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Abstract Impacts of convective momentum transport

(CMT) on tropical Pacific climate are examined, using an

atmospheric (AGCM) and coupled GCM (CGCM) from

Seoul National University. The CMT scheme affects the

surface mainly via a convection-compensating atmospheric

subsidence which conveys momentum downward through

most of the troposphere. AGCM simulations—with SSTs

prescribed from climatological and El Nino Southern

Oscillation (ENSO) conditions—show substantial changes

in circulation when CMT is added, such as an eastward

shift of the climatological trade winds and west Pacific

convection. The CMT also alters the ENSO wind anoma-

lies by shifting them eastward and widening them

meridionally, despite only subtle changes in the precipita-

tion anomaly patterns. During ENSO, CMT affects the

low-level winds mainly via the anomalous convection

acting on the climatological westerly wind shear over the

central Pacific—so that an eastward shift of convection

transfers more westerly momentum toward the surface than

would occur without CMT. By altering the low-level

circulation, the CMT further alters the precipitation, which

in turn feeds back on the CMT. In the CGCM, CMT affects

the simulated climatology by shifting the mean convection

and trade winds eastward and warming the equatorial SST;

the ENSO period and amplitude also increase. In contrast

to the AGCM simulations, CMT substantially alters the El

Nino precipitation anomaly patterns in the CGCM. Also

discussed are possible impacts of the CMT-induced chan-

ges in climatology on the simulated ENSO.

1 Introduction

Atmospheric convection is the primary heat source driving

the atmospheric circulation, and modulates that circulation

by transporting momentum vertically (Wu and Yanai 1994;

Tung and Yanai 2002a, b). Called ‘‘cumulus friction’’ in

earlier studies (Helfand 1979; Thompson and Hartmann

1979), this convective momentum transport (hereafter,

CMT) plays an important role in the atmospheric

momentum budget (Stevens 1979; Carr and Bretherton

2001; Tung and Yanai 2002a, b; Lin et al. 2005; Dima

et al. 2005). Recently, Lin et al. (2007) calculated the

momentum budget of the climatological Walker circulation

using two reanalysis datasets, and concluded that CMT is

important in both deep (80–160�E) and shallow convection

(180–120�W) regions. Nevertheless, many state-of-the-art

climate models omit this process.

Numerical representations of CMT have been developed

for cliamte models (Zhang and Cho 1991; Wu and Yanai

1994; Kershaw and Gregory 1997) and used to examine the

impact of CMT on climate simulations. Tiedtke (1989)

showed that including a simple parameterization of CMT

improved the simulation of upper level rotational flow. In
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the Tiedtke study, which neglected effects of convective-

scale pressure gradient forces, the CMT produced little

change in the simulated Hadley circulation. More recent

studies, which have included this pressure gradient effect,

have found varying impacts on the Hadley circulation—

with some showing a strengthening (Zhang and McFarlane

1995; Gregory et al. 1997) and others a weakening (Wu

et al. 2003, 2007).

In addition, Wu et al. (2003) have shown that CMT

plays a crucial role in simulating the seasonal migration of

the ITCZ across the equator. They found that a CMT-

induced secondary meridional circulation weakens the

Hadley circulation, especially in boreal winter. By sup-

pressing precipitation near the equator, and enhancing off-

equatorial rainfall in boreal winter when the ITCZ is far

from the equator, CMT improves the model’s seasonal

migration of the ITCZ.

While many studies have focused on the impact of CMT

in simulating the climatology and its seasonal cycle, it is

not yet clear exactly how CMT affects ENSO. Some

modeling centers have found CMT to strongly affect their

coupled GCM ENSO simulations—generating stronger

amplitudes and shifting the ENSO spectrum towards longer

periods (Wittenberg et al. 2003; Neale 2007). Wittenberg

et al. (2003) postulated that by altering the central longi-

tude and meridional width of the anomalous wind stress

response to ENSO SST anomalies, CMT affects the time

scale for oceanic adjustment and therefore ENSO. Indeed

the link between the structure of the wind stress coupling

and the behavior of ENSO has been demonstrated in both

intermediate models (Cane et al. 1990; Kirtman 1997; An

and Wang 2000) and coupled GCMs (Zelle et al. 2005;

Capotondi et al. 2006). In this study, we implement a CMT

parameterization in both atmosphere-only and atmosphere–

ocean coupled GCMs at SNU, and show how the CMT

alters the wind stress coupling and the simulated ENSO.

The main questions addressed by this paper are: (1)

Does including CMT affect the simulated atmospheric

response to SST ENSO forcing? and (2) If so, how?

In the following section, descriptions for implemented

CMT scheme, experimental design and observational data

are given. The effects of CMT on the response of

atmosphere to the El Nino SST anomaly are investigated

using the AGCM perpetual simulations in Sect. 3. In

Sect. 4, the results from multi-decadal coupled model

simulations are shown. Summary and discussion are pre-

sented in Sect. 5.

2 Method, experimental design and data

2.1 Convective momentum transport parameterization

The CMT parameterization used in this study is based on

Eq. (1), which is a vector form of Eqs. (19) and (20) in Wu

and Yanai (1994):

Fc ¼
X

i

di v~Di � �v~
� �

�Mc
o�v~

op
þ
X

i

c Mi
o�v~

op
ð1Þ

In Eq. (1), the subscript ( )i denotes each cloud element

within the cloud ensemble, and an overbar ð Þ denotes a

gridcell-mean value. The parameters and variables in Eq.

(1) are summarized in Table 1. Note that Mc ¼
P

i

Mi:

Cloud air is only partially mixed with environmental air

as it rises, and so the detrained mass at the cloud top retains

some memory of the lower-level momentum. The first

term, in which the detrained massflux at cloud top multi-

plies the momentum difference between the cloud and

environment, represents a momentum transport from lower

to upper levels. This term is significant only at upper levels

where the cloud tops are located. The second and third

terms dominate at lower levels. The second term, which

represents the downward momentum transport by the

environmental subsidence that compensates the convective

mass flux, depends upon the magnitude of the convective

mass flux and the environmental wind shear. Thus the first

and second terms of Eq. (1) represent a ‘‘two-way’’ trans-

port of momentum between upper and lower levels in the

atmosphere, which communicate with each other via CMT

in regions of strong vertical wind shear and convective

activity.

The horizontal pressure gradient force produced by

convective-scale pressure perturbations is expressed in the

third term using the vertical wind shear, cloud mass flux,

Table 1 Descriptions for the

parameters and variables in

Eq. (1)

Description

Fc Momentum forcing by convective momentum transport

di Detrained mass flux by ith cumulus cloud

Di Wind inside the ith cumulus cloud at the detrainment (cloud top) level

�v Environmental wind

Mc Vertical mass flux produced by cumulus ensemble

Mi Vertical mass flux produced by ith cumulus cloud

c Nondimensional constant representing the degree of organization for cumulus clouds
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and the orientation of organized clouds. From the shallow,

inviscid, inelastic equations (Ogura and Phillips 1962),

Rotunno and Klemp (1982) derived a relationship between

the convective-scale pressure perturbation and the product

of vertical wind shear and horizontal updraft variations.

When an axisymmetric updraft occurs within vertical wind

shear, a high (low) pressure perturbation is generated in the

upshear (downshear) flank (see Fig. 3a of Rotunno and

Klemp 1982). Wu and Yanai (1994) further assumed a

sinusoidal pressure perturbation field and parameterized

the pressure gradient force as the third term on the right

hand side of Eq. (1). Here c represents the orientation of

organized convection with respect to the direction of the

vertical wind shear. In reality, c might depend on large

scale variables (e.g., low level shear, Wu and Yanai 1994)

and vary with space and time. For simplicity, we use a

constant value of c = 0.55, following Zhang and Wu (2003)

who obtained this value as the best fit to the pressure

gradient momentum forcing from their cloud resolving

simulation. In Eq. (1), therefore, the second and third terms

in Eq. (1) can be combined to yield

Fc ¼
X

i

di v~Di � �v~
� �

� 1� cð ÞMc
o�v~

op
ð2Þ

In Eq. (2), c controls the magnitude of the third term

(associated with subgrid pressure gradients) relative to the

second term (vertical advection). When c \ 1 (c[ 1), the

second (third) term dominates and CMT reduces (enhan-

ces) the vertical wind shear below the cloud top.

Upgradient momentum forcing (c[ 1) is typically

accompanied by a squall line (Wu and Yanai 1994). Fig-

ure 1 is a schematic diagram of the above, for an idealized

convective grid cell with vertical wind shear. Solid and

dashed lines represent environmental ðuÞ and in-cloud (uc)

vertical wind structure, respectively, which differ within

the cloud layer. A convective-scale pressure perturbation

(p0) is also drawn (dotted line). Three kinds of mass

fluxes—updrafts (Mc), detrainment, and subsidence—are

expressed by arrows. The numbers show the region where

each term of Eq. (1) is active. The first term is active at

cloud top, where there is detrainment mass flux and the

environmental and in-cloud momentum differ. The second

and third terms play roles at almost all levels between the

cloud bottom and top, with their magnitude depending on

the magnitude of the vertical wind shear and vertical mass

flux. Note that the third term, which represents interactions

between convective-scale pressure perturbations and envi-

ronmental wind shear, is parameterized using the vertical

mass flux and environmental wind shear.

To implement the scheme in the SNU AGCM, the

vertical mass flux and detrained mass at cloud top are

obtained from the original convection scheme (Numaguti

et al. 1995). The vertical wind profile inside the cumulus

clouds is calculated from the momentum budget equations

using Eqs. (24)–(27) of Wu and Yanai (1994).

2.2 Model and experimental design

The models used in this study are the Seoul National

University atmospheric general circulation model (SNU

AGCM) and SNU coupled GCM (SNU CGCM). The SNU

AGCM is a global spectral model at T42 resolution, with

20 vertical sigma levels. The deep convection scheme is a

simplified version of the relaxed Arakawa-Schubert

scheme (SAS, Numaguti et al. 1995). The large-scale

condensation scheme consists of a prognostic microphysics

parameterization for total cloud liquid water (Le Treut and

Li 1991) with a diagnostic cloud fraction parameterization.

A non-precipitating shallow convection scheme (Tiedtke

1983) is also implemented in the model for the mid-tropo-

spheric moist convection. The boundary layer scheme is a

non-local diffusion scheme based on Holtslag and Boville

(1993), while the land surface model is from Bonan (1996).

Atmospheric radiation is parameterized by a two-stream k

distribution scheme as in Nakajima et al. (1995). Other

details of the model physics are described in Lee et al.

(2001, 2003).

To examine the impact of CMT on the ENSO simula-

tion, the AGCM is integrated with perpetual solar

conditions corresponding to the 16th of January, with either

u cu Detrainment

)( ic MM

Cumulus
updraft

Cloud bottom

Surface

Cloud top

Pressure
perturbation

'p

Subsidence

Boundary layer

Fig. 1 Schematic diagram of an idealized convective grid cell with

vertical wind shear. Solid and dashed lines represent environmental

and in-cloud vertical wind structure, respectively. The convective

scale pressure perturbation is also drawn (dotted line). Arrows
represent mass fluxes. Numbers indicate the region where each term

of Eq. (1) is active. See text for details
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climatological DJF SST or El Nino-like DJF SST as

boundary conditions. The El Nino SST is constructed from

the five strongest observed El Nino and La Nina events,

based on DJF NINO3.4 SSTs over 1950–2003. Those

events are 1957/1958, 1972/1973, 1982/1983, 1991/1992

and 1997/1998 for El Nino and 1973/1974, 1975/1976,

1988/1989, 1998/1999 and 1999/2000 for La Nina. We use

the symmetric part of the SST anomaly (Fig. 2) by taking

the average El Nino SST minus the average La Nina SST,

all divided by 2. The SST anomalies are superposed on the

climatological SST over the Pacific region (120�E–85�W,

20�S–20�N); elsewhere climatological SST is prescribed.

Four experiments are carried out, with two SST boundary

conditions and two versions of the AGCM with or without

CMT parameterization. The AGCM is integrated for 1 year

in each experiment. The first 50 days of simulation are

discarded to avoid artifacts of initialization, and the

remainder is used in this study. Hereafter, the AGCM

simulations with/without CMT parameterization are refer-

red to as CTLa and CMTa, respectively.

The CGCM used in this study was developed at Seoul

National University. It couples the above AGCM to the

oceanic GCM developed at the Geophysical Fluid

Dynamics Laboratory (GFDL). The ocean model—

MOM2.2—is a B-grid finite difference treatment of the

primitive equations of motion, using the Boussinesq and

hydrostatic approximations in spherical coordinates, and

covers the global oceans with realistic coastlines and bot-

tom topography. The zonal grid spacing is 1.0�. The

meridional grid spacing between 8�S and 8�N is 1/3�,

gradually increasing to 3.0� at 30�S and 30�N, and is fixed

at 3.0� in the extratropics. There are 32 vertical levels with

23 levels in the upper 450 m. A mixed layer model,

developed by Noh and Kim (1999) is embedded into the

ocean model to improve the climatological vertical struc-

ture of the upper ocean.

The ocean model communicates once per day with the

atmospheric model, exchanging SST, wind stress, fresh-

water flux, longwave and shortwave radiation, and

turbulent fluxes of sensible and latent heat. No flux cor-

rection is applied, and the model does not exhibit

significant climate drift in long-term simulations. In

addition, the CGCM reasonably simulates the observed

climatology and ENSO, though some systematic biases are

found (Kug et al. 2007b). Hereafter, the CGCM simulation

without the CMT parameterization is referred to as CTLc

and integrated for 200 years. The CGCM simulation with

CMT is referred to as CMTc and is integrated for 50 years.

2.3 Observational data

For observed rainfall we use the 1979–2003 monthly mean

data from the Climate Prediction Center (CPC) Merged

Analysis of Precipitation (CMAP, Xie and Arkin 1997).

Monthly-mean winds are from the National Centers for

Environmental Prediction/National Center for Atmospheric

Research reanalysis (NCEP/NCAR, Kalnay et al. 1996),

and wind stress data is from the European Centre for

Medium-Range Weather Forecasts (ECMWF) 40-year

reanalysis (ERA40, Uppala et al. 2005). SSTs are from the

National Oceanic and Atmospheric Administration

(NOAA) Extended Reconstructed Sea Surface Tempera-

tures (ERSST, Smith and Reynolds 2004).

3 AGCM experiments

3.1 Climatology simulation

To set the stage for the perpetual El Nino simulations, we

first examine the atmospheric response to perpetual clima-

tological DJF SST. We shall refer to the time-averaged

simulated fields from this run as the ‘‘DJF climatology’’.

Vertical wind shear, defined as the zonal wind at 850 hPa

minus that at 200 hPa (Fig. 3) and precipitation (Fig. 5) are

compared with observations. One might expect CMT to

affect the climatological wind shear by mixing momentum

between the upper and lower levels. Note that the second

term in Eq. (1) depends on both the magnitude and the sign

of the vertical wind shear.

Observed and simulated DJF mean vertical wind shears

are shown in Fig. 3. In the observations, the Walker Cir-

culation produces westerly shear over most of the tropical

Pacific, while easterly shear covers the western equatorial

Pacific from the maritime continent to the date line

(Fig. 3a). Both the CTLa (Fig. 3b) and CMTa (Fig. 3c)

reasonably capture these features. The easterly shear in the

CTLa; however, extends only to 160E. CMTa reproduces

the observed eastward extension of the easterly shear to

180�E, but the magnitude of easterly shear is larger in

CMTa than in CTLa and NCEP.

By construction, the parameterized CMT should act like

diffusion, reducing the local vertical wind shear. The

CMT-induced increase of easterly wind shear in the
Fig. 2 Idealized El Nino SST anomaly for DJF. Contour interval is

0.3�C. Dashed line represents negative values
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western Pacific is related to changes in the low level cir-

culation and precipitation (as discussed later), and also to

the basic vertical structure of the zonal wind, shown for

CTLa in Fig. 4. CTLa simulates a westerly peak in cli-

matological wind shear at 600 hPa in the western Pacific,

so adding CMT spreads westerly momentum down to

850 hPa. Similarly, adding CMT spreads easterly

momentum from the easterly peak at 100 hPa down to

200 hPa. Both act to increase the easterly wind shear

between 850 and 200 hPa. Compared to CTLa, CMTa has

substantially smaller root mean square errors (RMSEs),

and stronger pattern correlations with observations, for

climatological rainfall and wind shear over the tropical

Pacific (120�E–90�W, 20�S–20�N) and the global as a

whole (Table 2). The 850 hPa zonal wind is also closer to

observation in CMTa than CTLa (not shown). That CMT

improves the simulated mean winds, especially in the tro-

pics, is consistent with previous studies (Tiedtke 1989;

Zhang and McFarlane, 1995; Gregory et al. 1997).

Figure 5 shows the observed and AGCM-simulated DJF

mean precipitation. In observations, the SPCZ extends

from the western Pacific to the southern central Pacific, and

precipitation is relatively weak near the equator. The two

AGCMs capture those overall characteristics but have

different precipitation biases. CTLa (Fig. 5b) underesti-

mates the rainfall in the SPCZ and overestimates it near the

equator. CMTa (Fig. 5c) exhibits less rain near the equator

and more off-equator, resulting in a more clearly-separated

ITCZ and SPCZ. Note that Wu et al. (2003) also showed

reduced DJF precipitation in the equatorial western Pacific

upon inclusion of CMT in their model (their Fig. 3). The

distinct differences between the present two cases indicate

that the CMT parameterization has a significant impact on

the simulation of tropical precipitation (Fig. 6b), leading to

a more realistic pattern of DJF climatological rainfall in

terms of both RMSE and pattern correlation with obser-

vations (Table 2).

The reduction (increase) of precipitation in equatorial

(off-equatorial) regions may be related to the meridional

divergent circulation at low levels. In CMTa, the meri-

dional circulation is reduced near the equator, implying a

weaker local Hadley circulation due to enhanced mixing

between the lower inflow and upper outflow. These results

are consistent with those of Wu et al. (2007), who analyzed

the impact of the CMT parameterization in a different

AGCM.

a)

b)

c)

Fig. 3 DJF mean vertical wind shear over the tropical Pacific. Units

are m/s. a NCEP, b CTLa and c CMTa

Fig. 4 Longitude-height diagram of 5N-5S averaged zonal wind in

the Pacific for DJF. Contour interval is 3 m s-1. Dashed line
represents negative values

Table 2 Root mean squared errors (RMSE) and pattern correlations

between AGCM simulated DJF climatological field and observation

RMSE Pattern correlation

Pacific Global Pacific Global

SHEAR (Fig. 2)

CTL 8.01 5.87 0.85 0.91

CMT 5.51 4.99 0.94 0.94

PRCP (Fig. 3)

CTL 3.73 2.23 0.60 0.69

CMT 2.73 1.86 0.78 0.77

Units of RMSE are m/s for shear, mm/day for precipitation. See the

text for details
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The difference in precipitation (Fig. 6b) between CMTa

and CTLa is related to changes in low level circulation

(Fig. 6a). Over the warm pool in CTLa, the climatological

low level vertical shear is westerly (due to a westerly wind

maximum at 600 hPa, Fig. 4), so that CMT induces wes-

terly momentum forcing at low levels. Increased

precipitation off–equator also induces low level westerlies

via the Gill-type response to off-equatorial atmospheric

heating. Due to these two effects, CMTa simulates stronger

low-level westerlies over the western Pacific than does

CTLa (Fig. 6a).

To understand how CMT alters the climatological wind,

we compute a momentum budget following Eq. (1). Fig-

ure 7a shows that the momentum forcing by CMT accounts

for most of the enhanced westerlies. Figure 7 also shows

the vertical advection (Fig. 7b) and pressure gradient force

(Fig. 7c) terms in Eq. (1). The first term of Eq. (1) is not

shown, because it is relatively small at low levels where

cloud tops seldom form. As mentioned before, the pressure

gradient force term has similar pattern to vertical advection

term but has opposite sign with smaller—about half—

value. Vertical advection is important in the northern

ITCZ, where convective mass flux is strong relative to

precipitation (Fig. 5c).

3.2 El Nino anomaly simulation

In the previous section, we showed that the CMT para-

meterization has large impacts on the climatological

simulation by changing momentum budget. Next we

examine the impact of CMT on the atmospheric response

a)

b)

c)

Fig. 5 DJF mean precipitation over the tropical Pacific. Units are

mm day-1. a CMAP, b CTLa and c CMTa

b)

a)

Fig. 6 a 850 hPa zonal wind difference between CMTa and CTLa in

the DJF climatological SST simulation. b Same as a, except for

precipitation

a)

b)

c)

Fig. 7 DJF mean momentum forcing at 850 hPa level from CMTa

with climatological SST. a Total, b vertical advection and c pressure

gradient force. Units are m s-1 day-1
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to El Nino SST forcing, by subtracting the climatological

SST runs from the El Nino SST runs described in Sect. 2.

Figure 8 shows the anomalous precipitation associated

with El Nino in CMAP, CMTa and CTLa. The El Nino

anomaly for CMAP is obtained by composting the DJF

anomalies from the three largest observed El Ninos (1982/

1983, 1991/1992 and 1997/1998). In CMAP (Fig. 8a), a

positive (negative) rainfall anomaly appears in the central

(western) Pacific. Both CTLa (Fig. 8b) and CMTa (Fig. 8

c) fail to capture the negative anomaly over the Maritime

continent, although the negative anomaly in the western

North Pacific region is well produced in both simulations.

The positive anomalies in both simulations are shifted to

the west by about 20 degrees compared to the CMAP.

While the systematic biases of precipitation are similar in

the two simulations, close examination of Fig. 8 reveals

that the equatorial rainfall anomaly is meridionally wider

and shifted a bit farther east in CMTa than in CTLa.

Figure 9 shows zonal wind anomalies at 850 hPa, which

is generally above cloud base. Momentum forcing by CMT

at 850 hPa is readily transmitted to the surface via the

vertical diffusion/PBL scheme. During the observed El

Nino, strong anomalous westerlies appear east of the date

line (Fig. 9a). Both CTLa and CMTa displace these wes-

terly anomalies westward by about 20 degrees relative to

the observed patterns, consistent with the bias in

precipitation anomalies (Fig. 8). Yet despite the very

similar-looking precipitation patterns between the two

models, their wind anomaly patterns are quite different—

indicating that CMT induces a significant change in winds

despite similar atmospheric heating. Compared to CTLa,

CMTa shows a zonal wind response (Fig. 9c) which is

better organized, and exhibits stronger, meridionally

broader, and more equatorially-centered anomalous

westerlies that better resemble observations. The pattern

correlation with the observed zonal wind field is 0.41 for

CTLa, 0.58 for CMTa. The CMT-induced doubling in the

strength of the anomalous westerly response to El Nino

SSTAs (Fig. 9d) would likely produce a greater impact on

the ocean in a coupled model.

The CMT-induced difference in the El Nino 850 hPa

zonal wind anomaly (Fig. 10a) clearly shows the larger

westerlies in CMTa over the central Pacific. This wind

difference is largely attributable to local momentum

a)

b)

c)

Fig. 8 ENSO anomalies of precipitation. a CMAP, b CTLa and

c CMTa. Units are mm day-1

a)

b)

c)

d)

Fig. 9 ENSO anomalies of 850 hPa zonal wind. a NCEP, b CTLa

and c CMTa. d 5N-5S averaged anomalies. Units are m s-1
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forcing from CMT, which has a very similar pattern

(Fig. 10b). During El Nino the centers of convection in the

western Pacific expand eastward toward the central Pacific

(Kidson 1975; Saravanan and Chang 2000; Ham et al.

2007), enhancing the CMT over the central Pacific and

producing a stronger anomalous westerly wind response.

3.3 Momentum budget for the El Nino westerly wind

anomaly in CMTa

Next we examine how CMT enhances the El Nino westerly

wind anomaly, by analyzing the individual terms in Eq. (1).

The dominant contribution is from vertical advection

(Fig. 10c), which is a product of the environmental wind

shear and convective mass flux. Decomposing the daily-

mean data into climatological mean, seasonal mean

anomaly and daily transients the anomalous vertical

advection term becomes:

�ME
c

ouE

op
þMC

c

ouC

op
¼ �ðMC

c Þ
o

op
ðuEÞ0

� �

A

þ �ðME
c Þ
0 o

op
uC

� �

B

þ �ðME
c Þ
0 o

op
ðuEÞ0

� �

C

þ �ðME
c Þ
00 o

op
ðuEÞ00þðMC

c Þ
00 o

op
ðuCÞ00

� �

D

ð3Þ

where brackets and subscripts identify the terms shown in

Fig. 11 and discussed below. (Details may be found in the

Appendix .) Note that the sum of these bracketed terms

(Fig. 11a) is nearly the same as the total vertical advection

term (Fig. 10c) in terms of pattern and magnitude.

Term A plays a significant role in the northern ITCZ

(Fig. 11b). The largest contribution in the central Pacific is

from term B, which consists of vertical advection by the

seasonally anomalous mass flux acting on the climatolog-

ical wind shear (Fig. 11c). In particular, the central Pacific

anomalous westerlies in Fig. 10a are the result of anoma-

lous environmental subsidence (which compensates the

anomalous convective mass flux) acting on the local cli-

matological westerly wind shear, conveying westerly

momentum downward to low levels.

The second largest term in the central Pacific region is

term C. Because this term is a nonlinear product of the

anomalous mass flux and anomalous wind shear, it can

contribute to an asymmetric zonal wind anomaly response

between El Nino and La Nina (cf. Kang and Kug 2002).

Interestingly, term C actually enhances the low-level

westerly forcing in the central Pacific from term B. This is

rather counterintuitive, as one might have expected that

during El Nino, a weakening Walker cell would have

reduced the westerly vertical wind shear and therefore the

ability of anomalous convection (and its associated envi-

ronmental subsidence) to convey mid-tropospheric

westerly momentum downward into the PBL. However, a

vertical section of the zonal wind anomalies along the

equator (not shown) reveals that in CMTa the peak El Nino

westerly anomaly—associated with the weakening Walker

cell—sits well above the boundary layer, between 850 and

700 hPa. This anomalous westerly momentum is conveyed

down into the PBL via the anomalously strong convection

during El Nino, so that term C aids term B in driving the

surface westerly anomalies. We performed the same cal-

culation using the results from CTLa, which can be viewed

as a run in which interactions between CMT and the

atmospheric circulation are suppressed. The sum of the

four terms on the right hand side of Eq. (3), and term B

alone, are both smaller for CTLa than for CMTa (not

shown). In addition, in CTLa term C has a sign opposite

that of term B (and term C in CMTa), and largely cancels

term B over the central Pacific—so that term A dominates

the gross pattern of central Pacific anomalous momentum

forcing in CTLa. From comparison of the CTLa and CMTa

momentum budgets, it is thus apparent that the CMT-

a)

b)

c)

Fig. 10 a Difference in ENSO 850 hpa zonal wind anomalies

between CMTa and CTLa. Units are m s-1. El Nino momentum

forcing anomaly from b total of all terms, c vertical advection only.

Units are m s-1 day-1
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induced changes in large-scale circulation enhance the

direct effects of CMT, by feeding back through the changes

in climatological and anomalous wind shear and the dis-

tribution of convective activity.

4 CGCM simulation

To assess the impact of CMT in coupled simulations, we

compared simulations of the SNU coupled GCM with/

without the CMT parameterization (CTLc/CMTc). CTLc

was integrated for 200 years, CMTc for 50 years. Fig-

ure 12 shows the DJF-mean climatological biases of SST,

precipitation, and zonal wind stress in the two simulations.

CTLc exhibits a strong cold bias over the central Pacific,

common problem of state-of-art coupled GCMs (Latif

et al. 2003). CTLc also has too little precipitation and wind

convergence in the western Pacific, with an equatorial

easterly wind bias in the western Pacific and a westerly

wind bias in the central Pacific. CMTc shows a reduction in

all of these biases, with more rain and additional low-level

westerlies in the west Pacific (as also seen in the AGCM

simulations), and a *1�C warming of the central equato-

rial Pacific.

Based on the results presented thus far, one could expect

CMT to alter the behavior of ENSO in the CGCM. Many

studies (e.g., Fedorov and Philander 2001; Wittenberg

2002; and references therein) have shown ENSO to be

sensitive to changes in the background state, while others

(Kirtman 1997; An and Wang 2000; Capotondi et al. 2006)

have shown ENSO to be sensitive to changes in the

anomalous atmospheric response to SSTAs, like those seen

in Sect. 3.

As a measure of ENSO amplitude, we compute the

standard deviation of NINO3.4 SST anomalies. Compared

to the observed amplitude of 0.90�C, CTLc is a bit too

weak (0.70�C). But CMTc is much stronger (1.46�C)—

consistent with the stronger equatorial wind stress response

of the atmosphere model with CMT (Sect. 3.2), and also

with the reduced equatorial cold bias in the coupled model,

which promotes eastward shifts of convection (Kug et al.

2007a). Figure 13 shows the SST pattern associated with

El Nino, obtained by regressing the SST anomalies for all

months onto NINO3.4, and then multiplying by the stan-

dard deviation of NINO3.4. The observed SST anomalies

are largest along the equator in central and eastern Pacific,

with a peak near 150 W (Fig. 13a). CTLc and CMTc dis-

play a very similar pattern, despite their substantial

differences in amplitude.

Figure 14 shows regressions of precipitation and wind

stress anomalies onto DJF NINO3.4 SSTA, multiplied by

the standard deviation of NINO3.4 as in Fig. 13. The

observed ENSO precipitation anomaly is positive (nega-

tive) in the central (western) Pacific (Fig. 14a), and is

accompanied by westerly wind stress anomalies in central

Pacific. In CTLc (Fig. 14b), the positive precipitation

anomaly is weaker than observed, and its longitudinal

position is shifted about 30 degrees too far west—both

common problems in state-of-the-art coupled GCMs,

which have cold biases over the central Pacific (Mechoso

et al. 1995). The CTLc westerly wind stress anomaly is

also weaker than observed. However, CMTc (Fig. 14c)

a)

b)

c) e)

d)

Fig. 11 Vertical advection

terms in the CMT

parameterization, decomposed

as in the Appendix. Contour

interval is 1.5 ms-1 day -1.

a Total, b term A, c term B,

d term C and e term D.

See text for details
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enhances the positive precipitation anomaly and shifts it

eastward. In both models there are two (northern and

southern) precipitation maxima (presumably related to the

climatological double ITCZ), with the westerly wind stress

signal clearest along the southern precipitation peak.

Unlike the AGCM results in Sect. 3.2, the coupled

precipitation anomaly pattern changes substantially when

CMT is added. We hypothesize that these changes are

linked to the reduced cold bias in CMTc, which promotes

greater eastward shifts of convection during ENSO warm

events. In addition, this better placement of the atmo-

spheric heat source when CMT is added could help

improve the simulation of ENSO teleconnections around

the globe. When CMT is added, the ENSO wind stress

response changes—not only in magnitude but in longitu-

dinal location and meridional width. In intermediate—

complexity models, an eastward shift and meridional

widening of the zonal wind stress tends to produce longer-

period ENSOs, by slowing the oceanic adjustment via

oceanic Rossby waves (Cane et al. 1990; Kirtman 1997;

An and Wang 2000; Kang and Kug 2002; Kug et al. 2003).

This was recently confirmed for state-of-the-art CGCMs by

Capotondi et al. (2006), who found that the period of the

IPCC AR4 models could largely be predicted from

knowing only the meridional width and central longitude of

the anomalous westerly wind stress response during El

Nino. The impact of CMT on the ENSO time scale of the

SNU CGCM is illustrated in Fig. 15. Although both CTLc

and CMTc show a narrower NINO3.4 SSTA autocorrela-

tion function (and thus a shorter period) than observed,

CMTc does have a relatively broader autocorrelation

function—implying a longer and more realistic ENSO time

scale. This is consistent with what would have been

expected from previous studies, based on the eastward shift

and meridional widening of the anomalous zonal wind

stress response when CMT was added.

a) d)

e)

f)

b)

c)

Fig. 12 Biases of the coupled

model simulations. Right panels
are for the control experiment,

left panels are for the

experiment with CMT. a and d
SST; b and e precipitation; c
and f wind stress
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5 Summary and discussion

The impact of convective momentum transport (CMT) on

the simulation of the tropical Pacific climatology and

ENSO response were investigated using AGCM integra-

tions and multi-decadal coupled model integrations. We

parameterize the CMT in both GCMs following the method

of Wu and Yanai (1994). In our CMT formulation, the

pressure gradient force is expressed in terms of the vertical

wind shear, convective mass flux, and the orientation of

organized convection, with the latter fixed at a constant

value derived from a fit to a cloud resolving model.

Adding CMT to the AGCM improves the climatological

mean fields of precipitation and 850 hPa zonal wind.

Among the three terms that constitute momentum forcing

by the CMT, vertical advection dominates at low levels.

The El Nino anomaly patterns of precipitation and 850 hPa

zonal wind, which represent the atmospheric feedbacks to

the ocean, are also affected and more closely resemble the

observed patterns when CMT is included. The CMT leads

to stronger and better organized low level westerly wind

anomalies near the equator, and widens them meridionally.

The most important factor for these differences is the

anomalous convective mass flux, which is associated with

the eastward shift of convection from the western to the

central Pacific region during El Nino.

Similar results are obtained from multi-decadal simu-

lations of the SNU coupled model. With CMT, the

climatological biases of SST, precipitation and wind stress

are reduced. ENSO SST variability is amplified, with

stronger precipitation and wind anomalies over the central

Pacific. The ENSO period, which is sensitive to the zonal

position and meridional width of the westerly wind stress

b)

a)

c)

Fig. 13 SST regressed onto the Nino3.4 index, and then multiplied

by the standard deviation of the Nino3.4 index. Contour interval is 0.3

and units are �C. All months are used in the calculation. a ERSST, b
CTLc and c CMTc

a)

b)

c)

Fig. 14 Precipitation (shaded) and wind stress (vectors) regressed

onto the Nino 3.4 index, and then multiplied by the standard deviation

of the Nino3.4 index. Only DJF months are used. Contour interval is

0.5 and zero lines are not drawn. a OBS, b CTLc and c CMTc

Fig. 15 Temporal autocorrelation of the Nino 3.4 index for ERSST

(solid), CMTc (dashed) and CTLc (dotted)
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anomalies, grows longer and closer to observations when

CMT is added.

Interestingly, in contrast to the control run which had

slightly weaker amplitude than observations, adding CMT

results in excessive ENSO SST variance, despite the wind

stress anomalies having a magnitude comparable to

observations. This implies that some processes may be

exaggerating the ENSO SST anomalies. Absence of diurnal

variation is one possible candidate. From other experi-

ments, we have found the ENSO amplitude to be

significantly reduced when the atmosphere/ocean coupling

interval is reduced from 1 day to 3 h (not shown). Further

study is needed to understand these sensitivities.

We have shown that CMT can have a large impact on an

ENSO simulation. It is possible that CMT may also have

significant impacts on other climate phenomena like the

MJO and monsoons, either directly by changing the

atmospheric response to convection, or indirectly by

altering the background climatology and ENSO. In fact, we

have found the intraseasonal (20–100 day) variability to be

greatly enhanced in the equatorial Pacific when CMT is

added (not shown), possibly due to enhanced easterly shear

over the western Pacific. However, further studies will be

required to determine how CMT affects the relatively

shorter-term atmospheric variability.
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6 Appendix

Budget calculation for anomalous vertical advection

Here, we derive Eq. (2) using daily averaged convective

mass flux (Mc) and zonal wind (u). First the daily-mean

variables from the climatological run (( )C) and El Nino

SST run (( )E) are divided as follows,

MC
c ¼ ðMC

c Þ þ ðMC
c Þ
00

uC
c ¼ ðuC

c Þ þ ðuC
c Þ
00 ð1aÞ

ME
c ¼ ðMC

c Þ þ ðME
c Þ
0 þ ðME

c Þ
00

uE
c ¼ ðuC

c Þ þ ðuE
c Þ
0 þ ðuE

c Þ
00 ð2aÞ

where an overbar ð Þ denotes a seasonal mean value. A

prime ( )0 denotes a seasonal-mean anomaly, and a double

prime ( )00 a daily fluctuation. Note that the seasonal mean

from the El Nino SST run is decomposed into a climatol-

ogy and seasonal mean anomaly.

The vertical advection term in Eq. (1) is

�Mc
ou

op
ð3aÞ

Substituting Eqs. (1a) and (2a) into (3a) and taking a sea-

sonal mean, we get the seasonal mean momentum forcing

by the CMT vertical advection term in Eq. (1).

For the climatology run,

�MC
c

ouC

op
¼ �ðMC

c Þ
o

op
ðuCÞ � ðMC

c Þ
00 o

op
ðuCÞ00 ð4aÞ

and for the El Nino SST run,

�ME
c

ouE

op
¼�ðMC

c Þ
o

op
ðuCÞ�ðMC

c Þ
o

op
ðuEÞ0 �ðME

c Þ
0 o

op
uC

�ðME
c Þ
0 o

op
ðuEÞ0 �ðME

c Þ
00 o

op
ðuEÞ00

ð5aÞ

We then obtain the seasonally anomalous momentum

forcing due to the CMT vertical advection term, by

subtracting (5a) from (4a):

�ME
c

ouE

op
þMC

c

ouC

op
¼ �ðMC

c Þ
o

op
ðuEÞ0 � ðME

c Þ
0 o

op
uC

� ðME
c Þ
0 o

op
ðuEÞ0 � ðME

c Þ
00 o

op
ðuEÞ00

þ ðMC
c Þ
00 o

op
ðuCÞ00 ð6aÞ

Equation (6a) is repeated in the main text as Eq. (2). We

label the four terms in the right hand side of Eq. (6a) as

follows:

Term A—climatological mass flux and seasonally

anomalous wind shear

�ðMC
c Þ

o

op
ðuEÞ0 ð7aÞ

Term B—seasonally anomalous mass flux and

climatological wind shear

�ðME
c Þ
0 o

op
uC ð8aÞ

Term C—seasonally anomalous mass flux and seasonally

anomalous wind shear

�ðME
c Þ
0 o

op
ðuEÞ0 ð9aÞ

Term D—change in transient eddy momentum

�ðME
c Þ
00 o

op
ðuEÞ00 þ ðMC

c Þ
00 o

op
ðuCÞ00 ð10aÞ
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