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Abstract:

Six hourly soundings (GPS sonde) were carried out at the central equatorial Indian Ocean (80°-83° E)
during 25th September to 10th October 2011 under the CINDY2011 (Cooperative Indian Ocean
Experiment on Intra-seasonal variability in Year 2011) field campaign. One degree interval soundings
were also taken along a meridional section at 83° E from 5° N to 5° S during 12 - 20 October 2011 to
supplement the time series data. Relative humidity (RH) and meridional wind component exhibit
downward propagation of air mass in bands of high and low RH associated with northerly and southerly
winds respectively. Low (20-100 day) and high (2-10 day) frequency band pass filtered OLR data
(NOAA interpolated OLR) revealed the presence of Madden and Julian Oscillation (MJO) with 20-40
day periodicity, and weak mixed Rossby Gravity (MRG) waves with 4-5 day periodicity. Eastward
(westward) propagating MJO (MRG wave) with wave numbers 3 — 4 (4 — 5), amplitudes of anomaly 1.1
to 1.2 Wm-2 (1.8 Wm-2) were observed. The asymmetric bifurcation of warm surface water by the
subsurface cold water off Sumatra generate asymmetric convective regimes in the vicinity of the equator
probably triggered convection with periodicity similar to MRG waves. The intermittent surface
convection associated is believed to be responsible for the ascending moisture to the middle troposphere
prior to the initiation of MJO. The moisture pumped to the middle troposphere makes the layer
convectively more unstable leading to the state of deep convection, a situation conducive for the MJO
initiation processes.
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Introduction

Wave-like motions with a period of approximately four to five days and a wavelength reaching to the
order of 9000 km, with a structure similar to that of the mixed Rossby-gravity (MRG) waves are a
prominent characteristic of the tropical atmospheric circulation (Matsuno 1966). Observational evidence
of similar motions in the equatorial region was reported by Yanai and Maruyama (1966) and Maruyama
(1967) who noticed fluctuations in the meridional wind of the stratosphere, exhibiting comparable
periodicity. Zangvil and Yanai (1981) observed that the cloud covering the tropics had the same spectral
peaks in terms of wave number and frequency, thereby resembling the MRG wave and suggesting a
strong coupling between the waves and the moist convection. Several numerical modelling studies have
highlighted both mid-Ilatitude forcing and interaction with cumulus convection as essential for exciting
Yanai waves — often referred to as MRG waves (Hayashi 1974; Hayashi and Golder 1978). Hayashi and
Golder (1978) also showed that Kelvin and MRG waves could be generated through latent heat release
even in the absence of mid-latitude disturbances. Observational evidence indicated the role of the mid-
latitude disturbances for the excitation of MRG waves in the equatorial troposphere (Magafia and Yanai
1995). MRG waves could also be excited by a non-linear mechanism associated with the internal
response of the atmosphere to the heat sources coupled with the typical tropical convective activity
(Raupp and Silva Dias 2005). Asymmetric lateral forcing from the mid-latitudes was proposed

theoretically by Mak (1969) and was later given support observationally by Zangvil and Yanai (1980).

It had also been documented that the high frequency Rossby, Kelvin and MRG waves propagate
vertically and that they were most often observed in the stratosphere-troposphere interface (Wheeler et
al. 2000; Mohanakumar 2008). These waves originated from the lower troposphere where they were
forced to propagate vertically by topographic forcing or land-sea diabatic heating differences. The
convectively coupled MRG wave appeared to be next in importance to the equatorial Rossby wave
(Wheeler and Kiladis 1999). Many have attempted to study the process of the coupling of convection
with MRG waves around the region of the dateline (Zangvil 1975a; Zangvil and Yanai 1981; Liebmann
and Hendon 1990; Hendon and Liebmann 1991; Takayabu and Nittal993; Dunkerton and Baldwin
1995). These studies have also emphasized the distinction between the convectively coupled MRG
waves and the tropical depression-type disturbances, with the latter having a similar frequency, but often
more confined to the western Pacific. Hendon and Liebmann (1991) documented that the waves
generated in this region were due to the unique meridional sea surface temperature (SST) distribution.



Hendon and Liebmann (1991) showed that the MRG waves were not only best defined during the boreal
fall season, but they dominated the spectra of anti-symmetric convection and lower tropospheric
equatorial meridional winds near the date line. They further hypothesized that the dramatic localization
of convectively coupled MRG waves to the central Pacific during the fall was due to the unique
distribution of SST in the Pacific. During the fall, a well-defined equatorial minimum in the SST existed
from the South American coast to about 160° E, leaving warm water on either side of the equator. In this
region, a well-defined double Inter-tropical Convergence Zone (ITCZ) existed, where the convectively
coupled MRG waves originated. According to Hendon and Liebmann (1991), the distributions of 4-5
day OLR and meridional wind variance and their coherence indicative of MRG wave activity clearly
coincide with the region of the split in the ITCZ and SST. They further concluded that the generation of
convectively coupled MRG waves depended more on local conditions that encourage anti-symmetric
convection to develop, rather than remote forcing. All the processes act either to inhibit symmetric

convection or to directly force asymmetric disturbances as highlighted by Itoh and Ghil (1988).

An organized field campaign was conducted under the Mirai Indian Ocean Cruise for the Study of the
MJO-Convection Onset (MISMO) program over the central equatorial Indian Ocean during October to
December 2006 (Yoneyama et al. 2008a). MISMO encountered the initiation of a weak MJO and
noteworthy three- to four-day cycles in moisture and meridional wind at 500-400 hPa level. The
horizontal wind structure suggested that the three- to four-day period variations were associated with the
MRG wave (Yasunaga et al. 2010). Nasuno et al. (2007) emphasized the importance of the MRG wave

disturbances during an MJO event using a numerical model.

In this paper, we report the observational evidence of downward (upward) propagation characteristics in
the upper half (lower half) of the troposphere in both wind and humidity fields more or less resembling
MRG wave periodicity. Details of the data and methodology used are described in the following section.
The results are discussed in the subsequent section. The summary of the investigation is given in the last

section of this paper
Data and methodology

As a part of the Cooperative Indian Ocean Experiment on Intra-seasonal variability in Year 2011
(CINDY2011), a field campaign with participation of 16 countries was conducted, in which we collected,
from the central equatorial Indian Ocean (80°-83° E), six hourly continuous sounding data observations
and a longitudinal section using the DigiCORA 11l MW31 Vaisala system during the 289" cruise of the
ORV Sagar Kanya from 25" September to 20™ October 2011. Sixteen-day time series of the vertical



profiles (12 km) were collected between 80° E and 83° E of the equator and a meridional section from 5°
N to 5° S, centred at 83° E with 1° latitude interval soundings were also taken during the campaign. All
the Vaisala RS92 radiosondes were calibrated and procured six months prior to the campaign. The total
profile height (12km) is divided into three layers of equal thickness and categorised as lower (0- 4 km),
middle (4 — 8 km) and upper (8 — 12 km) troposphere to make the discussion meaningful.

The science rationale and hypotheses, experimental design and operation, data collection and
preliminary results of the field campaign were summarized by Yoneyama et al. (2013). All surface
meteorological observations were collected at three-hourly intervals using the surface meteorological kit
supplied by Dynalab, India. Kestrel 4500 pocket weather tracker was used to measure surface relative
humidity and Theodor Friedrichs (type no. 5020) barometer was used for recording sea level pressure.
TROPFLUX reanalysis data (Praveen Kumar et al., 2012) was used for mapping SST anomaly in the
Indian-Pacific sector to resolve the evolution of La Nifia in the Pacific in 2011. The anomaly was
calculated by removing the climatological mean (1979 — 2012) from the respective monthly values. The
dipole mode index (DMI) during October from 2001 to 2011 is taken from the weekly values derived
from NOAA 0l SST version 2 given at JAMSTEC site
(http://www.jamstec.go.jp/frcgc/research/d1/iod/HTML/Dipole Mode Index.html). NOAA interpolated

OLR data (Liebmann and Smith 1996) over the Indo-Pacific region were used to bring out the
characteristics of MJO (20-100 day band pass filtered) and MRG (2-10 day band pass filtered) waves by
examining symmetric and asymmetric components of the background removed wave number-frequency
diagram during the period of observation. The near-surface warming caused by the ship structure
introduced certain bias in the radiosonde data that were corrected following Yoneyama et al. (2002). The
dry bias correction scheme had also been developed by Yoneyama et al. (2008b) to correct the radio

sonde derived RH for daytime solar heating effects.
Results and discussion

The evolution of La Nifia in 2011 started with an extreme event in January when the sea surface
temperature (SST) anomaly almost reached -2° C in the Nifio 3.4 region and then subsided progressively
to enter the warming phase in July 2011 (Figure 1). The re-emergence of a moderate cold phase
followed immediately to establish an SST anomaly close to -1° C, which incidentally coincided with the
moderate positive phase of the Indian Ocean Dipole (IOD) that peaked in October 2011. During this
period, the negative SST anomalies offshore of Sumatra were less than 1° C, while the positive SST

anomalies in the western Indian Ocean were close to 1° C (Gottschalck et al. 2013). As the negative SST



anomalies offshore of Sumatra quickly faded away, the positive phase of the IOD was practically
terminated, except for a few scattered positive SST anomalies that persisted until December 2011.
During a positive 10D (as in October 2011) event the warm water at the eastern equatorial Indian Ocean
bifurcate pole ward to accommodate up welled cold water as shown in Figure 2a. By examining similar
cases for the last ten years prior to 2011, three boxes (Box1 82-100E, 0-10N; Box2 82-100E, 0-15S; Box
3 80-100E, 15-25S) have been demarcated in the eastern equatorial Indian Ocean to visualise the
dynamics in the inter-annual scale. The average temperature anomaly during October is then calculated
at each box and the amplitude of variation is represented through bar diagram from 2001 to 2011
superimposed by October dipole mode index (DMI) (Figure. 2b).  The years in the X-axis are not to
scale as SST anomalies and DMI’s are representing the month October when the Indian Ocean Dipole is
in its peak. Positive DMI values during 2002, 2006, 2007, 2008 and 2011 closely coincided with the
bifurcation of warm water (boxes 1 & 3) sandwiching relatively cooler up welled water (box 2). The
strongest event in 2006 is associated with coolest water sandwiched between warmer water. The
variation in amplitude, especially the absence (or slight positive values) of cooler anomaly, in 2001,
2008 and 2011 is associated with the averaging of anomalies in respective boxes. On the other hand the
negative DMI values did not indicate any presence of cool water. Time series of six hourly observations
of temperature (with superimposed lapse rate computed at every 100 m), relative humidity, and zonal
and meridional wind components with height from the surface to 12 km altitude for the entire
observational period are illustrated in Figure 3. Although the temperature distribution does not indicate
any specific pattern, the intermittent patches of low lapse rate in the lower and middle troposphere
indicated the presence of inversions prescribing relatively stable lower half, leaving a strip of unstable
boundary layer beneath (Figure 3a). Patches of dry and humid air progressively descending to the lower
troposphere were noticed in the RH time series with four to five days periodicity (see Figure 3b),
especially above the 4 km height. An ascending feature of high and low humidity patches from the
boundary layer was also discernible in the lower troposphere, with the same periodicity but at a lesser
rate (Figure 3b). It was worthwhile to have a closer look at the six hourly time series of the zonal and
meridional components of the wind profile above the central equatorial Indian Ocean. The upper
(easterly flow) and lower (westerly flow) branches of the Walker circulation were noticed in the zonal
wind component (Figure 3c). The meridional components of the wind speed also indicated the
descending characteristics of both the northerly and southerly components, with similar periodicities
(four to five days) above 4 km height with some signs of upward propagation below it (Figure 3d).

Interestingly, four to five days periodicity was observed in the RH, as well as in the zonal and



meridional wind fields and it appeared to be embedded in the two branches of the Walker cell as seen

from the zonal component of the wind field.

The wavelet analysis of the six hourly observations of temperature, RH and wind speeds in the lower
(1.5 km), middle (6km) and upper (11km) troposphere over the observational site further confirmed the
presence of the four to five day wave in the near-equatorial atmosphere (see Figure 4). Although the
temperatures at the lower and upper troposphere indicated a well-defined periodicity, the variability at
the middle troposphere displayed a mixture of four to five days (significant) and eight days (less
significant) periodicities (Figure 4a-c). Strong 4-5 day periodicity in RH was noticed throughout the
period of observation in the lower troposphere and it is less significant, except for a few days in the
middle layer (Figure 4d and e). However, a prominent eight-day periodicity was also noticed at the
higher troposphere during the entire time series (see Figure 4f). The zonal wind speed again followed
more or less the same pattern of the RH, indicating that the shape was grossly reoriented in the upper
troposphere (Figure 4g-i). However, a significant four- to five-day periodicity was noticed in the
meridional wind speed in the middle troposphere while it deteriorated to statistically insignificant levels
at the lower and upper troposphere (Fig. 4j-1). This is in contrast to the observation of Yasunaga et al.
(2010) the largest amplitude (3-4 days) at 500-400 hPa in the year 2006 close to our location,

The time series of the zonal wind did not display any propagation characteristics as seen in the
meridional wind pattern and RH. This peculiar nature indicates that the Kelvin waves seem to be less
prominent or absent in the vicinity of the area of investigation. These types of waves were often
propagated symmetrically to the equator and made noticeable undulations in the zonal field (Holton,
2004). The nature of propagation and the periodicity of the observed atmospheric parameters resemble
those of the Mixed Rossby Gravity (MRG) waves and it appeared to coexist with the split in ITCZ
noticed in 2006 and 2011. As the MRG waves are often found asymmetric to the equator, their
characteristics are most visible only in the meridional component rather than in the zonal field. The shift
in periodicity of MRG waves from 15 to 5 days is quantitatively consistent with the Doppler shift by
horizontal shear as shown through model analysis by Hayashi and Golder (1978) and through
observational analysis by Zangvil (1975). A detailed analysis indicated that most of the characteristics
that were documented for the typical MRG waves (Mohankumar 2008) matched with the characteristics

noticed in the observed data.

The meridional sections of temperature (superimposed with lapse rate), RH, zonal and meridional wind

components from 5° N to 5° S at 83° E during mid-October are illustrated as contour plots in Figure 5.



The low lapse rate patches, which roughly follow the temperature contour in the lower half, denote a
relatively stable meridional layer (Figure 5a). The dry air appeared to descend from the top to the middle
troposphere as depicted in Figure 5b by virtue of its increased buoyancy in comparison with the
adjoining lighter moist air mass. The zonal component of the wind, as displayed in Figure 5c, captured
the two branches of the Walker circulation in the equator. The vertical migration of both the northerly
and southerly components of the wind speed is clearly visible in the meridional section (Figure 5d). It is
believed to be associated with the synoptic scale low pressure systems and associated convective activity
over the central equatorial Indian Ocean during the CINDY-DYNAMO-2011 period (October 2011 to
March 2013) as reported by Judt and Chen (2014). Four intra-seasonal and eastward propagating large-
scale convective events occurred over the tropical 10 in late October, late November, late December,
and March, respectively (Yoneyama et al., 2013). Out of four, the October and November event barely
reached the Pacific due the prevailing LaNina condition. However, the identity of these events has been
established through either the real-time multivariate MJO index (Wheeler and Hendon, 2004) or MJO
spectral filtering (Wheeler and Weickmann, 2001) applied to OLR. Yoneyama et al., (2013) called
these events as MJO1 and MJO2 for convenience. The synoptic scale low pressure systems observed
during late September and early October can be attributed to the initiation of MJO-1 that subsequently
triggered MJO-2. A significant portion of the convective activity during MJO initiation was associated
with Rossby- or mixed Rossby-gravity wave-like synoptic-scale systems during DYNAMO as shown by
Kerns and Chen (2014) and Zuluaga and Houze (2013). The humidity and wind maps at 400 hPa during
the first half of the observation period (figure not shown) indicate the migration of extra tropical air
mass to the equator from both north and south, carrying humid and dry air mass respectively. The dry
southerly air mass appears to descend to the boundary layer at the equator (Figure 5d) while the
ascending humid air from either side of the equator (Figures 2a & 5d) was associated with the
asymmetric warming (convection) zones due to asymmetric split in ITCZ, bifurcated by the intruding

cold water during a Positive 10D event.

Several studies in the past have noted that moistening of the equatorial region is a necessary prerequisite
to MJO initiation (see Yoneyama et al. 2013). Without sufficient moisture there can be no widespread
deep convection and no MJO. When deep convection is concentrated in the ITCZ off the equator, there
is likely to be some large-scale subsidence induced over the equator, which is unfavorable for equatorial
convection. A similar situation occurred at the central Indian Ocean prior to the initiation of MJO-2
during CINDY-DYNAMO 2011 (Kerns and Chen, 2014). We have noticed similar double ITCZ at the

eastern equatorial Indian Ocean due to the pole-ward bifurcation of warm air to accommodate 10D
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forced cold up welled water (Figure 2a) and descending (subsidence) dry air at the equator (Figure 5b)
during late September and early October 2011 prior to the MJO-1. The asymmetric convective activity
associated with the double ITCZ could be associated with the MRG wave like synoptic-scale systems

during this period as explained by Kerns and Chen (2014).

MJO and MRG waves are associated with deep convection. They create considerable changes in the
amount of Outgoing Long wave Radiation (OLR) and hence OLR is considered as a reasonable proxy
for convection. To identify the tropical waves, the OLR data was filtered following Wheeler and
Weickmann (2001). The daily OLR anomalies were calculated by subtracting the 61 days (1% September
to 31% October 2011) mean individual grid value. Equatorial symmetry is not considered. The
Hovmuller (longitude-time) diagram of the 20-100 day band pass filtered daily OLR data averaged over
latitudes 10° S and 5° N for the period from 1% of September 2011 to 31% of October 2011 is shown in
Figure 6. In the 40° E to 100° E part of the near equatorial region, the presence of 30-40 day Madden
Julian Oscillation (MJO) is clearly noted in the OLR data. It has been noted that the majority of the
spectral peaks of tropical convection is found in the range of planetary to synoptic scales, and from
intraseasonal timescales down to a period of 1.25 days (Wheeler and Kiladis, 1999). According to them,
the Equatorial Kelvin (EK) waves in terms of convective variance stand close to MJO followed by
Equatorial Rossby (ER) waves. In terms of amount of variance explained globally, the convectively
coupled MRG wave appears to be the next in importance after the ER wave. For getting further insight
for detecting the presence of MRG waves in OLR data, the background removed wave number
frequency diagram for anti-symmetric wave type in the OLR data averaged over 10° S - 10° N are
presented with the dispersion curve superimposed in figure 7. The presence of westward propagating
asymmetric waves with the period of ~4-5 days, having wave number of 2-4 is also detected. Amplitude
of OLR anomalies is of the order of 1.8 Wm™. Similar 2-6 days periodicity was noticed in the eleven
episodes of rainfall in the vicinity of the CINDY/DYNAMO quadrilateral (Zuluaga and Houze, 2013).
They speculate that this 2-6 days modulation is due to westward propagating synoptic-scale equatorial
waves. Significant share of power in the anti-symmetric component attributes to MRG wave for wave
numbers 2-4 and the same is true for MJO in the symmetric component. Extra-tropical wave energy is

another possible source of MRG disturbances (Magana and Yanai, 1995).

The latent heat and sensible heat fluxes (LHF and SHF) computed from the COARE 3.0 bulk algorithm
(Fairall et al., 2003) at every three-hour interval, using the surface meteorological data collected onboard,
displayed similar intraseasonal signals with four to five day periodicity (Figure 8). The subsiding dry air

at the equator often promotes intense evaporation due to humidity gradient and their effect is more
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evident on either side of the equator. At the equator the descending dry air masks the convection and
displayed weak ascending signature (Figure 3b & d). The intermittent shooting of the LHF and SHF on
either side of the equator with the above periodicity pumped the moisture into the lower troposphere as
seen in the time series profile (Figure 3b). Possibly this ascending humid air mass from lower
troposphere can provide enough latent heat to trigger MRG wave in the upper troposphere as pointed out
by Hayashi and Golder (1978). Convectively coupled MRG waves displayed large amplitudes with four
to five day periodicity only in a limited region of the India-Pacific sector near the dateline and only
during the boreal fall (Hendon and Liebmann 1991). Anti-symmetric convection was most coherent with
the winds in the lower troposphere, but significant correlation was seen throughout the troposphere. The
distinct autumnal peak of four to five days in the meridional wind component at 850 hPa at the equator
and near the dateline was first noted by Julian (1971). The penetration of cold water from the South
American coast to about 160° E during fall diverges the warm surface water (>28° C) to promote a split
in the ITCZ. The distribution of the four- to five-day OLR and meridional wind variance and their
coherence, indicative of MRG wave activity, clearly coincided with the region of the split in the ITCZ
and SST (Hendon and Liebmann 1991). The presence of the MRG waves in the central equatorial Indian
Ocean during autumn was reconfirmed by Yasunaga et al. (2010) through their well-planned field
experiment onboard the RV Mirai in 2006. Incidentally, the year 2006 witnessed a strong positive dipole,
wherein a cold tongue of up-welled water bifurcated the warm surface water into the meridional regime,
supporting the formation of a double ITCZ. This could be linked to the presence of MRG wave in the
boundary layer. The CINDY field campaign in 2011 also witnessed the emergence of a strong positive
dipole event in October (boreal fall). Incidentally, it is worthwhile to highlight a similar split in SST at
the eastern equatorial Indian Ocean during October 2011 (see Figure. 2a) by the cold tongue of up-
welled water penetrating westward, splitting the surface warm water which could possibly demonstrate a
split in ITCZ. The associated dynamics provided enough evidence for the asymmetric MRG wave

activity at the boundary layer.

The observation of downward propagating MRG waves with four to five day periodicity interacted with
the air-sea exchange processes of the boundary layer, causing intermittent overshooting of convection
with similar periodicity in the boundary layer. Such injection of moisture into the lower troposphere, as
seen in the time series (Figure 5b), could make the layer convectively unstable, eventually leading to
deep convection. Similar processes have been explained by Li (2014) in the central Indian Ocean with
different dynamics. The general hypothesis is that MJO initiation arises from the circumnavigation of a

preceding MJO event. According to Li (2014), the forcing from the upstream (west of initiation region)
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holds a key for triggering new convection over the western Indian Ocean. In this paper, we report the
occurrence of similar high frequency waves in the central equatorial Indian Ocean and its possible
association with the more complicated MJO activity during this period. We have not excluded the
possibility of the coincidence of the MRG wave activity prior to the MJO onset during the CINDY
period. We were left with no clue as to whether there would be similar occurrences in future MJO
initiation processes as various climatic modes interact differently in this part of the ocean at various time

scales.
Summary

Six hourly time series of high resolution radiosonde profiles in the central equatorial Indian Ocean
lasting for sixteen days—from the 25" September 2011-over the equator, and one degree interval
soundings from 5° N to 5° S at 83° E (12" to 20" of October) were analysed. The time series of humidity
and meridional wind components displayed well-defined propagation characteristics of low (southerly)
and high (northerly) humidity (wind component) bands from the upper to the middle troposphere.
Similarly, upward propagations were also detected in the lower troposphere with less intensity on both
the RH and the meridional wind. The wavelet analysis of the time series further confirmed the presence
of four to five days wave activity. The characteristics of the wave detected in the time series resembled
that of the MRG wave that was asymmetric to the equator.

The MJO filtered OLR data averaged over latitudes 10° S and 5° N during the period of
observation exhibited the presence of 30-40 day MJO activity. Both westward and eastward moving
periodicities in the wave number range 2-4 were discernible in the lowest frequency bands. The MRG
filtered OLR, on the other hand, exhibited weak presence of westward propagating asymmetric waves
with the period of ~4-5 days, having wave number of 2-4. The amplitude of the OLR anomalies is of the
order of 1.8 Wm™. The vertical migration of the northerly and the southerly wind associated with humid
and dry air masses, respectively, was displayed in the meridional section. Bifurcation of warm water was
noticed in the central Indian Ocean during fall inter-monsoon season on either side of the equator
separated by a cold tongue of up-welled water off Sumatra, a feature normally associated with positive
dipole phase (Figure 2). This anomalous warming pattern induced asymmetric convective regimes. The
descending dry air inhibits convection at the equator thereby leaving subdued propagation signs in the
RH and wind time series. The enhanced convection on either side of the equator in alignment with the
asymmetric warming pattern trigger MRG type disturbance. It is, therefore, worth emphasising that the

bifurcation of warm water in response to the prevailing positive dipole situation appeared to trigger the
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MRG wave activity in the central equatorial Indian Ocean. The intermittent enhancement of convection
in the boundary layer injected moisture into the lower troposphere and transported it upward as seen in
the time series. Due to the intermittent injection of moisture from the boundary layer, the lower
troposphere became convectively more unstable, eventually leading to deep convection. It had been
documented that the intra-seasonal ascending motion of humid air mass appeared in the lower
troposphere 10 days prior to the convection initiation that led to the MJO-1 activity in October 2011.
The MRG wave activity observed in our campaign however falls roughly two weeks prior to the
initiation of the MJO-1. It appeared that the MJO initiation could be linked to the MRG wave activity.
Alternatively, the MRG waves could have facilitated MJO amplification and/or the MJO circulation
state that favoured MJO organization could also have generated an environment favourable for the MRG
wave packet. The possibility of a lagged occurrence of the MRG wave and the MJO could be examined
by extending the field campaign from an intra-seasonal to an inter-annual time scale by incorporating
the natural combinations of various climate modes and their selective roles on the MRG wave-MJO
activity.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Evolution of La Nifia in the Indo-Pacific region during 2011. Sea surface
temperature (°C) anomaly is plotted during January [a], April [b], July [c] and
October [d] to display the evolution.

Map of Sea surface temperature anomaly during October 2011 (positive dipole year)
over Tropical Indian Ocean (a). Box1 (82-100E; 0 — 10N), Box2 (82-100E; 0-15S)
and Box3 (82-100E; 15-25S) are chosen to demarcate cold water (box2) sandwiched
between bifurcated warm water (boxes 1&3) during an Indian Ocean Dipole event.
The average temperature anomalies in these boxes are displayed as bar diagram
during the ten year period prior to 2011 (a) and the black line denote the Dipole
Mode Index (DMI).

Profiles of temperature (°C) (6 hourly time series; white line) superimposed on lapse
rate (°C /100m; shown as positive values) (shaded) [a], Relative Humidity (%) [b],
Zonal wind (ms™) [c] and Meridional wind (ms™) [d] plotted against altitude. The
temperature lapse rate (°C/100m) [shaded] is superimposed over the contours.
Launch location is at 80° E and 83° E and the line of separation is highlighted by a
bold line in the time series plot. The launching times are 00 GMT, 06 GMT, 12
GMT and 18 GMT from 25" Sept. to 3" Oct. 2011 at 80° E and from 4™ to 10" Oct
2011 at 83°E.

Wavelet power spectrum of temperature (a,b,c), relative Humidity(d,e,f), U- wind
(9,h,i) and V- wind (j,k,I) at lower (left panel), middle (middle panel) and upper
(right panel) troposphere. Thick black contours are the 10% significance (90%
confidence level) regions.

Profiles of temperature (°C) (white line) superimposed on lapse rate (°C /100m);
shown as positive values (shaded) [a], Relative Humidity (%) [b], zonal wind (m/s)
[c] and meridional Wind (m/s) [d] along the meridional section (5° N to 5° S) at 83° E.

Hovmuller (Longitude-time) diagram of 20 to 100 day band pass filtered OLR
averaged over 10°S - 5°N for the period 1% September to 31* October 2011.

Zonal wave number — frequency diagram of anti-symmetric OLR spectral power
divided by a background. Superimposed are the dispersion curves of the equatorial
waves (MRG) for the three equivalent depths of 12, 25 and 50 m)

Time series (top) and Wavelet power spectrum (bottom) plots of Latent Heat Flux
(left panel) and Sensible Heat Flux (right panel) using three hourly AWS data
collected onboard the ship during the time of the ascend. Thick black contours are
the 10% significance (90% confidence level) regions.
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Figure. 1. Evolution of La Nifa in the Indo-Pacific region during 2011. Sea surface temperature (°C)
anomaly is plotted during January [a], April [b], July [c] and October [d] to display the evolution.
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Figure 2. Map of Sea surface temperature anomaly during October 2011 (positive dipole year) over
Tropical Indian Ocean (a). Box1 (82-100E; 0 — 10N), Box2 (82-100E; 0-15S) and Box3 (82-100E; 15-
25S) are chosen to demarcate cold water (box2) sandwiched between bifurcated warm water (boxes
1&3) during an Indian Ocean Dipole event. The average temperature falling in these boxes are
displayed as bar diagram during the ten year period prior to 2011 and the black line denotes the Dipole
Mode Index (DMI) (b).
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Figure.3. Profiles of temperature (°C) (6 hourly time series; white line) superimposed on lapse rate (°C
/m) (shaded) [a], Relative Humidity (%) [b], Zonal wind (ms™) [c] and Meridional wind (ms™) [d]
plotted against altitude. The temperature lapse rate (°C/m) [shaded] is superimposed over the contours.
Launch location is at 80° E and 83° E and the line of separation is highlighted by a bold line in the time
series plot. The launching times are 00 GMT, 06 GMT, 12 GMT and 18 GMT from 25" Sept. to 3" Oct.
2011 at 80° E and from 4™ to 10" Oct 2011 at 83° E.
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Figure.4.Wavelet power spectrum of temperature (a,b,c), relative Humidity(d,e,f), U- wind (g,h,i) and
V- wind (j,k,I) at lower (left panel), middle (middle panel) and upper (right panel) troposphere. Thick
black contours are the 10% significance (90% confidence level) regions.
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Figure.5.Profiles of temperature (°C) (white line) superimposed on lapse rate (°C /m) (shaded) [a],
Relative Humidity (%) [b], zonal wind (m/s) [c] and meridional Wind (m/s) [d] along the meridional
section (5° N to 5° S) at 83° E.

19



Daily OLR W/ mnz=2
I 1 1 1

1 Sep

11 Sep

'
b
f

21 Sep

1 Oct

11 Oct

21 Oct

\
’
I

\\I|\l HI\|IJJIHH|H\

31 Oct

45E SOE

[ [ ]
-6 -5 4 -3 -2 -1 O 1 2 3 4 5 S

Fi%ure.ﬁ.HovmuIIer (Longitude-time) diagram of 20 to 100 day band pass filtered OLR averaged over
10° S-5°N for the period 1% September to 31* October 2011.

OLR: sept-oct2011:_ OLR LOG[Power: 105-10MN]
Anti-Symmetric/Background Eastward

0.5 T
N 1.7
04375 1.6
1.5
0.375 1.4
1.3
g 0.3125 1.2
'-; 1.1
2 0.25 1
% 0.9
L o.1875 0.8
0.7
0.125 0.6
0.5
0.0625 0.4

0.3

Zonal Wawve NMumber

Figure 7. Zonal wave number-frequency diagram of anti-symmetric OLR spectral power divided by a
background. Superimposed are the dispersion curves of the equatorial waves (MRG) for the three
equivalent depths of 12, 25 and 50 m.



260 +—— L
i a | 50 bt

220 - L -

_ L 401 -

180 - SN i
S - 30 [
£ 140 - P I
£ 1 [ 20; i
= 100 1 L 104 i
60 - - 0 -

Period (Days)

Time (Days)

BN [ [ [ | Power (m?2 s72)
432101234

Figure. 8. Time series (top) and Wavelet power spectrum (bottom) plots of Latent Heat Flux (left panel)
and Sensible Heat Flux (right panel) using three hourly AWS data collected onboard the ship during the
time of the ascend. Thick black contours are the 10% significance (90% confidence level) regions.
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