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Popular Summary 

In the deep Tropics, the air in the upper troposphere and lower stratosphere is slowly 
rising at a rate of a few tens of meters per day. Although this rising motion plays important roles 
in the vertical transport of water vapor and other chemicals into the tropical stratosphere, its 
cause is not completely understood. It is likely that several mechanisms work together to 
generate the rising motion. A key component of one such mechanism is investigated in this 
article. 

in the Tropics, also know as tropical convection, generate waves in the wind fields of the tropical 
upper troposphere. These waves transport eastward momentum into the deep Tropics, leading to 
a convergence of eastward momentum in this region. This convergence, in turn, tends to 
generate an eastward acceleration of the wind. However, in spite of this acceleration, the winds 
in the tropical upper troposphere are generally light and steady. Part of the resolution of this 
apparent discrepancy involves the generation of rising motion in the tropical upper troposphere 
and lower stratosphere. 

In this article, the focus is on the relationship between tropical convection and the 
convergence of eastward momentum. This relationship is investigated using global data sets 
related to both tropical convection and momentum convergence. Tropical convection is 
represented by outgoing longwave radiation (OLR) data from satellites. The mount of radiation 
emitted by clouds, and therefore measured by the satellite, depends on the temperature near the 
top of the clouds. Since the clouds associated with tropical convection have high cloud tops with 
cold temperatures, tropical convection is characterized by low values of OLR. The convergence 
of eastward momentum is calculated beginning with wind data from a global data set. 

through the calculation of correlation coefficients between the two quantities on both the yearly 
and daily time scales. To see how the relationship varies over the course of the year, calculations 
were carried out for each of the four seasons individually. In general, the results reveal a high 
degree of correlation over a portion of the deep Tropics during each season, showing that there is 
indeed a close relationship between organized tropical convection and the convergence of 
eastward momentum in the tropical upper troposphere. The regions covered by high values of 
correlation, as well as the peak correlation values calculated for these regions, vary with season. 
Finally, the correlation patterns obtained suggest that a significant portion of the momentum 
convergence in the tropical upper troposphere is generated by a specific type of wave known as 
the mixed Rossby-gravity wave. 

According to the mechanism considered here, large, organized regions of thunderstorms 

The relationship between the OLR and momentum convergence data sets is quantified 



Abstract 

In this study, the relationship between tropical convection and the meridional 

convergence of zonal momentum flux in the tropical upper troposphere is investigated 

using NOAA interpolated outgoing longwave radiation data and NCEP-NCAR reanalysis 

wind data. In particular, a variety of correlation coefficients are calculated between the 

two data sets, both of which are filtered to isolate disturbances with frequencies and 

wavenumbers consistent with the Madden-Julian oscillation. The results show regions of 

significant correlation during each season, with the magnitude and area covered by 

significant correlation coefficients varying with season. Furthermore, it is found that the 

correlation structures look very similar to theoretical calculations of the atmospheric 

response to a region of tropical heating. This result suggests that tropical waves, in 

particular mixed Rossby-gravity waves, play an important role in the meridional transport 

of zonal momentum into the deep tropical upper troposphere. Finally, these findings 

have implications to the generation of rising motion near the tropical tropopause, which 

in turn has ramifications for vertical moisture transport and tropopause cirrus formation. 
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1. Introduction 

- a u v  
aY 

The meridional convergence of zonal eddy momentum flux, - , (momentum flux 

convergence, hereafter) in the upper troposphere of the deep Tropics (approximately 10"s-10"N) 

plays a role in the dynamics 'of the tropical upper troposphere and lower stratosphere. Lee 

(1999) shows that the net momentum flux convergence is positive in the equatorial upper 

troposphere, indicating that, in this region, eddy-momentum fluxes of tropical-origin dominate 

those of midlatitude-origin. Furthermore, it is shown that the spatial and temporal scales of the 

waves responsible for this momentum flux convergence are consistent with those of the El Nifio- 

Southern Oscillation (ENSO) and the Madden-Julian Oscillation (MJO; Madden and Julian 

1971, 1972), suggesting that the momentum flux convergence in the tropical upper troposphere 

is ultimately dnven by tropical convective heating. 

Starting with the results of Lee (1999), Boehm and Lee (2003) show that momentum flux 

convergence in the equatorial upper troposphere may play an important role in producing 

upwelling in the tropical upper troposphere and lower stratosphere. A limitation of the work of 

Boehm and Lee (2003) is that they used a zonal-mean dynamics model with momentum flux 

convergence represented by multi-year monthly mean quantities. Therefore, they could not 

explore the impact of longitudinal and temporal variability in momentum flux convergence on 

rising motion. 

However, tropical convection clearly exhibits significant longitudinal and temporal 

variability, so it is expected that the momentum flux convergence generated in response to 

convection will similarly vary. This variability in momentum flux convergence, in turn, will 

lead to similar variability in the rising motion generated by the hypothesis presented in Boehm 

and Lee (2003). Here, we explore the spatial and temporal variability in both outgoing longwave 
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radiation and momentum flux convergence in detail, with an emphasis on using this variability to 

look at the connection between momentum flux convergence and tropical convective heating 

established by Lee (1999). 

2. Data 

Since the primary purpose of this paper is to study the connection between tropical 

convection and upper tropospheric momentum flux convergence, data related to both quantities 

are needed. As has been done in a number of previous studies, outgoing longwave radiation 

( O m )  is used as a proxy for tropical convection (e.g. Gruber 1974; Hendon and Liebmann 1991; 

Wheeler and Kiladis 1999; Gu and Zhang 2001). The OLR data set used here is the 2.5" 

resolution daily interpolated OLR data set produced by the NOAA CIRES Climate Diagnostics 

Center (Gruber and Krueger 1984; Liebmann and Smith 1996). Momentum flux convergence at 

150 mb is calculated from National Centers for Environmental Prediction-National Center for 

Atmospheric Research (NCEP-NCAR) reanalysis daily zonal and meridional wind data, from 

which the seasonal cycle has been subtracted. Both the OLR and convergence data sets are 

filtered to focus on the low zonal wavenumber, low frequency variability associated with the 

Madden-Julian oscillation (MJO), since it has been shown that momentum flux convergence in 

the tropical upper troposphere is strongest at MJO wavenumbers and frequencies (Lee 1999). 

The details of this filtering are given in the next section, along with a description of the method 

used to calculate momentum flux convergence. 
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3. Filtering and convergence calculations 

Both the OLR and deseasonalized wind data are filtered to isolate variability associated 

with MJO frequencies and zonal wave numbers. For each latitude and pressure level under 

consideration, the first step in the filtering process is to produce a 90-day longitude-time cross- 

section, X(l , t ) ,  where A and t represent longitude and time, respectively. Next, the combined 

wavelet-fft analysis technique described by Gu and Zhang (2001) is applied to this cross section, 

yielding the Fourier transform of the wavelet transform of X ,  denoted k*(k,A, o) ,where the 

“hat” and asterisk indicate the wavelet and Fourier transforms, respectively, and k and w 

represent zonal wavenumber and frequency, respectively. Finally, the MJO-filtered data, XMJO, 

are produced by performing the inverse wavelet and Fourier transforms over the range of 

coefficients k=1-2 and w=0.011-0.044 day-’, which is representative of the N O .  

Combining the filtered data from a range of latitudes results in daily maps of the N O -  

filtered OLR, zonal wind, and meridional wind, denoted by OLRMJO, UMJO , and VMJO , 

respectively. Example maps of OLRMJO are shown in Fig. la-d. These maps, spaced 15 days 

apart, show a typical MJO event. A region of negative OLRMJO associated with the active phase 

of the MJO propagates slowly eastward from the Indian Ocean on 30 December 1989 (Fig. la), 

to the eastern Pacific Ocean on 13 February 1990 (Fig. Id). Figure l e  shows a Hovmuller 

diagram (longitude-time cross section) at 5”s of OLRMJO for Dec. 1989 through Feb. 1990, the 

season shown in Figs. 1 a-d. This diagram further illustrates the eastward-propagating structures 

associated with the MJO. Maps similar to Figs. la-d were produced for each day of each season 

over the 20-year period Dec. 1982 through Nov. 2002, and the seasons are designated by DJF 

(December 1-February 28), MAM (March 1-May 29), JJA (June 1-August 29), and SON 

(September 1-November 29). The maps presented in Figs. la-d closely resemble the OLR 
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anomaly maps presented by Wang and Rui (1990), in which the data represent variations on 

temporal scales from 10 to 90 days and zonal wavenumber 1 to 6. 

- a u v  
aY 

The MJO-filtered meridional convergence of zonal momentum flux, - MJO , is 

- a u v  
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calculated in grid-point space from UMJO and VMJO. In this paper, all references to - MJO are 

at 150 mb, which is near the level of maximum momentum flux convergence in the tropical 

- a u v  
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upper troposphere (see Fig. 3 in Boehm and Lee (2003)). Examples of - MJO are shown in 

Fig. 2 for the same days and season presented in Fig. 1. Eastward propagating structures in 

- a u v  
aY 

MJO are not as clearly visible in Figs. 2a-d as they were for OLRMJO in Figs. 1 a-d. 

However, such structures are very evident in Fig. 2e. Meridional fluxes of zonal momentum in 

association with the MJO have been described in several previous studies (e.g. Chen 1985; 

Madden 1986; Madden and Julian 1986). However, we are not aware of any previous gridpoint 

calculations of MJO-related upper tropospheric zonal momentum flux convergence. 

- a u v  A quick comparison of Figures le and 2e suggests that OLRMJO and - MJO are 
aY 

related to each other. This one season of data is not adequate for establishing a correlation 

between these two variables. The remainder of this article focuses on establishing and 

quantifying this correlation. 

4. Long-term seasonal means 

An examination of analyses like Figures 1 and 2 for each season over the 20-year period 

reveals that the strength and frequency of occurrence of structures in both OLRMJO and 
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MJO depend on location, and that the location of the strongest and most frequent structures 

varies with season. To determine the locations where MJO-related structures are most prevalent, 

long-term (20-year) means of unfdtered OLR, OLRiJo, and - MJO for each season are 
- a u v  

aY 

presented in this section. The long-term means of filtered OLR are calculated based on the 

MJO-filtered OLR power, OLRiJo , since the filtering procedure yields OLRMJO with time means 

equal to zero. 

a. Outgoing longwave radiation 

Figure 3 shows the 20-year mean unfiltered OLR for each season. Low values of OLR in 

the tropics are indicative of extensive high, cold clouds associated with tropical convection. In 

each season, there are 3 primary regions of low OLR: one over South America, another over 

Africa, and the third over Micronesia. The latitudes of OLR minima tend to shift north and south 

with the seasons, following the sun. The OLR minima are generally south of the equator in DJF 

(Fig. 3a), north of the equator in JJA (Fig. 3c) and relatively near the equator in MAM (Fig. 3b) 

and SON (Fig. 3d). The intertropical convergence zone (lTCZ) is visible as a band of low OLR 

extending across the Pacific Ocean just north of the equator. It is most prominent during SON 

(minimum OLR <220 W m-’), slightly weaker during JJA, somewhat weaker still during MAM, 

and virtually nonexistent during DJF. The South Pacific convergence zone (SPCZ), which 

extends southeastward from Micronesia into the western South Pacific, shows less seasonal 

variability in size and strength than the ITCZ. A couple of additional features are relevant to the 

results to be presented later. The first is the southeast Asian monsoon, which is prominent as a 

significant reduction in OLR over India and southeast Asia during both JJA and SON. The other 
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is the region of reduced OLR in extreme northwest South America, extending northwestward 

along the western coast of Central America; this feature is most prominent in JJA, and is also 

apparent in SON. 

The long-term mean OLRiJo for each season is shown in Figure 4. The maximum values 

in each season are located near longitude 120"E, consistent with animations of OLRMJO, which 

contain eastward propagating disturbances that generally develop over Africa, intensify as they 

cross the Indian Ocean, reach maximum power near Micronesia, and then gradually decrease in 

strength crossing the Pacific Ocean. In a manner similar to the unfiltered OLR, the tropical 

region of maximum long-term mean OLR;,, shifts north and south with season, from near 10"s 

in DJF (Fig. 4a), to near the equator in MAM (Fig. 4b), to near 10"N in both JJA (Fig. 4c) and 

SON (Fig. 4d). In MAM and SON, the maximum exhibits a double-peaked structure, with the 

MAM maxima located just to the north and south of the equator, and the SON maxima located 

farther north, near 10"N and 20"N. The maximum values also vary with season, rangmg from 

about 200 W2 rn4 in DJF down to about 80 W m in JJA. 2 - 4  

The longitudinal extent of significant OLRiJ, varies with season. In DJF, the season 

with largest peak values, OLR;,, is most confined in longitude, with values along the tropical 

maximum reaching down to nearly 40 W m over South America. In contrast, during JJA, 

when the maximum values are the lowest, OLRiJ, in the tropical maximum is greater than 50 W2 

2 - 4  

2 - 4  m4 at all longitudes, while in MAM, OLRiJo is greater than 60 W m at all longitudes in a 

band just to the north of the equator. 

Therefore, the MJO is locally the strongest during DJF, but is generally present over the 

greatest range of longitudes during MAM and JJA. This seasonal variation is consistent with 
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seasonal variations in the extent of tropical convection, as illustrated in the mean unfiltered OLR 

data (Figure 3). These data show that tropical convection is most confined in longitude during 

DJF when the ITCZ is nearly nonexistent, while during the other seasons tropical convection is 

prevalent over a broader range of longitudes in association with a stronger ITCZ across the 

Pacific. The results presented in Figure 4 are in agreement with previous studies of the seasonal 

cycle of OLR anomalies associated with the MJO (e.g. Weickman et a1 1985; Madden 1986; 

Wang and Rui 1990). 

b. Momentum flux convergence 

- a u t v '  

aY 
The long-term mean of - MJO for each season is presented in Fig. 5.  Overall, the 

basic patterns are similar for DJF (Fig. 5a), MAM (Fig. 5b), and SON (5d). In these seasons, the 

maximum values are located within 5" of the equator near longitude 120°E, where the long-term 

mean - MJO peaks at 4 . 3 ~ 1 0 ~ ~  m s - ~  in D E ,  at 3 . 8 ~ 1 0 - ~  m s-2 in MAM, and at 2 . 2 ~ 1 0 ' ~  m s - ~  
- a u t v '  

aY 

in SON. The maxima in these three seasons are nearly collocated with the corresponding 

maxima in long-term mean OLRiJo (see Fig. 4), and the maximum values are ranked similarly to 

the maximum OLRiJo values for the respective three seasons. The results for D E ,  MAM, and 

SON therefore suggest a close relationship between tropical convection associated with the MJO 

and upper tropical tropospheric momentum flux convergence at MJO wavenumbers and 

frequencies. 

However, the results for JJA (Fig 

seasons. The biggest difference is in the 

5c) differ considerably from the results for the other 

- a u v  ocation of the tropical extremes in - MJO , as the 
aY 
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locations of the maximum and minimum values during JJA are nearly reversed from the other 

- a u v  
aY 

three seasons. In particular, the maximum JJA - MJO , about 1 . 8 ~ 1 0 ~  m s - ~ ,  is located in an 

equatorial band across South America and the Atlantic Ocean, while the minimum value is 

located near Micronesia. A couple of factors that likely contribute to the differences between 

JJA and the other seasons are the influence of the Indian and southeast Asian monsoons and the 

impact of increased convection off the west coast of Central America. The impact of the 

monsoons is suggested by the northward extension of momentum flux convergence into 

southeast Asia and the western Pacific Ocean, while the impact of convection off the coast of 

- a u v  
aY 

Central America is suggested by the maximum in - MJO beginning near this region and 

extending eastward. 

The momentum flux convergence field for JJA (Fig. 5c) is further explored in Fig. 6, 

- a u v  
aY 

which separates - MJO into convergence and divergence components. Figure 6a was 

- a u v  - a u v  
MJO at each point over days on which - MJO > 0 

aY 
constructed by summing - 

aY 

(convergence), and then dividing by 90, the total number of days in the season. Fig. 6b was 

similarly constructed considering days for which - MJO e 0 (divergence). This separation - a u v  
aY 

- a u v  
aY 

leads to a better understanding of the total - MJO field for JJA by pointing out regions where 

momentum flux convergence (Fig. 6a) and divergence (Fig. 6b) are nearly offsetting and regions 

where one is dominant over the other. 
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Maximum convergence values occur in regions where disturbances at MJO wavenumbers 

and frequencies are strongest or most frequent or both. The average JJA tropical convergence 

(Fig. 6a) is greatest in a zonal band near 5"N. Within this band, the maximum values are located 

across South America extending into the Atlantic Ocean, likely in association with Central 

American convection (Fig. 3c). Also of note is the northward extension of relatively strong 

convergence over southeast Asia and the western Pacific Ocean in association with the 

monsoons, whereas average convergence at these more northern latitudes (e.g. 20"N) is much 

less at other longitudes. 

The divergence field (Fig. 6b) suggests that the significant reduction in total 

- a u v  
aY 

MJO during JJA in Micronesia relative to the other 3 seasons is related to the greater 

magnitude of momentum flux divergence around Micronesia and the Philippine Islands relative 

to that at similar latitudes over northern South America. The relatively strong divergence around 

Micronesia and the Philippine Islands is likely associated with the same disturbances responsible 

for the northward extension of convergence in association with the monsoons, while the 

relatively weak divergence across northern South America is due to relatively weak convergence 

at latitudes to the north and south. The combination of stronger convergence and weaker 

&vergence over northern South America relative to the western Pacific Ocean is thus responsible 

for the reversal of the regions of maximum and minimum convergence during JJA relative to the 

other 3 seasons. 

- a u v  
aY 

Finally, in contrast to the other three seasons, the JJA - MJO maximum (Fig. 5c) is 

not collocated with the JJA OLRMJO maximum (Fig. 4c). Three points should be made regarding 

this discrepancy. First, longitudinal variability in both variables is much less during JJA than 
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during the other seasons, so collocation or lack thereof between the two peaks is not as 

- a u v  
aY 

sigmficant as during the other seasons. Second, the peak in JJA - MJO does coincide with 

the general minimum in unfiltered OLR (Fig. 3c) that extends from off the west coast of South 

America across the Atlantic Ocean. This suggests that organized convection in this region, 

though not generally associated with the MJO, does produce momentum flux convergence at 

MJO frequencies and wavenumbers. Finally, the results presented in the remainder of this article 

show strong correlation between the two variables during JJA. 

The results presented in this section suggest that tropical upper tropospheric momentum 

flux convergence at frequencies and wavenumbers associated with the MJO is related to 

disturbances in the OLR field with similar frequencies and wavenumbers. Furthermore, these 

disturbances in the OLR field are associated with enhanced tropical convection. Therefore, these 

results provide evidence that momentum flux convergence in the tropical upper troposphere is 
. 

indeed related to tropical convection. Connections between MJO-related OLR anomalies and 

large-scale dynamics have been noted in a large number of previous studies (see Madden and 

Julian (1994) for references). However, to our knowledge the correlation between MJO-related 

OLR anomalies and upper tropospheric zonal momentum flux convergence has not previously 

been studied in detail. Such a study is the focus of the remainder of this paper. 

5. Interannual correlation 

In this section, the relationship between tropical convection and tropical upper 

tropospheric momentum flux convergence is explored by looking at the correlation between 

- a u v  
aY 

interannual variability in OLRkJo and - MJO . High correlation between these quantities on 
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the interannual time scale would provide further evidence of a close connection between MJO- 

related disturbances in OLR and upper tropospheric momentum flux convergence. 

The first step in calculating the interannual correlation is to construct seasonal mean 

- a u v  
aY 

fields (not shown) of OLRiJo and - MJO for each season and year in the 20 years under 

consideration. Then, for each season and at each gridpoint, 20-year time series of OLXiJo and 

- a u v  
a Y  

MJO are produced from these field. The ordinary Pearson correlation coefficient, ria, 

where “ia” denotes “interannual”, between these two time series is then calculated. Finally, the 

results at each gridpoint are compiled into maps of ria for each season. These maps, shown in 

Figure 7, reveal maximum correlation coefficients of 0.7 or greater during each season. Thus, 

since for data sets with 20 points (18 degrees of freedom), as considered here, correlation 

coefficients of 0.44 and greater are statistically significant at the 5% level, regions of significant 

correlation occur during each season. However, the locations, sizes, and maximum values of rk 

in, these regions vary significantly from season to season. 

Overall, the greatest correlation coefficients are observed during DJF (Fig. 7a), when ri, 

exceeds 0.4 in a band just south of the equator that stretches completely around the world. The 

region of greatest correlation, centered near Papua New Guinea where ri, reaches 0.91, 

- a u v  
aY 

corresponds to the region of maximum OLR,& (Fig. 4a) and - MJO (Fig. 5a) during DJF, 

while the reduced tropical correlations near South America correspond to a region where both 

quantities are much lower. 

It should be kept in mind that large correlation coefficients, such as those just described, 

can be generated by a few well-placed data points that are significant outliers from the remaining 
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points, which may actually be poorly correlated. A useful statistic for testing if large correlations 

are produced by a few such data points is the rank correlation coefficient, ria,rank, which is 

calculated by first assigning ranks to the data points in each time series, and then calculating the 

ordinary correlation coefficient based on these ranks. In the 20-year time series considered here, 

a rank of 20 is assigned to the highest value, 19 to the second highest value, and so on, down to a 

rank of 1 for the lowest value. Large values of ria,mnk are produced when the rankings of the data 

points for the two time series are similar or, graphically, when a scatter plot of the two time 

series reveals a nearly monotonic increase in one variable with respect to the other, without 

regard to the actual values for the two data sets. 

Figure Sa shows r i a , r d  for DE.  In the tropics, ria,runkis nearly as large as ri, (Figure 7a), 

with the peak value reduced only to about 0.83. Since both rh,rmk and rb are high, we have great 

- a u v  
aY 

confidence that interannual variations in OLR;,, and ~ MJO are closely connected during 

DJF. 

As in DJF, values of ri, greater than 0.4 encircle the globe near the equator during MAM 

(Fig. 7b). Within this band, the region of maximum correlation is now located in the eastern 

Pacific Ocean, where ria peaks at 0.76. Therefore, unlike DJF, when the region of maximum . 

- a u v  
aY 

correlation is collocated with the maxima in OLRLJo and - MJO , the region of maximum 

correlation in MAM is located well to the east of these maxima. Also, starting in the western 

Atlantic Ocean and extending eastward across Africa and well into the Indian Ocean, the tropical 

maximum in ria is divided into three separate bands (centered near 5"N, 5"S, and 10's) separated 

by bands of slightly lower correlation. Within these high correlation bands, ri, is generally 
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greater than 0.5, and is greater than 0.6 in places. Thus, although the maximum value of ri, is 

lower during MAM than D E ,  significant values are found over a larger area during MAM. 

The region of maximum ria,rank for MAM (Fig. 8b) is located slightly to the west of the 

corresponding region in ria. This shift has placed the peak correlation region closer to, but still to 

- a u v  
a Y  

the east of, the maxima in OL,RIJo and - MJO for MAM. In addition, the peak value for 

ria,runk of 0.71 is slightly less than the peak value for ria. 

To help explain the differences between riu,runk and rb for MAM, Figure 9 shows scatter 

- a u v  
a Y  

plots of - MJO vs. OLRiJo for this season. Each point in these figures represents the MAM 

seasonal average for the indicated year and location. The scatter plot for 130"W, 0" (Fig. 9a), 

located within the region of maximum ria, reveals that the relatively large correlation coefficient 

at this location is largely a result of conditions in the years 1983, 1987, 1992, and especially 

1998, as these years are outliers compared to the remaining years. Since these years are all El 

Nifio years, it appears that the large correlation at this point in the eastern Pacific Ocean is 

- a u v  
a Y  

related to the eastward shift in convection during El Nifio. In the remaining years, - MJO 

and OLR$, are relatively weak and there is no obvious relationship between the two quantities. 

For contrast, Fig. 9b shows the scatter plot at 110"E, 0", located near the equatorial minimum in 

- a u v  
a Y  

ria. At this location, most of the data points show a more clear increase in - MJO with 

OLR;,, than at the previous point, leading to the higher rank correlation coefficient. In this 

case, ria, is reduced by outlying years, in particular 1982, 1988, 1992, 1995, 1997, and 1998. 
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This is in contrast to the previous case, where the outlying years actually enhanced the 

conelati on. 

As in the two seasons already considered, a band of ria greater than 0.4 encircles the 

world just to the north of the equator during JJA (Fig. 7c), with another band of ria greater than 

0.4 located to the south of the equator from the central Indan Ocean eastward to South America. 

In this season, maximum ria is located near 7.5"N across Africa, where the peak value is 0.76. 

The region of greatest ria during JJA is thus located between the widely separated JJA maxima in 

- a u v  
aY 

MJO (Fig. 5c) and OLRiJo (Fig. 4c), being slightly closer to the former than to the latter. 

This lack of coincidence in the location of maxima in these quantities is not a problem since, as 

- a u v  
JY 

mentioned in a previous section, longitudinal variability in the - MJO and OLRLJo fields 

during JJA is relatively weak. The general features in JJA ria,rank (Fig. 8c) are similar to those for 

- a u v  
aY 

ria. Overall, the correlation between - MJO and OLRiJo during JJA is slightly less than in 

DJF or MAM, but is still sipficant over a large area in the deep tropics. 

The SON maximum for both ri, (Fig. 7d) and ria,mnk (Fig. 8d) is located in a narrow band 

across the Atlantic Ocean near 7.5"N, where the peak values of 0.75 and 0.71, respectively, are 

comparable to the corresponding peak values in MAM and JJA. However, the area covered by 

ria and ria,runk greater than 0.4 is substantially less than during the other seasons. Therefore, the 

- a u t v !  

aY 
overall correlation between - MJO and OLRiJo during SON is substantially lower than 

during the other 3 seasons. On the other hand, there are still bands of positive correlation in the 

deep tropics that encircle most of the world. 
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The results presented in this section reveal a significant correlation between - M I 0  

and OLRiJo on the interannual time scale during all seasons, providing additional evidence for 

the connection between tropical convection and tropical upper tropospheric momentum flux 

convergence. The largest correlation coefficients for any season are found during DJF, when the 

maximum rb reached 0.9 1. Although the maximum values for ria are lower during MAM and 

JJA, significant correlation is found over a larger area than during DJF. Finally, during SON the 

correlation is in general the lowest, although significant correlation is found in some, more 

limited, regions. 

6. Daily correlation 

- a u v  
a Y  

In this section, the connection between - MJO and OLRiJo is further investigated by 

loolung at the correlation between the two quantities on the daily time-scale. Correlation 

between these quantities on the daily time-scale is expected since, as can be seen in Figs. 1 and 

- a u v  2, OLRMJ0 and - MJO are associated with discrete eastward-propagating disturbances that 
aY 

change position from day to day. 

- a u v  
aY 

The correlation between OLR2Jo and - MJO on the daily time-scale is examined 

using one-point correlation maps. The first step in constructing these maps, for a given season, 

is to combine the 90 daily maps of OLRiJ0 and - MJO for each of the 20 years considered - a U v  
aY 

into separate “time series” of 1800 maps for both variables. Note that there will be 

dscontinuities between years in these time series. A one point correlation map is then produced 
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by calculating the daily correlation coefficients, rdaily, between the 1800-day time series of 

- a u v  
a Y  

MJO at a selected "base point" and the corresponding time series of OLRiJ0 at all other 

- a u v  
a Y  

grid points. Such maps were produced for each season at - MJO base points in the deep 

Tropics (10"N-10"S) separated by 30" longitude and 5" latitude, for a total of 60 base points for 

each season. Overall, these maps reveal high correlation between day-to-day variability in 

- a u v  
a Y  

OLRkJo and - MJO in association with some base points during each season. Here, one- 

point correlation maps are presented for several base points during each season to illustrate the 

main findmgs of this portion of the study. 

One-point correlation maps for DJF are shown in Fig. 10. Each panel in this figure 

- a u v  
a Y  

shows the correlation between the 1800-day time series of - MJO at the given base point and 

the corresponding time series of OLRiJo at every grid point. The base point in Fig. 10a is 

located at 5"S, 120"E. The one-point correlation coefficient in this case reaches 0.7 near Papua 

New Guinea, located about 30" to the east of the base point. This is the greatest value of r h i l y  

reached in any of the one-point correlation maps examined in this study. Another peak, with 

maximum r h i z y  of around 0.6, is observed over central Africa, about 100" to the west of the base 

point. This general structure of a peak in rdaily to the east of the base point and a second peak 

further to the west is present in most of the one-point correlation maps where significant r h i l y  is 

observed, regardless of season. As will become clearer in the discussion of Figure 14 in Section 

7, this structure is related to the dynamical response to tropical convective heating. 

During DJF, peak r b i z y  values greater than 0.6 are observed to the east of the base point 

for all base points at 5"s between longitudes 0" and 150"E. As the base point is moved east to 
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180" and into the eastern Pacific, the maximum r h i l y  decreases substantially. This is illustrated 

in Figs. 10b and c, in which the base point is located at 5"S, 180" and 5 O S ,  60"W, respectively. 

In Fig. lob, rhily exceeds 0.5 to the east of the base point, while in Fig. 1Oc the organized 

structure has largely. disappeared and rdaily only reaches 0.2. 

The general characteristics of the DJF one-point correlation maps for base points along 

the equator and along 10"s are similar to those for base points along 5"s just described, with 

r h i l y  of similar magnitude for base points along the equator and slightly lower for base points 

along 10"s. Therefore, for base points between the equator and 10"s in the Eastern Hemisphere 

during DJF, large positive values of ?-daily are observed just to the east of the base point. 

In contrast, negative rdaily is found in connection with DJF base points just north of the 

- a u v  
aY 

equator. For example, Fig. 10d shows the DJF one-point correlation with the - MJO base 

point at 10°N, 1.20"E, which is 15" to the north of the base point with maximum correlation (Fig. 

loa). In this case, idairy to the south of the base point is negative, with a minimum value of about 

-0.4. The negative values are likely indicative of the momentum flux divergence that is expected 

to the north and south of MJO-type disturbances. 

One-point correlation maps for MAM are shown in Figure 11. In general, the results for 

MAM are similar to those for DJF, with the largest values of rdaily again found in association with 

base points at and slightly south of the equator in the Eastern Hemisphere. Fig. 1 l a  shows the 

- a u v  
aY 

one-point correlation with the - MJO base point at Oo, 90%. This base point is near the 

middle of the range of longitudes, 60E"-120°E, for which the base points are associated with 

maximum rhizy of about 0.5. Within this range, maxima in rdaily are found both to the southeast 

and to the southwest of the base points. Figure 1 l b  shows the correlation with a base point 
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further to the east at 0", 1 SO", with which the maximum rhily has decreased somewhat to 0.4 

slightly to the east of the base point. Figure 1 IC shows the correlation with a base point still 

further to the east at O", 6 0 T .  The maximum r d d y  associated with this base point is somewhat 

lower, but is still greater than 0.3. Thus, the difference between the maximum rhily associated 

with base points around 120"E and that associated with base points in the eastern Pacific Ocean 

is significantly less during MAM than during DJF. This findlng is in agreement with other 

results presented in this article showing that a number of variables have their highest annual 

values during DJF, but that large values are more confined to the region around Micronesia 

during DJF than during the other seasons. Finally, Fig. 1 Id shows the one-point correlation with 

- a u v  
aY 

the - MJO base point at 1O"N, 90%. As was the case in DJF, negative r&ily is observed to 

the south of this base point located north of the equator, again likely due to momentum flux 

divergence associated with MJO-related disturbances. 

The one-point correlation maps for JJA (Fig. 12) differ substantially from those for D E  

and MAM, as expected based on the seasonal differences found in other variables elsewhere in 

- a u v  this article. During JJA, the largest values of rhily are now associated with - MJO base 
aY 

points to the north of the equator, with large values of rd& observed over the greatest range of 

longitudes in association with base points at 5"N. Figure 12a shows rhily associated with the 

base point at 5"N, 60"W. Values of rhily exceed 0.6 about 30" to the east of this base point, with 

another maximum in 

base point at 5'N, 120°E, t h s  basic structure at 5"N shows little longitudinal variability, as 

maximum r h i l y  values in excess of 0.5 are found in association with base points at all longitudes 

except for 60°E, and even there the maximum rdaily exceeds 0.4. 

of 0.4 located about 150" to the west. As shown in Fig. 12b for the 
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In contrast to the situation at 5"N, rhily at 10"N exhibits greater sensitivity to the 

longitude of the base point. The JJA rhily maps for base points from 60"W to 0" at 10"N (not 

shown) are very similar to that for the base point at 5"N, 60"W (Fig. 12a), with maximum rhily 

values exceeding 0.6. However, the maximum idail,, values associated with base points outside of 

this longitude range are significantly lower, as illustrated in Fig. 12c for the base point at 10"N, 

150"E. Lastly, Fig. 12d shows Ydaily with the base point at lo's, 60"W. Once again, negative 

values for rdaily are observed in association with base points located in the opposite hemisphere 

from the strongest convection. 

Finally, one-point correlation maps for SON are shown in Figure 13. Overall, the results 

are similar to those for JJA, although the maximum values for rdaily are slightly lower. As in JJA, 

the largest values for rhily are found in association with base points at 5"N. This is illustrated in 

Figs. 13a,b, and c, which show rhily associated with base points located at 5"N, 0"; 5"N, 90"E; 

and 5"N, 180°, respectively. Maximum values for rhi ly  of around 0.4 are observed slightly to the 

east of each of these base points. Another maximum in rhi ly  is also observed further to west in 

each case, and this western maximum is especially strong in Fig. 13c, where the peak rdaily is 

about the same as in the eastern peak. The maximum r-hily associated with base points further to 

the east along 5"N is slightly lower, but still remains above 0.3 for all base points. Lastly, Fig. 

13d shows rdaily with the base point near lo's, 150°E, and once again negative rh i ly  is associated 

with base points in the opposite hemisphere from the strongest convection. 

The one-point correlation maps presented in this section reveal a strong correlation 

- a u v  
aY 

between - MJO and OLR;,, on the daily time scale during all seasons. The correlation is 

generally strongest for base points located at latitudes where convection is most prevalent and 

where the MI0 exhibits the strongest signal. The results presented in this section, combined 
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with the results presented in the preceding sections, provide strong evidence of a close 

connection between tropical convection and tropical upper tropospheric momentum flux 

convergence. 

7. Summary and discussion 

The connection between tropical convection and tropical upper tropospheric momentum 

flux convergence, an important component of the Boehm and Lee (2003) hypothesis, has been 

investigated in this paper. This has been accomplished by studying the correlation between 

outgoing longwave radiation data produced by the NOAA CIRES Climate Diagnostics Center, 

used here as a proxy for tropical convection, and momentum flux convergence at 150 mb 

calculated from NCEP-NCAR reanalysis u and v data. Based on results presented in Lee (1999) 

showing that a large portion of tropical upper tropospheric momentum flux convergence occurs 

at MJO scales, both data sets have been filtered to isolate variability associated with dsturbances 

at MJO frequencies and wavenumbers. 

- autv' 

aY 
Visual comparison of daily and long-term mean maps of OLRiIo and - M I 0  

suggests that these two quantities are cIoseIy related. This relationship is quantified by 

calculating correlation coefficients between time series of the two quantities on both the annual 

and daily time scales. These calculations show that the two quantities are indeed highly 

correlated and that the strength of the correlation and regions covered by significant correlation 

vary from season to season. 

Overall the largest correlation coefficients, both on the annual and daily time scales, are 

obtained during D E .  However, greater longitudinal variability in the strength of the correlation 

occurs in DJF than in the other three seasons, with very strong correlation in a region centered in 
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the tropical western Pacific, but much weaker correlation near South America. During the other 

three seasons, the correlation coefficients, especially those for the daily time scale, vary less with 

longitude. Ths difference is related to the general confinement of organized convection to the 

region around Micronesia during DJF in contrast to the other seasons when organized convection 

has greater longitudinal extent in association with the ITCZ and Asian monsoon. 

For all seasons, significant correlations are generally found in bands with limited 

latitudinal extent. These bands move north and south with season, following the changing 

latitude of the most significant convection and the sun. Thus, significant correlation is found 

primarily to the south of the equator during DJF, near the equator during MAM, and to the north 

of the equator during JJA and SON. 

According to the hypothesis presented by Boehm and Lee (2003), momentum flux 

convergence in the tropical upper troposphere is caused by waves generated by tropical 

convection, and the results of this study support this statement. However, significant correlation 

- a u v  
aY 

between OLRiJo and - MJO does not by itself imply a causal relationship between the two 

quantities, and additional facts are needed to support the conclusion that organized tropical 

convection is responsible for tropical upper tropospheric momentum flux convergence. 

One such fact is the finding that upper tropospheric momentum flux convergence, rather 

than momentum flux divergence, is closely correlated with disturbances in OLR. According to 

Held (1975), meridional convergence of zonal wave momentum flux is generally expected into 

the latitude of a wave source, while meridional divergence of zonal wave momentum flux is 

expected at latitudes away from the source region (see Boehm and Lee (2003) for additional 

discussion). Therefore, the presence of convergence at the same latitudes where MJO-related 

disturbances are most prevalent shows that the waves responsible for the convergence are 
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generated at these latitudes, and organized tropical convection associated with the MJO is the 

most likely wave source in the deep Tropics. 

Further support for the conclusion that tropical convection is responsible for tropical 

upper tropospheric momentum flux convergence is found in the one-point correlation maps 

- a u v  
aY 

(Figures 10-13) used to examine the daily correlation between OLRiJo and - M J O .  These 

maps provide information on the structure of disturbances in the OLR as well as on the 

relationship between momentum flux convergence and these large-scale disturbances. In 

particular, maps containing significant correlation values (e.g. Fig. loa) reveal that MJO-filtered 

upper tropical tropospheric momentum flux convergence is most highly correlated with 

disturbances in the MJO-filtered OLR field centered about 30" longitude to the east of the base 

point and also on the order of 100" longitude to the west of the base point. This structure brings 

to mind the dynamical response to idealized tropical heating, in which tropical waves propagate 

both to the east and west away from the heat source (Gill 1980; Yamagata and Hayashi 1984; 

Salby and Garcia 1987; Sardeshmukh and Hoskins 1988). 

The relationship between the results presented in this paper and previous work on the 

atmospheric response to tropical heating becomes much clearer if one-point correlation maps are 

- a u v  
aY 

produced in which the roles of - MJO and OLRiJo are reversed from their roles in Figures 

10-13. In these new one-point correlation maps, the correlation is calculated between the time- 

- a u v  
aY 

series of - MJO at every gridpoint and the time-series of OLRiJ0 at a given base point. Four 

such one-point correlation maps are shown in Figure 14, one for each season. 
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The one-point correlation map for D E  with the OLRkJo base point at 5"S, 120°E, the 

- a u t  

aY 
same location as the ~ MJO base point in Fig. loa, is shown in Fig. 14a. The most striking 

feature in this figure is the region of high correlation that extends from about 80" west of to 

about 20" east of the base point. Within this region, the correlation coefficient peaks at slightly 

more than 0.7 about 20" west of the base point. This region has a "half-butterfly" shape, with a 

weak axis of slightly lower correlation extending westward from the center, and axes of slightly 

higher correlation extending both to the northwest and southwest from the center. Moving east 

from the base point, the correlation rapidly declines to near 0.1 about 40" to the east of the base 

point, and then increases somewhat to a peak of slightly more than 0.3 about 90" to the east of 

the base point. 

The correlation pattern shown in Fig. 14a is very similar to Figure lb  in Gill (1980), 

which shows the theoretical pressure perturbation response to a region of heating symmetric 

about the equator. Both figures exhibit a double-lobe structure to the west of the convection 

(represented by the base point in Fig. 14a, and the heating region in Gill (1980)) and a single 

lobe extending to the east. The double-lobe pattern to the west and single-lobe pattern to the east 

are caused, respectively, by mixed Rossby-gravity waves propagating westward from the 

convection and Kelvin waves propagating eastward from the convection (Salby and Garcia 1987; 

Gill 1980). 

Therefore, it appears that a large portion of the momentum flux convergence in the 

tropical upper troposphere is associated with tropical waves, in particular mixed Rossby-gravity 

waves. The greater contribution of mixed Rossby-gravity waves than Kelvin waves to 

momentum flux convergence is expected for two reasons. First, the structure of mixed Rossby- 

gravity waves is better suited for the meridional transport of zonal momentum that that of Kelvin 
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waves, since the wind fields associated with the former have a meridional component, whereas 

those for the latter do not (compare Andrews (1987) Fig. 22 and Fig. 20). Second, Kelvin waves 

travel 3 times faster than mixed Rossby-gravity waves (Gill 1980), so any momentum flux 

convergence that is generated by Kelvin waves would be more spread out spatially, thus likely 

reducing the correlation at a given location. 

Regions of negative correlation are found in Fig. 14a both to the north and south of the 

deep tropical band of positive correlation just described. This negative correlation is most likely 

a signature of momentum flux divergence associated with the same waves responsible for 

producing the momentum flux convergence and positive correlation in the deep tropics. 

Although Fig. 14a shows a one-point Correlation map that includes about the largest 

correlation coefficients for any season and base point location looked at, significant correlation 

coefficients and similar correlation structures are observed in association with DJF base points 

- a u v  
over an area similar to that for which significant DJF one-point correlations with - MJO base 

dY 

points were found in Section 6. In addition, significant correlation coefficients and similar 

correlation structures are observed in association with base points during the other seasons, as 

illustrated by one example for each season in Figs. 14b-d for MAM, JJA, and SON, respectively. 

As in DJF, the base points with which significant correlation is found during the other seasons 

are located over regions similar to those for which significant one-point correlations were found 

in Section 6. 

According to the mechanism presented by Boehm and Lee (2003), rising motion is 

generated in the upper troposphere of the deep Tropics in response to the meridional 

convergence of zonal momentum flux in this region. Our results show that this momentum flux 

convergence is not zonally symmetric, as modeled by Boehm and Lee (2003), but rather occurs 
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intermittently in eastward-propagating regions located primarily to the west of the region of 

convection associated with the MJO. Therefore, we hypothesize that the rising motion in the 

tropopause transition layer associated with the Boehm and Lee (2003) mechanism similarly 

occurs intermittently over limited regions, primarily to the west of the region of convection 

associated with the MJO. In addition, since the momentum flux convergence is confined to a 

reIatively small region and will therefore be stronger, the rising motion in these regions is 

expected to be stronger than that calculated by Boehm and Lee (2003). A more complete 

modeling study of this mechanism would include forcing a three-dimensional dynamical model 

with spatially and temporally varying fields of momentum flux convergence, such as those 

presented in Figure 2. 

Finally, our results have implications to moisture transport in the tropopause transition 

layer (TTL) and the formation of thin cirrus layers near the tropical tropopause. Although, 

convection associated with the MJO transports huge quantities of moisture into the tropical upper 

troposphere, recent work suggests that tropical convective detrainment is largely capped near the 

base of the ?TL (e.g. Gettelman et al. 2002; Folkins et al. 1999; Highwood and Hoskins 1998). 

We suggest that as the MJO related convection moves to the east, the water vapor left behind is 

transported vertically through the depth of the TTL by rising motion generated by the Boehm 

and Lee (2003) mechanism. As the water vapor ascends to near the cold-point tropopause, thin 

cirrus may form. As the rate of ascent that might be generated by the Boehm and Lee (2003) 

mechanism in localized regions is not known, it is unclear whether or not this ascent would be 

sufficient to form cirrus. However, as shown by Boehm and Verlinde (2000) for the case of 

Kelvin waves, the rate of ascent and associated with tropical waves near the tropopause is 

sometimes sufficient for cirrus formation. 
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Figure Captions 

Figure 1. NOAA OLR data filtered to isolate variability on MJO scales. See text for details of 

the filtering applied. The maps shown in (a)-(d) show OLRMJO on four days spaced 15 days 

apart: (a) 30 Dec. 1989, (b) 14 Jan. 1990, (c).29 Jan. 1990, and (d) 13 Feb. 1990. (e) Longitude- 

time plot of OLRMJO at latitude 5"s for DJF 1989-90, which includes the days shown in (a)-(d). 

The contour interval in each panel is 5 W m-', and negative contours are dotted. 

Figure 2. The meridional convergence of zonal momentum flux calculated from NCEP-NCAR 

reanalysis u and v data that has been filtered to isolate variability on MJO scales. See text for 

- a u v  
aY 

calculation details. Shown are maps of - MIO for: (a) 30 Dec. 1989, (b) 14 Jan. 1990, (c) 29 

- a u v  
aY 

Jan. 1990, and (d) 13 Feb. 1990. (e) Longitude-time plot of - MJO at latitude 5"s for DJF 

1989-90, which includes the days shown in (a)-(d). The contour interval in each panel is 5 ~ 1 0 - ~  

m s - ~ ,  and negative contours are dotted. 
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Figure 3. Long-term (20-year) seasonal means of NOAA OLR data for (a) DJF, (b) MAM, (c) 

JJA, and (d) SON. Contour interval is 10 W m-2. 

Figure 4. Long-term (20-year) seasonal means of MJO-filtered OLR power, OLRiJo, for (a) 

DJF, (b) MAM, (c) JJA, and (d) SON. Contour interval is 10 W m-2. 

Figure 5. Long-term (20-year) seasonal means of MJO-filtered momentum flux convergence, 

MJO , for (a) DJF, (b) MAM, - a u v  
aY 

(c) JJA, and (d) SON. The contour interval is 5 ~ 1 0 - ~  m s ' ~  

and negative contours are dotted. 

Figure 6. (a) Convergence, and (b) divergence, components of the total MJO-filtered momentum 

- du'v' 
aY 

flux convergence, - MJO , for JJA (see Fig. 5c). The contour interval is Z X ~ O - ~  m s - ~  and 

negative contours are dotted. 

Figure 7. Correlation coefficient, between 20-year time series of seasonal average 

- a u v  
aY 

MJO and OLRiJ, at each grid point for (a) DJF, (b) MAM, (c) JJA, and (d) SON. The 

contour interval is 0.1, negative contours are dotted, and contours are not plotted for -0.1, 0.0, or 

0.1. Values between 0.4 and 0.6 are lightly shaded, while values greater than 0.6 are darkly 

shaded. 
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Figure 8. Similar to Figure 7, but the rank correlation coefficient, ria,rmk is plotted instead of ria. 

- a u t v '  

aY 
Figure 9. Scatter plots of seasonal mean - MJO vs. seasonal mean OLR;], for MAM. The 

plots shown are for the locations: (a) O", 130"W and (b) 0", 110"E. Each point is labeled with its 

correspondmg year. 

Figure 10. One-point correlation maps for DJF showing the correlation coefficient between the 

20-year time series of daily DJF- MJO at a given base point and the 20-year time series of - a u v  
aY 

DJF OLRiJ0 at every point. The base points are indicated with an "X' and are located at: (a) 

5"S,120°E, (b) 5"S,180°, (c) 5"S,6OoW, and (d) 10"N,12OoE. The contour interval is 0.1 and 

negative contours are dotted. 

Figure 11. Same as Figure 10, except season is MAM and base points are located at: (a) 0", 

90"E, (b) 0",180", (c) 0",60°W, and (d) 1OoN,90"E. 

Figure 12. Same as Figure 10, except season is JJA and base points are located at: (a) 5"N, 

60"W, (b) 5"N,120E0, (c) 10"N,150"E, and (d) 1O"S,6O0W. 

Figure 13. Same as Figure 10, except season is SON and base points are located at: (a) 5"N, 0", 

(b) 5"N,900E0, (c) 5°N,1800, and (d) 10"S,150"E. 
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- a u v  
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Figure 14. One-point correlation maps calculated with the roles of - wo and OLRIJo 

reversed from their roles in Figs. 10-13. These maps show the correlation coefficients between 

the 20-year time series of daily OLR& during the given season at the given base point and the 

- a u v  
aY 

20-year time series - MJO for the given season at every point. The base points are indicated 

with an "X' and are for the seasons and base point locations given by: (a) DJF at 5"S7120"E, (b) 

MAM at 10"S7120"E, (c) JJA at 5"N,60°W, and (d) SON at 10"N7180". The contour interval is 

0.1 and negative contours are dotted. 
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(a) 
OLR power, DJF, MJO: 20year mean (J1983-J2002) 

(b) 
OLR power, MAM, MJO: 20year mean (1983-2002) 

(cl 
OLR power, JJA, MJO: 20year mean (1983-2002) 

(dl 
OLR power, SON, MJO: 20year mean (1983-2002) 



. I  

-duv/dv. DJF, MJO filtered: long-term mean -duv/dy, MAM, MJO filtered: long-term mean 

(a 
-duv/dy, JJA, MJO filtered: long-term mean 

(d) 
-duv/dy, SON, MJO filtered: long-term mean 



(a) 
mom. flux converqence, JJA, MJO, long-term mean 

(b) 
mom. flux divergence, JJA, MJO, long-term mean 



(PI 
inter-annuol correlotion: MJO flltered DJF OLR power and -duv/dy 

(E)er-onnual correlation: MJO filtered JJA OLR power ond -duv/dy 

(b) 
inter-annuol correlotion: MJO filtered MAM OLR Dower ond -duv/dv 
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Ial I bl 
inierl-annuol ronk correlation: MJO filtered DJF. OLR Dower and -duv/dv 

rank correlation: MJO filtered JJA OLR Dower and -duv/dv rank correlation: MJO filtered SON OLR Dower ond -duv/dv 



MJO -duv/dy vs MJO OLR power: MAM ot  A3gW ON 
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MJO OLR power (WA2/rrr4) 

MJO -duv/dy vs MJO OLR power: MAM ot 110E ON 
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correlation: DJF MJO -duv dy a t  lot: -5, Ion- 120 
[al 



correlation: MAM MJO -duv/dy at lat: 0, Ion: 90 
fal and MJO OLR Power 

correlation: MAM MJO -duv d at lot: 0, Ion: 180 
Ibl and MJO OLR bower 

c rrelation: MAM MJO -duv d at lot: 0, Ion: 300 
ICY and MJO OLk bower 

rrelation: MAM MJO -duv d at lot: 10, Ion: 90 rdP and MJO O L k  bower 



correlation: JJA MJO -duv/dy at lat: 5, Ion: 120 
and MJO OLR Power I bl 

c relation: JJA MJO -duv d at  lot: -10, Ion: 300 rd and MJO df! L Power 



orrelation: SON MJO -duv/d at lat: 5, Ion: 90 
and MJO OLR Jower 

o elation: SON MJO -duv/dy at lot: -10, Ion: 150 
fdP and MJO OLR Power 



o elation: DJF MJO OLR Power at lat: -5,  Ion: 120 
7aT and MJO -duv/dv 

c rrelation: MAM MJO OLR Power at lot: -10, Ion: 120 b) and MJO -duv/dy 

correlation: JJA MJO OLR Power at  lot: 5, Ion: 300 
IC1 and MJO -duv/dv 

o relation: SON MJO OLR Power at lot: 10, Ion: 180 fd and MJO -duv/dy 
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