from time -4 to ?4 lags,

with an interval of 3 days between neighboring time lags.

To consider the possible phase differences between the

EEOFs based on each dataset, which is not unexpected,

lead/lag pattern correlations of the model EEOFs against

the observations are calculated. Therefore, evolution pat-

terns of observed EEOF1/EEOF3 from time -3 to time ?3

(e.g., a total of seven 2-D patterns with a duration of

21 days) are taken as a reference and pattern correlations

are calculated against each leading EEOF based on the

GCM which also contains seven of the total nine sequential
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(a)

(b) (c)

(d) (e)

(f) (g)

(h) (i)

(j) (k)

Fig. 2 Standard deviation of

10–90-day band-pass filtered

summertime (May–October)

rainfall based on observations

and model simulations (unit:

mm day-1). Note that in order

to eliminate the potential

influences of the horizontal

resolution, the standard

deviations are calculated on the

same 2.5� by 2.5� grids in all

these datasets
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2-D evolution patterns. Then, the maximum absolute value

of these lead/lag correlation coefficients is selected to

represent the pattern correlation between each model

EEOF mode and the observed EEOF1/EEOF3. The EEOF

mode with largest pattern correlation coefficient against the

observed EEOF1/EEOF3 will then be selected as the cor-

responding first/second ISV mode in each model. Note that

as in the observations, each leading ISV mode in GCM

0.7 0.75 0.8 0.85 0.9 0.95 1
0.5

1

1.5

2

CAM3.5

CAM3z

CFS

CM2.1

ECHAM4/OPYC

GEOS5

SNU

SPCAM

HIRAM

HIRAM−lores

Fig. 3 (X-axis) Pattern

correlation coefficients for

summer mean (May–Oct)

precipitation between TRMM

observations and model

simulations; (Y-axis) Relative

domain-averaged amplitude of

simulated summertime

precipitation standard deviation

in each model to its

observational counterpart. Both

pattern correlation of mean

rainfall and domain-averaged

amplitude of precipitation

standard deviations are derived

over the area of 5�S–30�N,

150�W–80�W. The star mark

represents the observations
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Fig. 4 Percentage variances explained by the first ten EEOF modes

of summer (May–Oct) rainfall over the eastern Pacific (140�W–

90�W; EQ-30�N) based on TRMM observations and model simula-

tions. Error bars are determined based on the formula by North et al.

(1982). Leading modes as denoted by two red (blue) dots represent

the two quadratic EEOFs corresponding to the first (second) ISV

modes in each dataset with percentage of variance explained by each

mode labeled above or below
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simulations is also usually described by a pair of EEOF

modes in quadrature with each other (see Fig. 4). Thus,

based on the above pattern correlation approach, a pair of

EEOFs can be identified as a candidate model counterpart

of the first (40-day mode) and second (QBM) ISV modes in

each GCM simulation. Adopting observed EEOF2/EEOF4

instead of EEOF1/EEOF3 as a reference when conducting

pattern correlations will lead to similar results.

The first and second leading ISV modes identified in

each model, corresponding to the observed 40-day mode

and the QBM, are denoted by red and blue dots in Fig. 4,

along with the percentages of variances labeled in corre-

sponding colors. In all the GCMs, the first two EEOFs

(EEOF1 and EEOF2) show the largest pattern correlation

coefficients against the observed 40-day mode. While the

pattern of the observed QBM is best depicted by second

pair of EEOFs (EEOF3 and EEOF4) in most of the GCMs,

it is captured in the third pair of EEOFs (EEOF5 and

EEOF6) in CAM3z, SNU, and HIRAM-lores. The two

pairs of EEOFs corresponding to the observed first and

second ISV modes are in general well separated from each

other in most of the GCMs except GEO5, in which an

overlap of explained variances is evident between the first

and second pairs of EEOF modes. It is worth mentioning,

however, that not all these identified ISV modes in GCM

simulations in Fig. 4 are able to realistically capture the

observed two leading ISV modes over the EPAC.

The pattern correlation coefficients of the first and sec-

ond modes between model simulations and observations

are illustrated in Fig. 5. The results suggest that four

GCMs, including CFS, SPCAM, HIRAM, and SNU, show

the better skills in capturing the observed evolution pattern

of the first ISV mode with pattern correlations surpassing

0.8. Particularly noteworthy is that both the standard and

low-resolution versions of HIRAM exhibit excellent skill

in depicting the observed 40-day ISV mode. This result

may suggest that model physics rather than the horizontal

resolution may play a more essential role in faithfully

simulating the 40-day mode over the EPAC. On the other

hand, three GCMs, SPCAM, HIRAM, and GEOS5, dem-

onstrate the best skill in simulating the second ISV mode,

i.e., the QBM, with pattern correlations greater than 0.6.

Caution needs to be exercised on the QBM in GEOS5 since

this mode is not statistically significant based on North

et al. (1982)’s criterion. It is interesting to note that while

the QBM is well represented in the standard HIRAM, it is

not well captured in its lower resolution version. This result

suggests the importance of fine horizontal resolution in

simulating the observed QBM over the EPAC, which may

be due to the smaller scales of the QBM versus the 40-day

ISV mode. Despite the coarse resolution (T42) of the

parent GCM of SPCAM, the QBM is also well simulated

by the SPCAM, indicating that an improved simulation of

the convective processes by the embedded 2D CRMs could

represent another method for improving simulations of the

ISV over the EPAC.

Next, the dominant periodicities of the two leading ISV

modes in each dataset are further examined by spectral

analyses, which are applied to unfiltered principal com-

ponents (PCs) corresponding to each ISV mode to mitigate

possible effects caused by band-pass filtering. The unfil-

tered PCs are obtained by projecting the EEOFs corre-

sponding to the leading ISV modes in each dataset onto

unfiltered rainfall data (with the climatological annual

cycle removed). The power spectrum of a particular ISV

mode is then derived by averaging the spectra corre-

sponding to the two quadratic EEOFs associated with this

mode. Figure 6 illustrates the spectral density profiles of

leading ISV modes based on both observed and model

simulated rainfall, which have been normalized by their

corresponding maximum values such that the peak value is

unity in each profile. Spectral analysis based on TRMM

rainfall (left columns in Fig. 6a, b) are consistent with

JW09 and further confirm the dominant periods of about 40

and 16 days associated with the observed first and second

leading ISV modes over the EPAC. For the first ISV mode

(Fig. 6a), CFS captures a spectral peak of about 50 days,

while CAM3z, SNU, SPCAM, and HIRAM_lores simulate

dominant periods of about 35 days, reasonably comparable

to the observations. Higher frequency spectral peaks of the

first ISV mode are found in other GCMs. Also note that

although a peak spectrum of about 25 days is noticed in the

standard HIRAM run, a second peak of about 35 days can

also be detected. Meanwhile, a second 25-day peak is also

noticed in the HIRAM_lores run, suggesting coexistence of

these two prevailing periods in HIRAM and a shifting

0.5 0.6 0.7 0.8 0.9 1
0.3
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CAM3.5     
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Fig. 5 Pattern correlation coefficients of the first ISV mode (x-axis)/

second ISV mode (y-axis) between TRMM observations and

simulations
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between each other with the change of the model horizontal

resolution.

For the dominant periods of the second ISV mode, most

of GCMs, except CM2.1, ECHAM4/OPYC, and HIRAM-

lores, reasonably capture a quasi-biweekly period of the

second ISV mode (Fig. 6b). In GEOS5, a higher-frequency

mode with a period of 12 days is dominant, while a period

of about 30 days is found in CM2.1 and HIRAM-lores, and

about 50 days in ECHAM4/OPYC. It is of particular

interest to note that while a biweekly period of the second

ISV mode is realistically simulated in the standard HIRAM

run, it is not captured in its lower resolution version. This

result further suggests that the increased horizontal reso-

lution could be conducive to a better representation of the

QBM over the EPAC.

The evolution patterns of anomalous rainfall and

850 hPa winds associated with the first ISV mode in the

four aforementioned GCMs that exhibit better skill in

pattern correlations are illustrated in Fig. 7 along with their

observational counterpart. In accord with previous studies

(e.g., Maloney and Esbensen 2007; Jiang and Waliser

2008), the observed 40-day ISV mode is largely charac-

terized by an eastward propagation (Fig. 7a). Anomalous

southwesterly (northeasterly) low-level winds are found to

be associated with enhanced (suppressed) convection.

These observed features are largely captured in these GCM

simulations although model deficiencies are also readily

discerned. Consistent with strong ISV in the CFS as shown

in Fig. 2f, it has much stronger ISV amplitude over the

EPAC during its life cycle (Fig. 7b). While the observed

ISV signals are largely confined to the north of 5�N, the

signals are also apparent near the equator in the CFS

simulation. For SNU (Fig. 7c), instead of a gradual east-

ward extension of the enhanced ISV convective signals as

Fig. 6 Normalized spectral

density of unfiltered PC time

series derived by projecting

a the first ISV mode and b the

second ISV mode onto

unfiltered TRMM and model

simulated rainfall anomalies

(seasonal cycle removed)
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in the observations, the eastward shift of the ISV signals

occurs very quickly from day -9 to day -6; then a quasi-

stationary enhanced rain belt is evident along the EPAC

ITCZ until day 0. The ISV simulated in the two versions of

GFDL HIRAM generally exhibit similar evolution fea-

tures. The increased horizontal resolution in the standard

HIRAM promotes the capture of local details of the

observed ISV distribution and their evolution. For example,

based on TRMM observations, the initiation of a sup-

pressed convection signal first appears to the south of

previously enhanced convection near 120�W (Fig. 7a, day

6). This process is well simulated in HIRAM (Fig. 7e, days

0–3) although there is a slight eastward shift of the

observed counterpart, but not in its low-resolution version.

It is also worthwhile to mention that this initiation process

of the suppressed convection to the south of the previously

enhanced convection is also detected in SPCAM (Fig. 7d,

day 6), which may benefit from the embedded 2-D CRMs

in spite of the relatively coarse horizontal resolution in its

parent GCM of SPCAM.

In Fig. 8, the eastward propagation associated with the

first ISV mode over the EPAC is further examined by

displaying time-longitude profiles of rainfall anomalies

based on both observations and GCM simulations. To

explore a possible linkage between the ISV over the

EPAC and the western Pacific (WPAC), the Hovmöller

diagram based on each dataset in Fig. 8 covers longitudes

ranging from 115�E to 80�W. Considering that eastward

propagating ISV signals are mainly confined near the

equator over the western Pacific, while they are largely

trapped along the off-equatorial ITCZ over the EPAC, the

rainfall in each panel is averaged between 10�S and 15�N

over the longitudes west of 150�W, and between 5�N and

15�N east of 150�W. The slope of the dashed line over

the eastern sub-domain of each panel represents the

observed eastward phase speed of 4� day-1 between

140�W and 100�W (Fig. 8a). To the east of 100�W, the

westward propagating signal of the 40-day ISV mode is

also observed.

First the eastward propagation of the first ISV mode

over the EPAC region (eastern sub-domains) in GCM

simulations is examined. It is shown that the four GCMs

that exhibit relatively higher pattern correlation coefficients

for the 40-day mode, i.e., CFS, SNU, SPCAM, and

HIRAM as shown in Fig. 5, generally simulate a more

realistic eastward propagation of this mode over the EPAC.

Both HIRAM versions capture well the eastward propa-

gation of the first ISV mode. While the eastward propa-

gation is reasonably well represented in SPCAM, the

westward propagation near 100�W tends to be overesti-

mated in this model. Consistent with our previous discus-

sion, a very fast eastward propagation speed of about

15� day-1 over the EPAC is found in SNU. The eastward

propagation over the EPAC associated with the 40-day ISV

mode is not well defined in several other GCMs, including

CAM3.5, ECHAM4/OPYC, CAM3z, GEOS5, and CM2.1.

Moreover, relatively higher frequencies of the simulated

first ISV mode compared to the observations are also

clearly discerned in most of the GCMs (except CFS) based

on Fig. 8.

A noteworthy feature as illustrated by Fig. 8a is that the

observed ISV signals over the EPAC are closely linked to

the eastward propagating ISV over the WPAC, which can

be further traced back to ISV signals over the Indian Ocean

(not shown). This result may indicate the intimate linkage

between the MJO and 40-day ISV mode over the EPAC,

which is in agreement with a previous study by Maloney

and Esbensen (2007) in which a very similar evolution

pattern of the 40-day ISV mode as shown in Fig. 7a can be

obtained by a lag-regression onto a global MJO index

instead of a local ISV index in the present study. In this

regard, the 40-day ISV mode over the EPAC is generally

regarded as the local expression of the global MJO. This is

in agreement with regional model results by Small et al.

(2011), which suggest that the phase of the ISV over the

EPAC is determined by remote forcing associated with the

MJO. Nevertheless, this strong linkage of the eastward

propagating MJO from the Indian Ocean/WPAC and the

40-day ISV over the EPAC is not evident in the GCM

simulations. The convective signals associated with the

40-day ISV mode over the EPAC tend to originate over the

central Pacific between 150�E and 150�W based on simu-

lations by several GCMs that exhibit a more realistic

40-day ISV mode over the EPAC. While further investi-

gation is needed for a better understanding of the model

deficiencies, these results indicate that the 40-day ISV

mode over the EPAC could be sustained without a forcing

from the eastward propagating MJO.

In addition to the eastward propagation, recent study by

Jiang and Waliser (2008) and Maloney et al. (2008) illus-

trated that this 40-day ISV mode over the EPAC also

exhibits northward movement as has been similarly docu-

mented for the ISV associated with the Asian summer

monsoon (e.g., Jiang et al. 2004; Annamalai and Sperber

2005). Moreover, similar to its counterpart over the Indian

Ocean, this northward propagating ISV over the EPAC is

also characterized by positive anomalies of equivalent

barotropic vorticity, lower-tropospheric specific humidity,

and PBL convergence to the north of the ISV convection

center. All these features are consistent with the ‘‘easterly

vertical wind shear’’ mechanism previously proposed to

explain the northward propagation of the ISV (Jiang et al.

2004), as both the Asian monsoon region and the EPAC are

characterized by the easterly vertical wind shear associated

with the Asian and North American monsoons (Jiang and

Waliser 2008).
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Figure 9 illustrates the northward propagation associ-

ated with the first ISV mode based on observed and sim-

ulated rainfall. The dashed line in each panel denotes the

northward phase speed of about 0.6� day-1 that is observed

over the EPAC (Fig. 9a). The northward propagating

convective signals of the EPAC 40-day ISV mode are

largely confined between 5�N and 20�N (Fig. 9a). While

only four of the nine GCMs are capable of realistically

simulating the eastward propagation of the first ISV mode,

most GCMs reasonably capture the northward movement

associated with this mode. However, a variety of model

simulation shortcomings are also apparent, including a fast

propagation speed (e.g., CM2.1, SPCAM), excessive

amplitude (e.g., CFS, HIRAM), and differences in the

latitudinal extent in the propagation (e.g., ECHAM4/

OPYC, CAM3z, GEOS5, CFS).

We next proceed to examine the GCM ability to simu-

late the second ISV mode over the EPAC. Figure 10b–d

displays the evolution of anomalous rainfall and 850 hPa

winds associated with the second ISV mode based on three

GCMs (SPCAM, HIRAM, and GEOS5) which exhibit

relatively higher pattern correlation scores for this mode as

presented in Fig. 5. In the observations (Fig. 10a), the

second ISV mode (QBM) over the EPAC is largely char-

acterized by a northward propagating dipole pattern with a

spatial scale smaller than the 40-day ISV mode shown in

Fig. 7a. The three GCMs reasonably capture the bulk

evolution features of the QBM, although the model simu-

lated QBM patterns tend to exhibit a stronger westward

propagation component in addition to the northward

movement.

The northward propagation of rainfall anomalies asso-

ciated with the second ISV mode in both observations and

GCMs is further displayed in Fig. 11, where the dashed

lines denote the observed northward phase speed of about

1.2� day-1. In addition to the aforementioned three GCMs

in Fig. 10, ECHAM4/OPYC, SNU, CAM3z, and CFS also

capture reasonably well the northward propagation signals.

(a) (b) (c) (d) (e) (f)

Fig. 7 Evolution of anomalous rainfall (shaded) and 850 hPa winds

(vectors) of the first ISV mode over the EPAC based on observations

(a) and GCM simulations (b–f), which was derived by lag-regression

of these fields versus the PC time series of the EEOF1 (the EEOF with

the largest pattern correlation with the observed EEOF1) based on

rainfall in observations (GCM simulations). Wind vectors smaller

than 0.15 m s-1 are omitted
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The northward propagation is largely absent in CAM3.5,

CM2.1, and HIRAM-lores. It is worthwhile to mention

again that although the northward propagation of the QBM

is very well captured by the HIRAM standard resolution

run, it fails to be captured in its low-resolution run.

5 Summary and discussion

During boreal summer, convective activity over the EPAC

is characterized by vigorous intraseasonal variability,

which exerts a significant influence on regional climate and

(a)

(b) (c)

(d) (e)

(g)(f)

(h) (i)

(j) (k)

Fig. 8 Longitude-time evolution of rainfall anomalies associated

with the first ISV mode based on observed and GCM simulated

rainfall. The rainfall in each panel is averaged between 10�S and

15�N over the longitudes west of 150�W, and between 5�N and 15�N

east of 150�W. Dashed line over the eastern sub-domain in each panel

represents an eastward propagation phase speed of 4� day-1
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(a)

(b) (c)

(d) (e)

(g)(f)

(h) (i)

(k)(j)

Fig. 9 Latitude-time evolution of rainfall over the EPAC (130�W–90�W) of the first ISV mode based on TRMM observations and GCM

simulations. Dashed lines represent a northward propagation speed of 0.6� day-1
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extreme weather events. Therefore, improved understand-

ing of, and increased predictive skill, for the ISV over the

EPAC is of great importance to the extended-range regio-

nal climate prediction. Moreover, while current model

capabilities in simulating the ISV over the eastern hemi-

sphere have been extensively explored, particularly that

over the Indian Ocean and western Pacific warm pool

region, investigation of model fidelity in representing the

ISV over the EPAC ITCZ remains limited.

In the present study, we assess capabilities of current

GCMs in simulating the ISV over the EPAC by analyzing

simulations from six atmospheric-only and three coupled

GCMs. These models include the super-parameterized

SPCAM AGCM, the NOAA operational CFS forecast

model, and the newly developed high resolution HIRAM

AGCM from GFDL. The results presented in this study,

thus, represent recent advances in modeling the ISV.

Model output from a low resolution version of HIRAM is

also analyzed to explore the sensitivity to horizontal reso-

lution on simulation of the ISV over the EPAC. We focus

our diagnosis on the two dominant ISV modes over the

EPAC that have been recently identified based on TRMM

rainfall observations, namely, a 40-day mode and a QBM.

The periodicities, evolution patterns, and propagation fea-

tures associated with these two ISV modes based on model

simulations are compared to their observed counterparts.

While it remains a great challenge for GCMs to faith-

fully represent the two leading ISV modes over the EPAC,

a number of models exhibit encouraging simulations of

many of the key features of these ISV modes. For the first

ISV mode, i.e., the 40-day mode, four GCMs, CFS, SNU,

SPCAM, and HIRAM, display relatively better skill in

simulating the evolution pattern associated with this ISV

mode including the eastward and northward propagation.

Except for the CFS, which captures a 50-day spectral peak

of the first ISV mode, the first ISV mode simulated in the

other three aforementioned GCMs exhibits a higher fre-

quency than the observed 40-day period. Moreover, CFS

suffers from a too active ISV over the EPAC. ISV signals

simulated in the CFS can be discerned near the equator

over the EPAC where the ISV is greatly damped in

observations. Slightly stronger ISV amplitude is also found

(a) (b) (c) (d)

Fig. 10 Similar as in Fig. 7, but for evolution of rainfall (shaded) and 850 hPa winds (vectors) associated with the second ISV mode over the

EPAC based on observations and GCM simulations
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in HIRAM. It is noteworthy that both standard and low

resolution versions of HIRAM capture the bulk features of

the observed evolution patterns associated with the 40-day

ISV mode, suggesting that improved model physics rather

than the model horizontal resolution are essential for the

improved simulation of the 40-day ISV mode in HIRAM

over the GFDL CM2/AM2 on which HIRAM is based.

On the other hand, the quasi-biweekly period of the

second ISV mode is captured by most of the GCMs with

GEOS5, SPCAM, and HIRAM exhibiting the best skill in

(a)

(b) (c)

(e)(d)

(f) (g)

(i)(h)

(j) (k)

Fig. 11 Same as Fig. 9, but for

the second ISV mode. The

dashed line in each panel
denotes the northward

propagation phase speed of

1.2� day-1 for the observed

QBM over the EPAC
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depicting the evolution of the observed QBM. It is note-

worthy that while the standard HIRAM with a 50 km

horizontal resolution captures well the general character-

istics of the observed QBM, the low resolution version with

a horizontal resolution of 250 km does not. This result

indicates that fine horizontal resolution could be critical for

capturing the second ISV mode over the EPAC, which

could be partially due to the relatively smaller spatial scale

features of the QBM.

Overall, SPCAM and HIRAM show relatively superior

skill in depicting both of the two dominant ISV modes, as

well the summer mean rainfall pattern over the EPAC. It is

generally considered that the explicit representation of the

sub-grid cumulus process by the embedded 2-D CRMs in

SPCAM could be largely responsible for its improved

performance. Similarly, the improved simulations of the

ISV over the EPAC achieved in HIRAM over GFDL CM2/

AM2 could be largely ascribed to the improved cumulus

parameterization schemes, most likely by adopting a

strongly entraining plume cumulus scheme instead of the

relaxed Arakawa-Schubert convective closure in AM2.1. It

is largely believed that the adequate representation of

rainfall from large-scale condensation in the GCMs could

be essential to realistically simulate the life cycle of ISV

convection processes (e.g., Fu and Wang 2009; Kim et al.

2009; Seo and Wang 2010). By adopting a strongly

entraining cumulus scheme in HIRAM, the plume can only

provide deep convection when the atmosphere is suffi-

ciently moist. As a result, deep convection is sufficiently

inhibited such that a substantial fraction of the rainfall in

the tropics (30–40% in both HIRAM and HIRAM_lores

runs) occurs through the large-scale cloud module rather

than through the convection module in HIRAM (Zhao

et al. 2009). In contrast, only 7.5% of the total rainfall is

through the large-scale condensation in AM2.1 (Zhao et al.

2009).

The improved skill for the ISV over the EPAC by

adopting a strongly entraining cumulus scheme in HIRAM

is consistent with modeling studies by applying a ‘‘Tokioka

modification’’ on convective triggering following Tokioka

et al. (1988). With the Tokioka modification, any convec-

tive plume with an entrainment rate less than a threshold

value (lmin = a/D, here a is a constant parameter, and D is

the PBL depth) will be suppressed. The constant a deter-

mines the strength of the triggering of convection. In other

words, convection is less likely to occur when a larger a is

applied. It has been shown that the simulation of the MJO

is very sensitive to this parameter a (e.g., Lee et al. 2003;

Lin et al. 2008a; Kim et al. 2011). The Tokioka modifi-

cation is implemented in three GCMs analyzed herein, e.g.,

SNU, GEOS5, and CM2.1, with values of a of, 0.1, 0.05,

and 0.025, respectively. Therefore, relatively better skill in

simulating the ISV over the EPAC in SNU model, in

particular for the 40-day mode, could also benefit from the

stronger Tokioka controls on convective triggering in this

model. By either adopting a stronger entrainment rate as in

HIRAM or applying a Tokioka modification in other

GCMs, it makes convection more sensitive to environ-

mental properties such as specific humidity. A strong

sensitivity of convection on environmental moisture was

also reported in SPCAM (Thayer-Calder and Randall

2009), consistent with superior skills in representing the

ISV in this model. Moreover, as previously mentioned, an

increase of the horizontal resolution appears to further help

the simulation of the ISV over the EPAC, particularly for

the second ISV mode.

It is shown that the observed 40-day ISV mode over the

EPAC is closely linked to the eastward propagating ISV

signals from the Indian Ocean/WPAC, which is largely

consistent with previous regional model results that the

phase of the ISV over the EPAC is determined by remote

forcing associated with the MJO (Small et al. 2011). In

contrast, in most of the GCMs with relatively more realistic

simulation of the 40-day ISV mode over the EPAC, the

convective signals associated with the 40-day mode over

the EPAC tend to originate over the central Pacific between

150�E and 150�W. These results suggest that the 40-day

ISV mode over the EPAC could be sustained without the

forcing by the eastward propagating MJO. Along these

lines, a more detailed analysis of the observations is called

for to illustrate and quantify how often ISV events in the

EPAC derive from eastward propagating events from the

west versus those which develop locally.

It is also noteworthy that in the present study the dom-

inant ISV modes in both observations and GCM simula-

tions are identified based on EEOF analyses of 10- to

90-day filtered rainfall anomalies over the EPAC (EQ-

30�N; 140�W–90�W). By conducting a similar EEOF

analysis but for 10- to 20-day filtered outgoing long-wave

radiation (OLR) over a greater domain including both the

EPAC and Caribbean Sea (EQ-30�N; 130�W–60�W), a

recent study by Wen et al. (2011) suggested a second QBM

over the eastern Pacific in addition to the largely northward

propagating QBM as discussed in this study. This second

QBM tends to be associated with westward propagating

convective signals originated over the eastern Atlantic

Ocean, which was also noted by Kikuchi and Wang (2009),

and could be associated with the North American Monsoon

variability on quasi-biweekly time scales (e.g., Jiang and

Lau 2008; Wu et al. 2009).

The characteristics of the ISV over the EPAC share a

number of common features with its counterpart over the

south Asian monsoon region, including the two dominant

intraseasonal oscillation periods, the coupling of northward

and eastward propagation of the 40-day ISV mode, and the

background easterly vertical wind shear associated with the
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monsoonal circulation. Thus, examination of the ISV over

the EPAC will not only improve our understanding of the

climate variability over the EPAC, but also provides

independent and new perspectives on the mechanisms for

the ISV. Further investigations are warranted for improved

understanding on various aspects of the ISV over the

EPAC, including the role of the MJO on the ISV over the

EPAC, how the low- and high-frequency ISV modes

interact to make impacts on regional climate/weather

events, and the role of multi-scale interaction associated

with the ISV over the EPAC.
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