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Abstract 

The first part of this study examines the driving mechanisms of the equatorial intraseasonal 

relative atmospheric angular momentum (AAM) and its dynamical relationship to the upper-

tropospheric zonal wind over the Western Hemisphere (WH) during the convective initiation of 

the MJO over the Indian Ocean. The budget analysis shows that the main driver of the equatorial 

intraseasonal AAM anomaly is the meridional transport of momentum induced by the 

modulation of the background subtropical eddies by the intraseasonal eddies. While the 

subtropical eddies over the central Pacific basin partly drive the equatorial AAM by meridionally 

transporting the momentum, the equatorial zonal wind associated with the same subtropical 

eddies is zonally advected and locally amplified over the east Pacific and Atlantic basins. The 

common source phenomena that transport momentum results in simultaneous evolution of the 

WH upper-tropospheric zonal wind and the AAM on intraseasonal timescales, but their main 

driving mechanisms are different. 

The second part of the study investigates the influence of the equatorial intraseasonal AAM state 

on the subsequent development of initiating MJO convection over the Indian Ocean. In the 

presence of the WH upper-tropospheric easterly wind, MJO convection tends to develop a 

stronger enhanced convective envelope when the initiation occurs during the negative 

intraseasonal AAM state, which strengthens and extends the upper-tropospheric easterly wind in 

the WH. When the AAM anomaly is positive, it tends to induce stronger mid-tropospheric 

convergence above the region of convective initiation, thereby suppressing the lower-

tropospheric updraft and suppressing the further growth of convection. The results show that the 
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combined effects of the WH circumnavigating circulation and the AAM can influence the 

subsequent development of MJO convection over the Indian Ocean. 

Key words: Madden-Julian oscillation; atmospheric angular momentum; momentum budget; 

intraseasonal convective initiation 

Running Head: Atmospheric Angular Momentum and MJO Convective Initiation 
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1. Introduction 

The evolution of the Madden-Julian Oscillation (MJO: Zhang, 2005) is often associated 

with particular patterns in the intraseasonal global atmospheric angular momentum (AAM) 

anomaly (Weickmann et al., 1992; Madden and Speth, 1995; Anderson and Rosen, 1983; 

Feldstein and Lee, 1995). The globally integrated AAM exchanges with the solid earth to 

conserve the total angular momentum of the earth and atmosphere, therefore the intraseasonal 

variability in the AAM is also associated with slight changes in the length-of-day (Madden, 

1987; Dickey et al., 1991; Guzler and Ponte, 1990; Magana, 1993). The variability in the global 

relative AAM is associated with changes in the Hadley circulation, modulating the strength of 

zonal-mean overturning circulations in the tropics and subtropics (Kang and Lau, 1994; 

Weickmann et al., 1997). The intraseasonal globally integrated AAM anomaly evolves with 

intraseasonal zonally integrated AAM anomalies that initiate in the tropics and propagate 

poleward into both the Northern and Southern Hemispheres (Weickmann et al., 1997). The peak 

in the intraseasonal globally integrated AAM anomaly often occurs when the positive zonal 

AAM anomaly reaches the subtropics and when MJO convection is enhanced over the Pacific 

basin and suppressed over the Indian Ocean (Weickmann et al., 1992; Feldstein and Lee, 1995; 

Weickmann and Sardeshmukh, 1994). Previous studies showed that the mountain and surface 

friction torques contribute to the evolution of the intraseasonal globally integrated AAM 

anomaly, while AAM flux convergence meridionally distributes the zonal-mean relative AAM 

anomaly (Weickmann and Sardemukh, 1994; Weickmann et al., 1997). The intraseasonal 

mountain and surface friction torques as well as the flux convergence are often driven by 
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intraseasonal circulation associated with MJO convection in the tropics and extratropics 

(Feldstein and Lee, 1995; Madden, 1988; Weickmann et al., 1997). 

MJO convection is often associated with circulation patterns that are roughly similar to 

the response to a stationary tropical heat source, as found by Gill (1980), that has a Kelvin wave 

response to its east and a pair of Rossby gyres on its west (e.g., Kiladis et al., 2005; Zhang, 

2005) except that the MJO response also often includes a pair of opposite-signed Rossby gyres 

east of the convection. The tropical Rossby and Kelvin wave circulations that are associated with 

MJO convection propagate in the tropics and subtropics where they interact with major 

topography (e.g., the Andes Mountains, the Tibetan Plateau, and the Rocky Mountains), inducing 

anomalous mountain and friction torques (Weickmann and Sardeshmukh, 1994; Weickmann et 

al., 1997; Feldstein and Lee, 1995). The intraseasonal AAM flux convergence results mostly 

from the modulation of the background eddies by intraseasonal eddy circulations (Weickmann et 

al., 1997), where the background is defined as the seasonal or climatological time-mean state. In 

addition, the modulation of the background circulation by the intraseasonal subtropical Rossby 

gyres influences the strength and location of the subtropical jets, resulting in changes in the 

characteristics of synoptic scale midlatitude circulation such as Rossby wave breaking 

(MacRitchie and Roundy, 2015; Moore et al., 2010). The resultant changes in the midlatitude 

synoptic circulation such as Rossby wave breaking events can then feed back onto the 

intraseasonal circulation thereby contributing to the poleward propagation of the intraseasonal 

zonal-mean zonal wind (Lee et al., 2007; Sakaeda and Roundy, 2014). 
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An intraseasonal globally-integrated AAM anomaly can also develop independently from 

the MJO (Marcus et al., 1996; Dickey et al., 1991; Weickmann and Berry, 2009) through the 

interactions of midlatitude synoptic waves with topography, which induce momentum exchange 

with the solid earth and transport momentum (e.g., Weickmann, 2003). However, the 

intraseasonal AAM anomaly in the tropics is strongly associated with the MJO. Variability in 

zonally and vertically integrated AAM in the tropics is dominated by the upper-tropospheric 

zonal wind (Kang and Lau, 1994; Weickmann et al., 1997; Anderson and Rose, 1983). Previous 

studies focused on the evolution of the globally integrated intraseasonal AAM anomaly and its 

association with the MJO, yet these authors provided little emphasis on the driving mechanisms 

of the tropical zonal-mean intraseasonal AAM anomaly and dynamical association between the 

tropical AAM and MJO convection. Weickmann et al. (1997) and Sakaeda and Roundy (2014) 

found that the main driver for upper-tropospheric zonal-mean intraseasonal zonal wind is the 

meridional flux convergence that results from the strengthening or weakening of background 

eddies by intraseasonal winds. However, it is unclear whether this process dominates the 

development of zonal-mean intraseasonal AAM by generating large local or regional signals near 

a particular longitude or whether the momentum appears uniformly across all global longitudes. 

The difference would be important to understand the source of variability in the intraseasonal 

AAM anomaly in the tropics. The zonal-mean intraseasonal AAM typically propagates poleward 

from the tropics (e.g., Weickmann et al., 1997), but local zonal momentum anomalies in the 

tropics can be generated by the equatorward transport of momentum from higher latitudes. 

Therefore, the association between the zonally symmetric and asymmetric circulations needs to 
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be further analyzed to understand the dynamical feedback mechanisms between the MJO and the 

extratropical circulation. 

The background zonal wind associated with the seasonal cycle is westerly during 

northern winter in the upper-troposphere over the Western Hemisphere (WH), which enhances 

the equatorward propagation of midlatitude wave trains (Webster and Holton, 1982; Hoskin and 

Ambrizzi, 1993). Weickmann et al. (1992) suggested that the in-situ (i.e. not part of the 

circumnavigating signal) development of upper-tropospheric intraseasonal zonal wind anomalies 

over the WH occurs during the developing phase of the intraseasonal global AAM anomaly. 

Their results suggest that the development of the upper-tropospheric intraseasonal zonal wind 

anomalies over the WH is associated with momentum flux from the midlatitudes, and that this 

flux contributes to the evolution of zonal and global intraseasonal AAM anomaly. The 

intraseasonal zonal wind anomaly over the WH associated with the MJO was traditionally 

thought as a “free” or dry Kelvin wave radiated by MJO convection over the warm pool (e.g., 

Milliff and Madden, 1996; Salby et al., 1994). However, Sakaeda and Roundy (2015a) showed 

that a theoretical dry Kelvin wave cannot completely explain the structure or the driving 

mechanism of the upper-tropospheric intraseasonal zonal wind over the WH. They suggested 

that the initial development of the intraseasonal zonal wind over these basins is strongly coupled 

to the midlatitude circulation, and that the resultant wind signal is amplified as it advects 

background zonal wind in a region of background wind convergence over the east Pacific and 

Atlantic basins (consistent with Webster and Chang, 1988). Sakaeda and Roundy (2015b) further 

showed that as these wind anomalies propagate from the east Pacific into the Atlantic basin, they 
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begin to form a Kelvin wave structure, suggesting that the structure and dynamics of the 

intraseasonal circumnavigating signal change as it propagates through the WH. 

Furthermore, Roundy (2014) showed that the sign of this upper-tropospheric intraseasonal 

zonal wind anomaly over the WH during the convective initiation of the MJO over the Indian 

Ocean is a significant marker of the likelihood of the subsequent amplitude of MJO convection 

becoming large (see also Sakaeda and Roundy, 2015a). The initiating MJO convection develops 

into a stronger and better-organized envelope following the easterly upper-tropospheric wind 

over the WH compared to the ones following the westerly wind anomaly over the same region. 

In addition, the upper-tropospheric zonal wind anomaly over the WH during the convective 

initiation of the MJO tends to be in phase with the zonal-mean intraseasonal AAM anomaly in 

the tropics (Sakaeda and Roundy, 2015a), suggesting that stronger MJO convection tends to 

develop during negative equatorial intraseasonal AAM anomalies, and the upper-tropospheric 

zonal wind anomalies in the WH may be the primary drivers of the equatorial intraseasonal 

AAM anomalies. However, MJO convection over the warm pool also induces a lower-

tropospheric Kelvin wave circulation that propagates eastward across the globe (e.g., Salby and 

Hendon, 1994; Matthews, 2008; Matthews, 2000), which can interact with the Andes Mountains, 

where it induces mountain torques that project their signals onto AAM (Weickmann et al., 1997). 

Therefore the association between the upper-tropospheric zonal wind over the WH and AAM in 

the tropics might be indirectly associated through surface torques. These previous studies 

motivate further investigation of the dynamical relationship between the upper-tropospheric 

zonal wind anomaly and the tropical zonal-mean AAM anomaly and potential impact of the 
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tropical AAM on the development of MJO convection. A number of studies have demonstrated 

the association between the MJO and the AAM, yet the impact of the AAM on the MJO has not 

been examined. 

This study investigates dynamical links between intraseasonal upper-tropospheric zonal wind 

anomaly over the WH and tropical zonally integrated AAM anomaly using AAM budget 

analysis. The main questions addressed in this study are 1) What are the dynamical links between 

the upper-tropospheric intraseasonal zonal wind and zonally integrated AAM anomaly in the 

tropics and 2) What are the impacts of the AAM anomaly, if any, on MJO convection? 

2. Data and Methods 

This study uses the NCEP Climate Forecast System Reanalysis (CFSR: Saha et al., 2010) 

with 2.5° horizontal resolution and 37 isobaric surfaces to calculate relative AAM and its budget 

terms. Tropical convection is represented by daily-interpolated outgoing longwave radiation data 

(OLR: Liebmann and Smith, 1996). The analyzed period of the study is December-January-

February (DJF) from 1979 to 2010. The same MJO index as Sakaeda and Roundy (2015a, b) is 

used to estimate the state and strength of MJO convection. This MJO index is derived using the 

two leading modes of intraseasonal OLR anomaly extracted by empirical orthogonal function 

(EOF) analysis following the same method as Wheeler and Hendon (2004) except using the 

intraseasonal OLR anomaly only. The intraseasonal timescale is defined to have periods from 20 
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days to 100 days. All filtering in this study is done by applying the Fourier transform and 

inverting the transform after setting the Fourier coefficients outside a target frequency band to 

zero, following the technique of Wheeler and Kiladis (1999). 

focuses on the relative component, 

2.1.  AAM Budget  

The atmospheric angular momentum has its earth and relative components, but this study 

mr , which represents the atmospheric zonal wind (1): 

mr = ua cos Æ (1) 

where a is the radius of the earth and Æ is latitude. 

The zonally and vertically integrated quantity of mr is referred to as Mr , and its budget 

equation  is shown in  (2).   

r 

t 

M 
= 

∂ 

∂ ∂ 1   ∂z s[{mr }]= −[{∇ ⋅ (vmr )}]+ fa cos Æ[{ }v ]−  ps   + a cos Æ[Äs ] (2)
∂t g  ∂»   

2À p[{ }]= a 2 cos Æ 
1 

Ad pd» (3)A ∫0 g ∫0 

s 

The right hand side (rhs) of (2) shows main dynamical terms that drive Mr, which are 

transport, Coriolis torque, mountain torque, and surface friction torque, in order from left to right. 

The curly and square brackets represent the vertical and zonal integrals, respectively, in (3). The 

limits of the vertical integral are from surface pressure to 1-hPa, which is the smallest pressure 

level available from the CFSR. In (2) and (3), v = (v, É) represents the meridional and vertical 

components of wind on isobaric surfaces, f the Coriolis parameter, g the acceleration due to 
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gravity, » longitude, p pressure, z surface height, and Äs the surface flux of zonal momentum. 

The subscript s indicates a variable at the surface of the earth. More detailed descriptions of the 

derivation of AAM budget terms are presented by Weickmann and Sardeshmukh (1994). To be 

precise, because the terms in (2) are integrated from the surface of the earth, the zonal flux 

convergence term ( [− ∂(umr ) / ∂x]) is not zero near the surface of the earth where topography 

interferes with isobaric surfaces. However, the budget closes fairly well without the term and the 

inclusion of the term does not eliminate the residual (see section 3.2). 

Similar to Sakaeda and Roundy (2014), temporal and zonal decomposition is applied to 

the transport term of (2) to examine the role of scale interactions. Both the wind and mr are 

decomposed into zonal-mean and eddy (zonally asymmetric) components as shown in (4) 

v = [v] / 2À+ < v > (4) 

where the angle bracket indicates the eddy component. This zonal decomposition results in the 

transport term of (2) expanding into two terms as shown in (5) 

− [{∇ ⋅ (vm )}]= −{[v] ⋅∇[m ]}−{∇ ⋅[< v >< m >]} (5) r r r 

where the first term represents the advection by zonal-mean circulation and the second term 

represents the flux convergence by eddies. 

Each zonal-mean and eddy component is further decomposed into three timescales as shown in 

(6) and (7), 

[v] = [v] + [v*]+ [v' ] (6) 

< v >=< v > + < v* > + < v' > (7) 
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where the overbar indicates background state, the asterisk indicates intraseasonal timescales, and 

the prime indicates transient timescales. The intraseasonal timescales include periods of 20-100 

days. Periods longer and shorter than the intraseasonal timescales are referred to as the 

background and transient timescales. The decomposition as shown in (4)-(7) expands each rhs 

term of (5) into 9 terms (not shown). When only the terms that are relevant to the intraseasonal 

tropical AAM anomaly are considered and terms with negligible scales in the tropics are 

discarded, the advection terms can be simplified as (8) and (9). The asterisk outside a bracket 

indicates the intraseasonal timescale part of the term inside that bracket. 

−{[v]⋅∇[m ]}* ≈ −{[v]⋅∇[m *]}−{[v*]⋅∇[m ]} (8) r r r 

−{∇ ⋅[< v >< m >]}* ≈ −{∇ ⋅[< v >< m * >]}−{∇ ⋅[< v* >< m >]} (9) r r r 

Consistent with previous studies (Weickmann et al., 1997; Sakaeda and Roundy, 2014), scale 

analysis indicates that the advection term of zonal-mean momentum in the tropics is dominated 

by terms that result from interactions between background and intraseasonal winds (not shown). 

2.2. Composite Analysis 

The intraseasonal AAM anomaly and its budget terms are composited on the same sets of 

MJO convective initiation events as Sakaeda and Roundy (2015a, b). Sakaeda and Roundy 

(2015a, b) first identified initiating MJO convective events as days when the MJO index is in 

phase 1 and its amplitude is greater than or equal to 0.5. The center date of each of the identified 

MJO convective event is defined as day 0. Then, the MJO events are stratified into two sets of 

events based on whether 200-hPa intraseasonal zonal wind anomaly over the WH (2.5ºN-2.5ºS, 
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140ºW-40ºW) is easterly or westerly. The two sets of MJO convective events are referred to as 

easterly wind events and westerly wind events, and the study period includes 45 easterly wind 

events and 19 westerly wind events. By this definition, both the easterly and westerly wind 

events have initiating MJO convection over the Indian basin around day 0, yet one has easterly 

and the other has westerly 200-hPa intraseasonal zonal wind anomaly over the WH on day 0. 

The AAM budget terms and other fields are composited with time lags from day 0 of the easterly 

and westerly wind events. Positive and negative lags indicate days following and preceding day 

0. The composites based on the easterly and westerly wind events allow us to compare the 

evolution of the equatorial AAM anomalies during those events in order to examine the 

association between the upper-tropospheric zonal wind and AAM anomalies during the 

convective initiation of the MJO. A Student’s t-test assesses whether composited anomalies are 

statistically significantly different from zero with the number of degrees of freedom equal to the 

number of events. The difference between the two sets of events is calculated by subtracting 

composite means of westerly wind events from the ones of easterly wind events. The statistical 

significance of the composite difference between the easterly and westerly wind events is tested 

using two-sample Student’s t-test. The AAM tendency is presented in the unit of Hadley (1018 kg 

2 m s-2). 

3. Results 
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The first part of this section presents the results of the budget analysis on the intraseasonal 

equatorial AAM anomaly and its association with the upper-tropospheric zonal wind anomaly 

over the WH in section 3.1 and 3.2. Then, section 3.3 examines the potential role of the 

intraseasonal AAM state on the subsequent development of MJO convection over the Indian 

Ocean. 

3.1. The Intraseasonal Upper-Tropospheric Zonal Wind and AAM Anomaly 

Figure 1 shows 200-hPa intraseasonal zonal wind anomalies and zonally and vertically 

integrated relative AAM (Mr) averaged from 10°S to 5°N. The latitude band is centered slightly 

south of the equator since the intraseasonal AAM anomaly initiates there (e.g., Weickmann et al., 

1997). By construction, the easterly wind events have 200-hPa easterly wind anomaly and the 

westerly wind events have westerly wind anomaly over the WH on day 0 (Fig. 1a, b). As shown 

by Sakaeda and Roundy (2015a), 200-hPa zonal wind anomalies over the Eastern Hemisphere 

are mostly not significantly different prior to day 0 between the easterly and westerly wind 

events, but significant differences are apparent over the WH (Fig. 1c). During both the easterly 

and westerly events, the intraseasonal Mr anomaly tends to be in phase with 200-hPa 

intraseasonal zonal wind anomaly over the WH as shown in previous studies (e.g., Weickmann 

et al., 1992). For example, the negative Mr anomaly in the easterly wind events peaks around day 

+8, when the 200-hPa intraseasonal easterly wind also peaks in the WH. The difference in the 

Mr anomaly between the easterly and westerly wind events also coincides with the difference in 

the 200-hPa zonal wind anomaly over the WH (Fig. 1c). The strong association between the 
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upper-tropospheric zonal wind over the WH and the Mr may suggest that the upper-tropospheric 

zonal wind over the WH dominates the evolution of equatorial Mr. 

At the surface of the earth, a similar phase lag between the pressure anomalies (Fig. 2) and 

zonal wind anomalies (not shown) exists in the WH, suggesting that the surface friction torque 

and the mountain torque may also be important to the different evolutions of Mr between the 

easterly and westerly wind events. Figure 2 shows that during the easterly and westerly wind 

events, a positive surface pressure anomaly propagates with the suppressed convection over the 

Indian and western Pacific basins, but the pressure anomaly decouples from the convection and 

propagates more quickly across the central and eastern Pacific basins. This decoupling of the 

surface pressure anomaly from MJO convection has been observed in previous studies (e.g., 

Matthews, 2000; Sobel and Kim, 2012). However, during the westerly wind events, the surface 

pressure and OLR anomalies stay coupled farther east, resulting in the delayed arrival of the 

positive surface pressure anomaly to the Andes Mountains around 90°W. Likewise, the upper-

tropospheric easterly wind anomaly on the east side of the suppressed convection also seems to 

stay coupled with the convection to its east during the westerly wind events, delaying the arrival 

of the upper-tropospheric easterly wind anomaly to the east Pacific basin (Fig. 1b). The positive 

surface pressure anomaly tends to lead the arrival of 200-hPa easterly wind anomaly in 

quadrature over the east Pacific basin. When the positive surface pressure anomaly arrives on the 

west side of the Andes Mountains, it induces a negative mountain torque on the atmosphere, 

thereby decreasing the Mr anomaly. Figures 1 and 2 show that the surface and 200-hPa 

circulation associated with the MJO tend to decouple from the convection over the same 

15 

This article is protected by copyright. All rights reserved. 



 
 

    

     

   

 

     

   

     

   

      

 

   

  

     

       

   

 

 

  

  

   

longitude and propagate at a similar phase speed over the Pacific basins, suggesting that both the 

lower- and upper-tropospheric circulation over the WH are associated with the difference in the 

Mr anomaly between the easterly and westerly wind events. 

As shown in previous studies (e.g., Weickmann and Sardeshmukh, 1994; Weickmann et al., 

1997), Fig. 3 shows that the intraseasonal Mr anomalies in the tropics propagate poleward in both 

the easterly and westerly wind events. Therefore the delay in the development of the 

intraseasonal AAM anomaly in the tropics between the easterly and westerly wind events results 

in both the delay of its poleward propagation and the subsequent time local maxima and minima 

of globally integrated intraseasonal AAM anomaly. The difference of the global distribution of 

AAM anomaly between the two sets of events shows a clear phase lag in time (Fig. 3c). By 

construction, both the easterly and westerly wind events have a similar geographical pattern of 

MJO convection (Fig. 2). However, the global distribution of AAM anomaly shows significant 

lags in Fig. 3, suggesting that the global intraseasonal AAM anomalies can be sensitive to slight 

differences in MJO convection or they can be driven by sources other than MJO convection. This 

result also indicates that the initiation process of the tropical intraseasonal Mr anomaly is 

important to understand the variability in the development of the globally integrated AAM 

anomaly associated with the MJO. 

3.2. AAM Budget Analysis 

This section examines the results of AAM budget analysis and discusses the processes that 

contribute to the development of the intraseasonal AAM anomaly in the tropics. Figure 4 shows 
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the intraseasonal Mr time tendency estimated by calculating its finite difference in time, the 

estimated Mr tendency as sum of all the terms on rhs of (2), and the residual as defined as the 

difference between the two Mr tendencies. During both the easterly and westerly wind events, the 

sum of budget terms captures the general temporal phase and amplitude of equatorial 

intraseasonal AAM anomalies. 

Figure 5 shows the intraseasonal anomaly of the terms on the rhs of (2) composited with time 

lags on the easterly and westerly wind events and the difference between the two. Coriolis torque 

is not shown here since its contribution near the equator is negligible. The transport term 

precedes and dominates the development of equatorial intraseasonal Mr anomaly during both the 

easterly and westerly wind events (Fig. 5a, b). The transport term also dominates contributions to 

the difference between the two sets of events (Fig. 5c). The mountain torque tends to follow in 

quadrature to the transport term, yielding a slight delay in the net Mr tendency. Friction torque 

tends to be out of phase with the mountain torque, but its contribution is one order of magnitude 

smaller than the other two terms. This result shows that the transport term dominates the 

intraseasonal Mr development in the tropics and the mountain torques play a secondary role. In 

other words, the equatorial intraseasonal Mr does not develop through the exchange of the AAM 

with the solid earth, but rather develops from the intraseasonal atmospheric distribution of mr. 

The transport term is further decomposed into advection by zonal-mean winds and flux 

convergence by eddies as shown in (5). Figure 6 shows the three major terms driven by 

interactions between background and intraseasonal winds that dominate the intraseasonal 

anomaly of the total transport term: the zonal-mean meridional and vertical advection 
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( − {[v ]∂[m *] / ∂y + [v*]∂[m ] / ∂y}, − {[É ]∂[m *]/ ∂p + [É*]∂[m ] / ∂p}) and meridional flux r r r r 

convergence ( − {∂([< v >< mr * >] + [< v* >< mr >]) / ∂y}). Consistent with previous studies 

(Weickmann et al., 1997; Sakaeda and Roundy, 2014), equatorial intraseasonal Mr development 

is dominated by the meridional flux convergence that results from interaction between the 

background and intraseasonal winds. Figures 6c and 5c show that the difference in the equatorial 

AAM anomaly between the easterly and westerly wind events mainly results from the difference 

in the meridional flux convergence, suggesting that momentum transport between the tropics and 

subtropics by eddies is important in the development of intraseasonal Mr anomaly in the tropics. 

To further examine the source region of the meridional flux convergence, the longitudinal 

distribution of vertically integrated meridional flux convergence and its zonally integrated 

quantity are shown in Fig. 7. During both the easterly and westerly wind events, there are two 

major sources of easterly acceleration by the meridional flux convergence that dominate its 

zonally integrated quantity: 1) over the Indian basin through the western Pacific (90°E-150°E) 

and 2) over the central Pacific basin near the dateline. The meridional flux convergence over the 

Indian and western Pacific basins propagates eastward at the same speed as the MJO convection. 

At the same time, the meridional flux convergence over the central Pacific basin contributes to 

the Mr in a manner that seems to be independent from the meridional flux convergence over the 

Indian and western Pacific basins. The main difference in the meridional flux convergence 

between the easterly and westerly wind events occurs over the central and east Pacific basin (Fig. 

7c), while the meridional flux convergence over the Indian and western Pacific basins is not 

significantly different. Stronger westerly acceleration by the meridional flux convergence 
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persists over the eastern Pacific basin in the westerly wind events, which delays the development 

of negative Mr anomaly. 

In order to examine which vertical levels provide an important source of the meridional flux 

convergence, Fig. 8 shows latitude and pressure cross sections of the zonally integrated 

meridional flux convergence on day −7 when the difference in the meridional flux convergence 

between the easterly and westerly wind events maximizes. The meridional flux convergence in 

the upper-tropospheric layer (300-100hPa) dominates its vertically-integrated quantity (Fig. 8a, 

b). The difference in the meridional flux convergence between the easterly and westerly wind 

events also is greatest in the upper-tropospheric layer (Fig. 8c). The combined results from Fig. 7 

and Fig. 8 suggest that the upper-troposphere is the most important layer of meridional flux 

convergence, and it dominates driving the tropical intraseasonal Mr anomaly. The difference in 

this flux convergence over the central and eastern Pacific basin drives the difference in the 

intraseasonal equatorial Mr anomaly between the easterly and westerly wind events. 

The meridional flux convergence of mr at 125-hPa, the level of maximum difference in the 

meridional flux convergence, is examined in more detail to understand what drives the difference 

in the upper-troposphere of the central and eastern Pacific basins. Figure 9 shows the plan-view 

composites of 125-hPa meridional eddy flux convergence in shading and intraseasonal eddy 

streamfunction anomaly in black contours on the same day as Fig. 8. As shown by Weickmann et 

al. (1997) and Sakaeda and Roundy (2014), the meridional flux convergence in the tropics 

results from changes in the strength of the background eddy circulation by the intraseasonal 

circulation. Upper-tropospheric background eddies, including a pair of subtropical anticyclones 

19 

This article is protected by copyright. All rights reserved. 



 
 

  

   

  

  

    

  

  

     

  

 

      

     

   

 

    

    

   

 

     

   

about the equator over the Eastern Hemisphere and a pair of subtropical cyclones over the east 

Pacific basin (see Fig. 12a of Sakaeda and Roundy, 2014) induce westerly acceleration in the 

tropics (Lee 1999). On day −7, the envelope of suppressed MJO convection is over the eastern 

Indian Ocean through the Maritime Continent (Fig. 2), suppressing the total convection in the 

climatologically active regions of convection. The suppressed MJO convection over the region 

induces a subtropical eddy circulation that is generally out of phase with the background eddy 

circulation (i.e., a pair of anomalous cyclones over the Eastern Hemisphere and anticyclones in 

the central to eastern Pacific basins), resulting in weakening of total eddy circulation and 

induction of anomalous easterly acceleration by the meridional flux divergence in the tropics. 

The pair of anomalous cyclones that are on the west of the suppressed convection over the 

Eastern Hemisphere induce the equatorial easterly acceleration that propagates with the 

convection as seen in Fig. 7. The difference in the circulation between the easterly and westerly 

wind events occurs mainly over the southern tropical to subtropical central and eastern Pacific 

basins (Fig. 9c). A pair of cyclones appears over the southeastern tropical Pacific basin during 

the westerly wind events, which induces anomalous westerly acceleration by strengthening the 

total cyclonic circulation. The northeast-to-southwest tilts of the wave train over the south 

tropical east Pacific basin suggest that they develop from equatorward energy dispersion of 

midlatitude wave trains. 

In order to examine the midlatitude wave activity, wave activity flux vectors for intraseasonal 

winds are calculated as by Takaya and Nakamura (2001) for stationary eddies and composited on 

day −7 of the easterly and westerly wind events (Fig. 10). In the south central Pacific basin, the 
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wave flux vectors indicate equatorward propagation of wave energy and poleward refraction of 

the waves farther east in both the easterly and westerly wind events. A significant difference in 

the wave flux activity between the easterly and westerly wind events occurs from 150°W to 

100°W in the southern subtropics (Fig. 10c). This difference indicates that equatorward 

propagation of midlatitude waves from the Southern Hemisphere is more enhanced during the 

westerly wind events than during the easterly wind events. This enhanced equatorward 

propagation leads to anomalous westerly momentum transport near the equator that is shown in 

Fig. 9b and delays the development of the negative Mr anomaly. These results suggest that the 

midlatitude waves substantially impact partly induce the variability in the equatorial 

intraseasonal AAM anomalies. 

The AAM budget analysis shows that the upper-tropospheric meridional flux convergence 

induced by the modulation of background eddies by intraseasonal eddies over the Indian through 

the central Pacific basins is the main driver of the tropical intraseasonal Mr anomaly. This 

mechanism is different from one that develops the intraseasonal upper-tropospheric zonal wind 

over the WH. Sakaeda and Roundy (2015a) found that zonal advection is important to the initial 

development and amplification of intraseasonal zonal wind over the upper-troposphere of the 

WH, but this zonal redistribution of the momentum does not contribute to the changes in the 

zonally integrated momentum. If the tropical Mr is mainly driven by the development of the 

upper-tropospheric zonal wind over the WH, then the main driver of the AAM, the meridional 

flux convergence, should induce strong zonal acceleration over the WH around the same days of 

peak AAM acceleration. Around day −7, local easterly acceleration of the upper-tropospheric 
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zonal wind over the eastern Pacific basin maximizes in the easterly wind events (see Sakaeda 

and Roundy, 2015a), but Fig. 9a shows that the meridional flux convergence does not induce any 

easterly acceleration over the east Pacific basin. Instead, Sakaeda and Roundy (2015a) showed 

that the equatorial easterly wind associated with the pair of anticyclones over the central Pacific 

basin is advected eastward by the background equatorial westerly wind in a manner that 

accelerates intraseasonal easterly wind over the east Pacific basin. This equatorial easterly wind 

continues to propagate eastward and amplify over the eastern Pacific and Atlantic basins, but the 

amplification of this local zonal wind over these regions does not directly drive the tropical 

AAM anomaly. The simultaneous development of AAM and upper-tropospheric zonal wind over 

the WH appear because they share the same source phenomena, which is the subtropical eddies, 

but they develop through different specific mechanisms. The subtropical eddies transport 

momentum poleward from the equator, inducing the negative Mr anomaly in the tropics, while 

the equatorial zonal wind associated with the subtropical eddies propagates eastward and locally 

amplifies over the east Pacific basins through zonal advection of background zonal wind. 

3.3. The Impacts of AAM on MJO Convection 

This section examines the impact of the equatorial AAM on the subsequent development of 

MJO convection over the Indian Ocean. In order to separate the effects of local upper-

tropospheric zonal wind over the WH and the AAM anomalies, the WH Zonal Wind Index from 

Sakaeda and Roundy (2015a) is recalculated using 200-hPa intraseasonal zonal wind anomaly 

after removing its zonal-mean component at each latitude. This eddy (zonally asymmetric) 200-
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hPa intraseasonal zonal wind anomaly is averaged from 2.5°N to 2.5°S and 140°W to 40°W to 

represent the local upper-tropospheric intraseasonal zonal wind anomaly over the WH. The 

resulting time series is referred to as the Eddy WH Zonal Wind Index (EWHZI). 

Table 1 shows the decomposition of the identified MJO convective initiation events (in phase 

1) by the signs of equatorial intraseasonal Mr anomaly (averaged from 5°N to 5°S) and the 

EWHZI. During the convective initiation of the MJO identified by the method described in 

Section 2.2 (also by Sakaeda and Roundy, 2015a), 73% of the events have local easterly wind 

anomaly in the upper-troposphere of the WH while 27% have westerly wind anomaly. The 

events have less preference for states of the equatorial Mr (53% negative AAM and 47% positive 

AAM). 

Figure 11 shows scatter plots between the AAM and EWHZI during the phase 1 events, with 

shading of the plotted points indicating the intraseasonal OLR anomaly over the Indian Ocean. 

The axes show the amplitude of the EWHZI and AAM on day 0 and the shading shows the 

amplitude of intraseasonal OLR anomaly averaged over 10°N-10°S and 75°E-105°E prior to and 

after the events. The distribution of the AAM and the EWHZI show that both of their signs are 

skewed toward their negative values during phase 1, but there is no significant linear relationship 

between the EWHZI and AAM. Prior to the events (days −5 to 0, Fig. 11a), the amplitude of the 

OLR anomaly tends to be nearly zero or weakly positive and does not have any apparent 

relationship with the AAM or EWHZI. On days 5 to 10 (Fig. 11b), most of the events indicate 

that development of suppressed convection and its amplitude tends to be stronger following 

negative EWHZI and AAM anomalies. This result is consistent with Roundy (2014) and Sakaeda 
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and Roundy (2015a), who showed that MJO convection tends to subsequently develop stronger 

and better-organized envelopes of convection following the events with the WH upper-

tropospheric easterly wind, but Fig. 11 suggests that it tends to occur especially when the 

equatorial intraseasonal Mr anomaly is also negative. Figure 11 suggests that within the events 

with the negative EWHZI, the ones with negative Mr anomaly tend to develop stronger MJO 

convection. However, during the events with positive Mr anomaly, the sign of the EWHZI does 

not seem to have much impact on the subsequent development of MJO convection. These results 

suggest that the association of the WH upper-tropospheric zonal wind with the subsequent 

development of MJO convection by Sakaeda and Roundy (2015a) is enhanced when the 

intraseasonal Mr anomaly is also negative. 

In order to assess the potential impacts of the Mr anomaly on MJO convection, the events 

with negative EWHZI are stratified by the sign of the AAM anomaly. The negative EWHZI 

events with positive and negative intraseasonal Mr anomalies are referred to hereafter as positive 

AAM events (events that fall within the top left quadrant of Fig. 11) and negative AAM events 

(bottom left quadrant of Fig. 11), and their differences are examined. The mean value of the 

EWHZI is not statistically significantly different between the positive and negative AAM events. 

Therefore, the difference in circulation between the positive and negative AAM events must be 

associated with the equatorial Mr (although the total intraseasonal zonal wind over the upper-

troposphere of the WH would have stronger amplitude in the negative AAM events due to the 

presence of a negative Mr anomaly that is excluded from the EWHZI). 
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Figure 12 shows the evolution of intraseasonal OLR anomaly and AAM during the negative 

and positive AAM events, and the difference between the two sets of events. In both sets of 

events, the convectively enhanced envelope of the MJO initiates over the Indian Ocean around 

day 0 and propagates eastward, but the amplitude of the convection is significantly stronger in 

the negative AAM events over the Indian Ocean from days 3 through 12 (labelled A in Fig. 12c). 

Some significant differences in MJO convection between the two means also occur over the 

central Pacific basin (labelled B in Fig. 12c). MJO convection during the positive AAM events 

tends to be more active there than during the negative AAM events over the central Pacific basin. 

Enhanced MJO convective activity over the central Pacific basin is often observed during the 

warm phase of El Niño Southern Oscillation (ENSO) when anomalously high sea surface 

temperature (SST) is observed in the central and eastern Pacific basins (Kessler, 2001; Vincent et 

al., 1998). Consistent with the previous findings on the relationship between MJO convection 

and ENSO, low-frequency anomaly (periods longer than 100 days) of SST tends to be 

anomalously high over the central and eastern Pacific basins during the positive AAM events 

(Fig. 13) when MJO convection is more active over the central Pacific basin. However, the 

monthly Niño 3.4 index obtained from Climate Prediction Center is less than or equal to zero 

consistent with neutral to cold ENSO states about 30% of the time during the months of positive 

AAM events (not shown), suggesting that the warm phase of ENSO is a favorable but not 

required background state for the positive AAM events to occur. No significant low-frequency 

SST anomaly appears about the equator during the negative AAM events. To further investigate 

the potential relationship between ENSO and MJO convective activity over the Indian Ocean, 
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interannual variability of the intraseasonal OLR is calculated following Kessler (2001), by 

applying one year running means to smooth the squared intraseasonal OLR anomaly and then 

taking the square root of the result. The interannual variability of intraseasonal OLR activity over 

the Indian Ocean (10°N-10°S, 75°E-105°E) and the low-frequency SST anomaly over the east 

Pacific basin are significantly negatively correlated (not shown), suggesting that MJO convective 

activity over the Indian Ocean tends to be suppressed during the warm phase of ENSO. However, 

the interannual variability of intraseasonal OLR anomaly over the Indian Ocean is not 

significantly correlated with the local low-frequency SST anomaly in the Indian Ocean. 

Okumura and Deser (2010) also show that the association between the Indian basin SST and 

ENSO varies subseasonally. These results suggest that the warm phase of ENSO is associated 

with the weaker MJO convective activity over the Indian Ocean, but the impact of ENSO on 

MJO convective activity over the Indian basin is not through the impact of the Indian basin SST 

by ENSO. 

During the positive AAM events, low-frequency SST anomaly averages slightly positive in 

the Indian Ocean (Fig. 13b). However, the MJO tends to develop weaker envelopes of 

convection over the Indian Ocean during the positive AAM events (Fig. 12), suggesting that 

other processes must overwhelm the positive effect of higher background SST by suppressing 

MJO convection during the positive AAM events. The higher SST may also be a result of the 

suppression of convection that increases the amount of solar radiation reaching the surface. 

However, no significant mean low-frequency OLR anomalies occur in the same population of 

events over the Indian Ocean. Therefore the suppression of MJO convective activity over the 
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Indian basin during the warm phase of ENSO may results through its impact on atmospheric 

circulation, which prefers positive AAM anomalies during the convective initiation of the MJO 

over the Indian basin. 

Sakaeda and Roundy (2015b) suggested that the upper-tropospheric intraseasonal zonal wind 

can impact the subsequent development of MJO convection by suppressing or enhancing the 

upper-tropospheric divergence and therefore the ventilation of the overturning circulation 

associated with initiating MJO convection over the Indian basin. This mechanism may also help 

explain the difference in the strength of MJO convection during the negative and positive AAM 

events. The left column of Fig. 14 shows the zonal cross sections of intraseasonal zonal wind and 

its divergence on day 0 of the negative AAM events, positive AAM events, and their difference 

over the Indian basin. The persistence of westerly wind anomalies in the mid- to upper-

troposphere is associated with significantly stronger mid-tropospheric convergence in the 

positive AAM events between 60°E and 90°E. The zonal wind anomalies in the upper-

troposphere tilt eastward with height and Sakaeda and Roundy (2015b) showed that these zonal 

wind anomalies tend to be in phase with geopotential height anomalies, resembling the 

theoretical and observed structure of a Kelvin wave associated with MJO convection (Wallace 

and Kousky, 1968; Kiladis et al., 2001; Zhou and Holton, 2002). Therefore the difference in the 

mid-tropospheric zonal divergence between the negative and positive AAM events is associated 

with the difference in the strength and arrival timing of the Kelvin wave. On day 7 (right column 

of Fig. 14), this mid-tropospheric convergence persists in the positive AAM events, while the 
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lower-tropospheric convergence and upper-tropospheric divergence are aligned vertically in the 

negative AAM events, associated with an enhanced overturning deep convective circulation.  

These results suggest that the suppression of lower-tropospheric ascent due to the persistence 

of mid-tropospheric horizontal convergence leads to weaker MJO convection in the positive 

AAM events. This mid-tropospheric convergence apparently persists due to the strengthened 

mid- to upper-tropospheric westerly wind anomaly associated with Kelvin wave in the presence 

of intraseasonal positive Mr on the equator. Therefore, the arrival timing and strength of mid- to 

upper-tropospheric intraseasonal zonal wind and its associated horizontal divergence can 

influence the strength of initiating MJO convection over the Indian Ocean by suppressing or 

enhancing large-scale ascent within the envelope of initiating convection. The state of the 

intraseasonal AAM anomalies can influence the subsequent development of initiating MJO 

convection over the Indian basin by influencing the arrival timing and strength of upper-

tropospheric intraseasonal zonal wind over the basin. The difference in the evolution of Mr 

between the negative and positive AAM events is also largely driven by the meridional flux 

convergence in the WH upper-troposphere (not shown), suggesting that the WH is the greatest 

source of variability in the state of the equatorial Mr anomaly during the convective initiation of 

the MJO over the Indian Ocean. 

4. Conclusion 

The first part of this study examines the dynamical relationship between the upper-

tropospheric intraseasonal zonal wind in the WH and relative atmospheric angular momentum 
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Mr anomaly that tend to evolve simultaneously. MJO convective initiation events are stratified 

by the signs of the upper-tropospheric intraseasonal zonal wind over the WH. Then, the driving 

mechanisms of the equatorial Mr anomaly during those events are examined by using budget 

analysis. The main driver of the equatorial Mr anomaly is the upper-tropospheric meridional flux 

convergence that results from the modulation of background subtropical eddies by the 

intraseasonal eddy circulation, while mountain torque plays a secondary role. There are generally 

two major source regions of zonal momentum transport by the meridional flux convergence: 1) 

the Indian to west Pacific basins and 2) the central to eastern Pacific basins. The central and 

eastern Pacific region is the greater source of variability in the state of equatorial intraseasonal 

Mr anomaly during the convective initiation of the MJO. The difference in the intraseasonal Mr 

anomaly between the easterly and westerly wind events results from enhanced equatorward 

propagation of midlatitude intraseasonal wave trains from the Southern Hemisphere over the 

tropical east Pacific basin during the westerly wind events, which transports anomalous positive 

zonal momentum onto the equator and delays the development of the negative intraseasonal Mr 

anomaly. 

The main driving mechanism of the equatorial intraseasonal Mr anomaly is different from the 

driving mechanism of the upper-tropospheric intraseasonal zonal wind over the WH found by 

Sakaeda and Roundy (2015a), where zonal advection plays a more significant role. However, 

while the driving mechanisms are different, both the equatorial intraseasonal Mr and upper-

tropospheric zonal wind anomalies are associated with the subtropical eddies. The subtropical 

eddies transport intraseasonal zonal momentum into or out of the tropics through the meridional 
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flux convergence or divergence, thereby driving the changes in the equatorial intraseasonal Mr 

anomaly. At the same time, the equatorial zonal wind associated with the same subtropical 

eddies over the central Pacific basin is advected eastward and amplified over the east Pacific 

basin through the advection of background zonal wind (Sakaeda and Roundy, 2015a). Therefore, 

the equatorial intraseasonal Mr and the WH upper-tropospheric zonal wind anomalies develop 

simultaneously due to their common source phenomena that transport momentum, but they are 

driven by different mechanisms from those sources. 

The second part of this study examines the influence of intraseasonal Mr anomalies on the 

subsequent development of MJO convection over the Indian Ocean. Within the MJO convective 

initiation events with intraseasonal upper-tropospheric easterly wind anomaly in the WH, the 

ones with negative equatorial Mr anomalies (referred to as negative AAM events) subsequently 

develop significantly stronger envelopes of enhanced MJO convection over the Indian Ocean 

than the events with positive Mr anomaly (positive AAM events). The difference in the strength 

of the convection between these sets of events seems to result from the difference in the mid- to 

upper-tropospheric circumnavigating zonal wind associated with Kelvin waves. During the 

positive AAM events, westerly wind anomalies persist over the western Indian basin in the mid-

to upper-troposphere, inducing mid-tropospheric convergence and suppressing the lower-

tropospheric ascent. 

Our results suggest that the part of the variability in the strength and characteristics of MJO 

convection over the Indian Ocean could be generated by the combined variability in the 

circumnavigating circulation from the WH and the state of equatorial AAM. Sakaeda and 
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Roundy (2015a, b) showed that this circumnavigating circulation does not propagate with a 

consistent structure or dynamics across all longitudes. Sakaeda and Roundy (2015a) showed that 

before the upper-tropospheric Kelvin wave generated by MJO convection over the warm pool 

reaches the east Pacific basin, upper-tropospheric intraseasonal zonal wind anomalies develop 

there in association with midlatitude circulations intruding on the tropics, which can influence 

the strength and arrival timing of the circumnavigating circulation to the Indian Ocean. Intrusion 

of midlatitude waves is also suggested to play a part in the formation of the Kelvin wave 

structure as the circumnavigating circulation propagates from east Pacific to the Atlantic basin 

(Sakaeda and Roundy, 2015b) The meridional exchange of zonal momentum with the subtropics 

can also influence the strength of the circumnavigating zonal wind by modulating the equatorial 

AAM anomaly. Therefore the interaction with the subtropical and midlatitude circulations can 

influence the evolution of the circumnavigating zonal wind over the WH by modulating the 

AAM or the local WH upper-tropospheric zonal wind, which then influence the subsequent 

development of initiation convection of the MJO over the Indian Ocean. 

The remote association between the interannual variability of MJO convection over the 

Indian Ocean and ENSO may also result from the modulation of the WH intraseasonal 

circulation by ENSO. MJO convection tends to be more active over the central Pacific basin 

during the warm phase of ENSO (Kessler, 2001), and Sakaeda and Roundy (2015a) showed that 

the longer persistence of enhanced MJO convection over the central Pacific basin tends to be 

associated with westerly wind anomalies over the east Pacific basin during the convective 

initiation of the MJO over the Indian Ocean. Therefore, the warm phase of ENSO would tend to 

31 

This article is protected by copyright. All rights reserved. 



 
 

      

 

    

 

    

   

    

 

  

     

   

 

  

    

    

  

 

 

remotely suppress MJO convection over the Indian Ocean by favoring the persistence of the 

westerly wind anomaly over the WH at the time of convective initiation over the Indian Ocean, 

which then suppresses the strength of convection. Some questions remain to be answered in 

future studies. These include understanding the causes of variability in the intraseasonal 

midlatitude wave propagation into the equator over the east Pacific basin, which tends to result in 

the variability in the development of equatorial AAM associated with the MJO. While this study 

suggests that the WH upper-tropospheric zonal wind anomalies influence the development of 

MJO convection by enhancing or suppressing the upper-tropospheric divergence and ventilation 

of initiating MJO convection, it is of interest to explore how the circumnavigating zonal wind 

from the WH may influence the other suggested sources of intraseasonal instability such as 

cloud-radiation feedbacks (e.g., Bony and Emanuel, 2005), wind-evaporation feedbacks (e.g., 

Emanuel, 1987) and upscale momentum and heat transports from synoptic or mesoscale scales 

embedded within MJO convection (e.g., Biello and Majda, 2005; Majda and Stechman, 2009). 

Further investigation is needed to deepen our understanding of the role of circumnavigating 

tropical and extratropical circulations from the WH on to the development of MJO convection 

over the Indian Ocean. 
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Table List 

Table 1. Number of phase 1 events categorized based on the signs of intraseasonal Mr anomaly 

averaged over 5°N to 5°S and Eddy Western Hemisphere Zonal Wind Index (EWHZI, calculated 

by averaging 200-hPa eddy intraseasonal zonal wind from 2.5°N to 2.5°S and 140°W to 40°W) 

on day 0. The most right column indicates total number of events based solely on the sign of 

EWHZI. The bottom row indicates total number of events based solely on the sign of AAM. The 

ratio of the number of events in each category over the total number of events is indicated in 

percentage inside parentheses. 
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Figure Captions 

FIG 1. Longitude-time diagrams of 200-hPa intraseasonal zonal wind anomalies (m s-1, shading) 

and time series of intraseasonal zonally and vertically integrated relative AAM anomalies (1.0 × 

1024 kg m2 s-1) averaged from 5°N to 10°S for (a) easterly wind events, (b) westerly wind events, 

and (c) difference between the easterly and westerly wind events. Zonal wind anomalies with 

statistical significance at 95% confidence level are contoured with thin black solid line for 

positive values and black dashed line for negative values. The same statistical significance for 

the AAM anomalies is indicated by black dots. 

FIG 2. Longitude-time diagrams of intraseasonal surface pressure anomaly (Pa, shading) and 

intraseasonal OLR anomaly contoured at every 5 W m-2 (solid indicates negative value and 

positive indicates positive value) for (a) easterly wind events, (b) westerly wind events, and (c) 

difference. The statistical significance of the shaded anomalies is indicated in the same manner 

as Fig. 1. 

FIG 3. (Top) Time-series of globally integrated intraseasonal relative AAM anomaly and 

(bottom) time-latitude diagrams of its zonally and vertically integrated quantity (unit: 1 × 1025 kg 

m2 s-1). The same statistical significance as Fig.1 is indicated by black contour line. 

FIG 4. Time series of (black solid) zonally and vertically integrated intraseasonal AAM time 

tendency ( ∂M r / ∂t ), (black dashed) its estimated tendency as sum of the terms on rhs of (2), and 

(gray dashed) residual averaged over 5°N-10°S for (a) easterly wind events and (b) westerly 
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wind events. All AAM time tendencies are shown in the unit of Hadley. Anomalies that are 

statistically significantly different from zero are indicated by dots. 

FIG 5. Time series of (black solid) intraseasonal AAM time tendency, AAM tendency driven by 

(black dashed) transport, (gray solid) mountain torque, and (grey dashed) friction torque 

averaged over 10°N-5°S for (a) easterly wind events, (b) westerly wind events, and (c) difference 

between the easterly and westerly wind events. Statistical significance of the anomalies is shown 

in the same manner as Fig. 4. 

FIG 6. Same as Fig. 5 except showing (black solid) total transport − [{∇ ⋅ (vmr )}]* , (black 

dashed) meridional advection by zonal-mean intraseasonal and background winds 

− {[v ]∂[mr *] / ∂y + [v*]∂[mr ] / ∂y}, (grey solid) vertical advection by zonal-mean intraseasonal 

and background winds − {[É ]∂[mr *]/ ∂p + [É*]∂[mr ] / ∂p}, and (grey dashed) meridional flux 

convergence by intraseasonal and background winds − {∂([< v >< mr * >] + [< v* >< mr >]) / ∂y}. 

FIG 7. Same as Fig.1 except showing vertically integrated meridional flux convergence due to 

background-intraseasonal interactions − {∂([< v >< mr * >] + [< v* >< mr >]) / ∂y} and its zonally 

integrated quantity are plotted in shading and profile (unit: Hadley). The statistical significances 

are shown in the same manners as Fig. 1. 

FIG 8. Latitude-pressure composites of meridional flux convergence by background-

intraseasonal interaction, − ∂([< v >< mr * >] + [< v* >< mr >])dp / g∂y , (unit: Hadley) on day −7 
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of a) easterly wind events, b) westerly wind events, and c) difference between the two sets of 

events. 

FIG 9. Plan view composites of 125hPa meridional flux convergence by background-

intraseasonal interactions (unit: Hadley, shading), − ∂([< v >< mr * >] + [< v* >< mr >])dp / g∂y , 

and 125hPa eddy stream function contoured every 2 × 106 m2 s-1 interval (black contour, solid 

indicates positive and dashed indicates negative values) on day −7 of a) easterly wind events, (b) 

westerly wind events, and (c) difference between the two sets of events. The shaded anomalies 

that are statistically significantly different from zero are contoured with thin black solid line for 

positive values and thin black dot-dashed line for negative values. 

FIG 10. Plan-view composites of 125hP intraseasonal wave flux vectors and eddy geopotential 

height anomaly (unit: m, shading). The wave flux vectors are only plotted poleward of 5°N or 

5°S. The statistical significance of the shaded anomalies are shown in the same manner as Fig. 1. 

FIG 11. Scatter plots of EWHZI against AAM on day 0 of all phase 1 events. Shading indicates 

the amplitude of intraseasonal OLR anomalies (W m-2) averaged over 10°N-10°S and 75°E-

115°E on (a) days −5 through 0 and (b) days 5 through 10. Negative OLR values are plotted with 

squares and positive OLR values are plotted in circles. 

FIG 12. Longitude-time diagrams of intraseasonal OLR anomalies (shading) and time series of 

intraseasonal Mr anomalies averaged over 10°S-5°N for (a) negative AAM events, (b) positive 

AAM events, and (c) difference between (a) and (b). Statistical significance of the plotted 

anomalies is shown in the same manner as Fig. 1. 
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FIG 13. Low-frequency (periods longer than 100 days) SST anomaly (unit: K) of (a) negative 

AAM events and (b) positive AAM events. The anomalies that are statistically significantly 

different from zero are contoured in black solid lines for positive values and in black dashed 

lines for negative values. 

FIG 14. Longitude-pressure diagrams of intraseasonal zonal wind anomaly (m s-1 , shading) and 

its divergence (plotted at 5 × 10-7 s-1 interval, black solid lines indicate positive and dashed lines 

indicate negative values) averaged from 10°N to 10°S (left column) at day 0 and (right column) 

day 7. Top row shows negative AAM events, the middle row shows the positive AAM events, 

and the bottom row shows the difference between the top and middle rows. 
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