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Abstract This paper reports upper ocean thermohaline structure and variability observed during the life
cycle of an intense Madden Julian Oscillation (MJO) event occurred in the southern tropical Indian Ocean
(14°S-Eq, 70°E-81°E). Water column measurements for this study were collected using airborne expendable
probes deployed from NOAA’s WP-3D Orion aircraft operated as a part of Dynamics of MJO field experiment
conducted during November-December 2011. Purpose of the study is twofold; (1) to provide a statistical
analysis of the upper ocean properties observed during different phases of MJO and, (2) to investigate how
the upper ocean thermohaline structure evolved in the study region in response to the MJO induced
perturbation. During the active phase of MJO, mixed layer depth (MLD) had a characteristic bimodal
distribution. Primary and secondary modes were at ~34 m and ~65 m, respectively. Spatial heterogeneity
of the upper ocean response to the MJO forcing was the plausible reason for bimodal distribution.
Thermocline and isothermal layer depth deepened, respectively, by 13 and 19 m from the suppressed
through the restoring phase of MJO. Thicker (>30 m) barrier layers were found to occur more frequently in
the active phase of MJO, associated with convective rainfalls. Additionally, the water mass analysis indicated
that, in the active phase of this MJO event the subsurface was dominated by Indonesian throughflow,
nonetheless intrusion of Arabian Sea high saline water was also noted near the equator.

1. Introduction

The Madden Julian Oscillation (MJO) is the dominant intraseasonal variability in the tropics, most active in
the Indian and Western Pacific Oceans, characterized by large-scale atmospheric convection anomaly prop-
agating eastward with a time period of 30-60 days [Madden and Julian, 1972; Zhang, 2005]. MJO influences
all the major tropical weather phenomena such as the Asian summer monsoon, El Nino-southern oscillation
(ENSO), and Indian Ocean dipole [Pai et al.,, 2011; Hendon et al., 2007; Han et al., 2006; Saji et al., 1999] as
well as extra tropical weather and climate [e.g., Thompson and Roundy, 2013; Flatau and Kim, 2013; Cassou,
2008].

Considerable progress has been made in the MJO research during the past few decades through the con-
certed efforts such as TOGA-COARE field experiment conducted in the western Pacific warm pool [Webster
and Lukas, 1992]. However, numerical models are not very successful in forecasting the MJO or reproducing
the past MJO signals [Jiang et al., 2015; Sperber and Kim, 2012; Lin et al., 2006]. Recent model fidelity studies
emphasized the need of understanding the air-sea interaction taking place on the time scale of MJO [Jiang
et al., 2015; Woolnough et al., 2007]. Air-sea interaction takes place, respectively, at the top and bottom
boundaries of ocean mixed layer (OML) and marine atmospheric boundary layer (MABL) through the
exchange of heat, mass, and momentum. Large-scale convection and anomalous zonal wind governs the
surface flux in the active phase of MJO. Convective clouds prevent the insolation from reaching the ocean
surface, producing strong sea surface temperature (SST) cooling [Shinoda et al., 1998; Hendon and Glick,
1997]. Enhanced wind stress affects the upper ocean dynamics, which include the modification of the SST
through surface latent and sensible heat fluxes [e.g., Duvel et al., 2004]. Furthermore, strong winds boost the
upwelling and entrainment, mechanical stirring and horizontal advection [Drushka et al., 2012; Saji et al.,
2006; Waliser et al., 2003; Cronin and McPhaden, 1997]. Additionally, excess precipitation over evaporation
produces positive net freshwater flux in to the ocean surface. These different surface processes modulate
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the upper ocean temperature and salinity stratification that determines the mixed layer and the thermo-
cline variability. Presence of a barrier layer [Lukas and Lindstrom, 1991] also may play a role in the response
of the mixed layer temperature to atmospheric forcing [Shinoda and Hendon, 1998; Schiller and Godfrey,
2003]. In short, during a MJO event, the flux perturbations affect ocean thermohaline structure and this in
turn affects the mixed layer temperature and the SST that can influence the MJO characteristics. The knowl-
edge on the variability of the thermohaline structure of the ocean would be then a useful factor for predict-
ing the MJO features on seasonal scale.

As mentioned above, atmospheric variability associated with the MJO exerts great impact on the upper
ocean thermohaline structure. Using the ship borne observations in Western Pacific Ocean, Lukas and Lind-
strom [1991] showed that the SST cooled by more than 1° and the mixed layer deepened from 22 to 44 m
during an intense MJO event. While the anomalous latent heat flux accounted for much of the surface cool-
ing mixed layer deepening was attributed to the wind induced mechanical stirring. TOGA-COARE measure-
ments were highly successful in understanding the Western Pacific warm pool temperature and salinity
behavior during the propagation of MJOs [e.g., Hendon and Glick, 1997; Shinoda and Hendon, 1998].

Many of the previous Indian Ocean MJO studies were based on satellite observations and/or model output.
A few in situ studies are also have reported from this region, using the single point observations from moor-
ings or utilizing the limited Argo float data [Argo, 2000]. Majority of these earlier studies were devoted to
divulge the physical processes responsible for intense intraseasonal SST cooling events in the Indian Ocean
occurring during boreal winters. Harrison and Vecchi [2001] and Duvel et al. [2004] showed that the SST cool-
ing during the individual MJO events could be as high as 3°C and most events cooled the SST by about
1.5°C. Harrison and Vecchi [2001] argued that the air-sea fluxes alone cannot account for such large amount
of cooling and oceanic subsurface processes also should be involved. However, by examining two SST cool-
ing events during 1999, Duvel et al. [2004] suggested that the anomalous SST perturbation during MJO was
driven by air-sea heat fluxes and not by advection or subsurface exchange. Later on, Saji et al. [2006] and
Vinayachandran and Saji [2008] identified air-sea flux as the dominant cooling mechanism when the ther-
mocline was deep and mixed layer was thick. Whereas, the entrainment dominated when the thermocline
was shallow. In the southern tropical Indian Ocean, shallow mean thermocline often observed in the lati-
tude range from ~2.5°S to ~14°S that extends eastward as a ridge to about 90°E [Hermes and Reason,
2008]. This is known as the Seychelles Chagos thermocline ridge (SCTR). Thermocline ridge is maintained by
Ekman pumping associated with a northward weakening of the southeasterly trade winds [Foltz et al., 2010;
Vialard et al., 2009; Saji et al., 2006].

All these studies provided enough evidence for large perturbations that takes place in the tropical Indian
Ocean on MJO time scale. However, the intraseasonal variability of mixed layer, isothermal layer, and/or the
barrier layer occurring in the Indian Ocean remained largely overlooked. Recent increase in water column
observations using Argo floats shed light on the spatial pattern of variability of thermohaline structure in
the Indo-Pacific basin. For example, Matthews et al. [2010] used Argo data to characterize MJO-related
anomalies of temperature and salinity throughout the water column. This study revealed that patterns of
anomalous mixed layer temperature produced by the anomalies in heat flux during MJO event. Drushka
et al. [2012] studied the response of the ocean mixed layer to the MJO in the Indo-Pacific region using the
Argo data set. They showed that the MJOs could induce systematic variations in mixed layer depth greater
than 15 m and temperature amplitude changes up to 0.6°C in the Indian Ocean. Examining the Argo and
mooring data, Drushka et al. [2014] reported large swings in mixed layer depth and isothermal layer depth
occurring in the eastern equatorial Indian Ocean during MJO events. More in situ studies are, however, still
requested from tropical Indian Ocean to understand the coupled ocean-atmosphere processes over the
MJO cycle [DeMott et al., 2015]. In this context, this study provides a statistical analysis on the variability of
upper ocean properties observed during different phases of an intense MJO in the tropical Indian Ocean
and also examines the upper ocean thermohaline structure response to the MJO forcing.

This paper reports the variability of the parameters such as mixed layer depth (MLD), isothermal depth
(ILD), barrier layer thickness (BLT), thermocline, and SST observed in the different phases of an intense MJO
event. For this analysis, we used in situ observations made from a large region in the Indian Ocean (14°S to
equator and 70°E to 81°E; Figure 1) measured by the expendable probes deployed from aircraft (NOAA WP-
3D Orion: P-3). The observations spanned through the entire life cycle of a MJO. The study also attempts to
explain the observed variability by examining MJO induced the upper ocean evolution observed at two
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March 2012 [Yoneyama et al.,, 2013].
Littoral Air Sea Processes (LASP) program sponsored the measurements of air-sea processes based on ships
and research aircrafts. Domain of DYNAMO field experiment was roughly in the latitude range from 10°S
and equator within the longitudes ranging from 70°E to 81°E (Figure 1). Time series mode of observations
were conducted from the research vessels R/V Revelle (RV) and R/V Mirai (MR) and the island stations set up
at Diego Garcia (DG) and Gan (GN) [Johnson et al., 2013; Moum et al., 2014]. Although fixed point measure-
ments are very useful to study the temporal variability of the phenomena, the results often may not be rep-
resentative of the domain wide variability, which is especially pertinent for planetary scale atmospheric
and/or oceanic processes such as MJO. Keeping this in mind, during DYNAMO, P-3 observations were made
specifically between ship and island stations and mostly in the study domain to complement the fixed point
observations [Chen et al., 2016]. P-3 observations spanned in the latitudes between 14°S and equator within
70°E-81°E longitude region. P-3 made several sorties (see Figure 1, for dates of P-3 operation) in the DYNA-
MO special observation period (DYNAMO SOP; November-December 2011) and gathered data from flight
level mean and turbulence measurements, radar remote sensing of clouds as well as by profiling the atmo-
sphere and ocean, respectively using dropsondes and Airborne Expendable Conductivity-Temperature-
Depth (AXCTD) and Airborne Expendable Bathythermographs (AXBT). Water column measurements by the
AXCTDs and AXBTs are the primary data set for this study.

2.2. AXCTD/AXBT Data and Layer Definition

AXCTD/AXBT probes measure the ocean temperature and salinity similarly to their shipborne counterparts,
expendable conductivity-temperature-depths (XCTDs), and expendable bathythermographs (XBTs) [e.g.,
Yabuki et al., 2006; Levitus et al., 2009; Stephenson et al., 2012]. While AXBT measures the water temperature
and depth, the AXCTD additionally provides the water column salinity measurements too. Airborne meas-
urements provide several advantages over those made by XCTDs/XBTs. For example, with the high mobility
of an aircraft, AXCTD/AXBT can sample a relatively large area within a short time period, providing spatial
variability of the upper ocean down to 1000 m depth with vertical resolutions of less than 1 m. Procedure
of deployment and data collection using AXCTD/AXBT is briefly described here. AXCTD/AXBT probes
launched from the aircraft are slowed down with a small parachute to reduce the impact speed at the
ocean surface. Upon impact, a small buoy inflates to host the radio transmitter. Seawater activates the bat-
tery and turns on the transmitter. After establishing communication with the aircraft-based radio frequency
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Table 1. Summary of AXCTD/AXBT Data Successfully Retrieved During DYNAMO

November November November November November November November November November December December December

1 13 16 19 22 24 26 28 30 4 8 13
Date Success
Flight RFO1 RF02 RF03 RF04 RFO5 RF06 RFO7 RF08 RF09 RF10 RF11 RF12  Total Rate
AXBT 5 48 24 9 20 9 39 28 18 51 17 28 296  92.2%
AXCTD 2 4 16 17 1 2 22 16 4 4 0 1 109  95.6%

(RF) receiver, the probe is released from its canister and descends through the water column. The probe
sends measurements to its surface unit inside the buoy, connected by a thin copper wire, and the surface
unit transmits data to the aircraft-based RF receiver. Data Acquisition System processes the signal in real
time and archives the ASCII data. Strict quality control was applied to the AXCTD/AXBT data before the anal-
ysis. Details of data quality issues and specific steps taken to correct the erroneous data can be found in
Alappattu and Wang [2015]. Quality and consistency of AXCTD data were confirmed by comparisons with
the independent CTD measurements [Alappattu and Wang, 2015]. These procedures yielded a total of 296
AXBT profiles and 109 AXCTD profiles. Figure 1 shows the AXCTD/AXBT probe launch location with respect
to DYNAMO domain. Table 1 summarizes number of the AXCTD/AXBT profiles taken on each day of flight.
Success rate indicates the efficiency of the data retrieval method. In order to reduce the latitudinal variabili-
ty, only profiles taken north of 10°S were considered for this analysis. In addition to the AXCTD/AXBT data,
we have also used NOAA interpolated outgoing longwave radiation (OLR) data set [Liebmann and Smith,
1996; http://www.esrl.noaa.gov/psd/] and research moored array for African-Asian-Australian monsoon anal-
ysis and prediction (RAMA) buoy data available from http://www.pmel.noaa.gov/.

From the temperature and density profiles, ILD and MLD were calculated using the threshold method as
defined by Sprintall and Tomczak [1992]. The data were linearly interpolated to a vertical resolution of 0.5 m.
The ILD was defined as the depth where the temperature was lower by 0.5°C from that at 10 m depth. Using
AXCTD derived density profile, MLD was calculated in terms of a depth where the density was equal to the
density at 10 m plus the increment in density equivalent to 0.5°C. Density increment was determined by
the coefficient of thermal expansion. Temperature and salinity at 10 m was used for the computation of
coefficient of thermal expansion.

In regions where upper ocean salinity stratification is weak, temperature stratification determines the base
of the mixed layer, and the MLD is equal to the ILD. If salinity dominates the upper ocean stratification, MLD
can be shallower than ILD. The layer separating the bottom of MLD and ILD is defined as the barrier layer
(BL) and the thickness is referred to as the barrier layer thickness (BLT) [Cronin and McPhaden, 2002; Girish-
kumar et al., 2011; Qiu et al., 2012]. Cronin and McPhaden [2002] describe the different mechanisms that pro-
duce barrier layers (BLs) including the effect of rainfall. Even though convective rain falls produce BLs of
considerable thickness, increased wind induced upper ocean mixing during the active phase of MJO often
erodes these BLs [Zhang and McPhaden, 2000]. But in the presence of zonal and meridional salinity gra-
dients, the equatorial ocean response to westerly wind bursts (WWB) can include the formation of thick,
long lived BLs [You, 1995; Cronin and McPhaden, 2002].

3. Evolution of MJO and General Meteorological Conditions

This section briefly describes the evolution of the MJO event, also known as MJO2 or November MJO
[Yoneyama et al., 2013] occurred during the DYNAMO SOP. General meteorological conditions observed
during the MJO event are also described. Overall atmospheric and oceanic conditions observed during the
entire DYNAMO experiment can be referred to Yoneyama et al. [2013] and Gottschalck et al. [2013]. Hov-
moller diagram of OLR anomalies from 10 November to 15 December 2011 in the latitude range from 20°S
to 20°N averaged over 72°E to 81°E longitude is shown in Figure 2. Anomalies were calculated from the
long term mean taken over a period from 1981 to 2010. Strong negative OLR anomalies (with magnitudes
greater than 80 W m™?) associated with active MJO convection occurred from 22 to 30 November 2011.
Negative OLR anomaly was large and widespread at north of equator in comparison to corresponding
southern latitudes. Prior to the onset of MJO (or during the suppressed phase of MJO), convection within
ITCZ was prevalent in the southern DYNAMO domain. In the figure, this can be distinguished by the
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Figure 2. Hovmoller diagram of OLR anomalies from 10 November to 15 December 2011 in the latitude range from 20°S to 20°N averaged
over the 72°E to 81°E.

negative OLR anomalies seen from 12 to 20 November. ITCZ migrated from southern latitudes (~15°S) and
crossed the equator a few days before the onset of active phase of MJO in the Indian Ocean. Convection in
northern latitudes ceased soon after the active phase of MJO. Meanwhile, south of equator experienced sus-
tained convection even after the active phase of the MJO. In this paper, MJO suppressed phase refers to the
aircraft observation period from 11 November to 21 November 2011 and active period of MJO was from 22
November to 30 November 2011. MJO activity in the Indian Ocean became inactive by the beginning of the
December. This post-MJO suppressed period (aircraft observation period from 1 December to 13 December
2011) is referred to as the restoring phase [Yoneyama et al., 2013]. MJO phases are demarcated in Figure 2
using vertical lines.

Figures 3a-3d show the variability of sea surface temperature, air temperature, wind speed, and relative
humidity observed by RAMA buoys located at 8°S, 4°S, 1.5°S, and equator along the 80.5°E. These plots are
indented to provide a general view of the latitudinal extent and variability of the MJO signal as reflected in
meteorological variables. At 1.5°S and equator highest SST observed was in suppressed phase and lowest
toward the end of active phase. MJO signal was not very significant in the SST at 4°S. Interestingly, at 8°S
seasonal forcing (due to the transition from spring to summer in the southern hemisphere) of SST was
stronger than the MJO associated variability. Similar to SST, differences were there in the response of air
temperature, wind speed as well as relative humidity to the MJO signal at different latitudes. However, aver-
age air temperature was the lowest and wind speed as well as relative humidity was the highest in the
active phase of MJO.

4, Results

4.1. Upper Ocean Profiles and Variability of MLD, ILD, BLT, D20, and SST

Figures 4a—4c illustrate three typical types of upper ocean profiles observed during DYNAMO. Profiles were
taken during the active MJO phase but on two different days from different locations. Temperature, salinity,
and potential density profiles in Figure 4a were taken on 26 November during 0509 Z at 3.79°S and 76.22°E.
Here the separation between MLD and ILD was only 2 m and hence BL was very thin. Mean ILD temperature
was approximately 29.16°C. Profiles shown in Figure 4b were taken on 28 November during 0512 Z at
7.20°S and 74.60°E. From the density and temperature profiles, the MLD and ILD were estimated as 31 and
67 m, respectively. Considerable difference between ILD and MLD resulted in a thick (36 m) BL in this case.
ILD temperature remained nearly uniform around 28.90°C. In the former case the upper ocean salinity strati-
fication was weak. Therefore, the MLD as well as ILD was determined primarily by the temperature stratifica-
tion and hence BL was very thin or practically nonexistent. But the upper ocean salinity stratification was
strong in the latter case. Therefore, the salinity stratification was responsible for shallow MLD, meanwhile
the well mixed temperature layer produced deeper ILD. Unlike the 26 November profile the measurement
on 28 November was taken during precipitation. The haline stratification and hence the shallow mixed layer
on 28 November might be due to freshwater lens formed by the precipitation. Such observations of thick
BLs formed by precipitation are not new. For instance, thick barrier layer (>25 m) formed due to the heavy
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Figure 3. Time series of (a) air temperature, (b) sea surface temperature, (c) wind speed, and (d) relative humidity from RAMA buoys at dif-
ferent latitudes (equator, 1.5°S, 4°S, and 8°S) located along 80.5°E.s

rainfall has been reported from western equatorial Pacific by Godfrey and Lindstrom [1989] and Lukas and
Lindstrom [1991].

The third profile shown in Figure 4c is taken on 26 November, the same day as that of first profile (Figure
4a). But the location of this profile was further east (80.47°E) and very close to equator. Both the profiles
were taken within a time difference of ~2 h and were separated only by ~600 km. Notable similarity
between the profiles in Figures 4a and 4c are their negligibly thin BL. But, in comparison with Figure 4a, the
profile in Figure 4c had a deeper (~67.5 m) mixed layer. However, the isothermal layer (70 m) of third profile
was comparable to that in Figure 4b. Strong winds in the active phase of MJO produce such deeper of
mixed and isothermal layers [Lukas and Lindstrom, 1991]. These examples also display the disparity in the
upper ocean thermohaline structure that can be produced by the same MJO event at different locations. It
should be noted here that the spatiotemporal difference between the first and third profiles were very small
in comparison with the spatial and temporal scale of the MJO. This indicates large heterogeneity of the
upper ocean response in the study region during the active phase of MJO. As mentioned before, oceanic
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Figure 4. Typical profiles of temperature, salinity, and potential density from AXCTD measurements.

measurements considered here represent the variability from a broad oceanic region. Hence, we initially
carried out a statistical analysis of the observations to understand the range of variability in different
parameters.

Histograms of MLD during the suppressed and active phase are shown in Figures 5a and 5b. Only 14 good
AXCTD profiles were available for the restoring phase. This number was inadequate to produce a meaning-
ful statistics and hence not shown here. In the suppressed phase MLD estimates showed a more or less uni-
form distribution varied between 25 and 50 m class range, with local minima at 35-40 m bin. On the other
hand, the MLD in the active phase had a bimodal distribution (Figure 5b). Sixty-five percent of the MLD esti-
mates were in the 25-45 m shallow mode. The mean MLD in this mode was ~34 m. Another ~25% of
observed MLD were in the deeper (60-75 m) class range and the mean of this mode was ~65 m. Table 2
summarizes the statistics of MLD variability. Mixed layer depth is governed by transfer of turbulent fluxes of

10 20 30 40 50

L 0 : L
60 70 80 0 10 20 30 40 50 60 70 80
MLD (m) MLD (m)

Figure 5. Distribution of mixed layer depth in the (a) suppressed phase and (b) active phase of MJO.
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Table 2. Statistics of Ocean Mixed Layer Depth (MLD)

MJO Phase Number of Profiles Min (m) Max (m) Mean (m) Std (m) Mode (m) Median (m)
Suppressed 36 19 64.5 395 11.1 26.0 418
Active 47 19 70.5 423 15.4 325 38.0
Restoring 14 20 585 393 13.1 44 4275

heat, mass (freshwater), and momentum across the air-sea interface and the horizontal advection in the
ocean surface layer [Thadathil et al., 2007]. Because of weak winds and less or little precipitation, heat flux is
the dominant factor in determining the MLD in the suppressed phase. The bimodal distribution in the active
phase suggests the role of two different processes governing the MLD. While the diabatic cooling and wind
stirring during the active phase contribute to the mixed layer deepening [Drushka et al., 2012] formation of
stable, relatively fresh lenses during the frequent and heavy precipitation during the active phase of MJO
produces shallow mixed layers [Drushka et al., 2014]. Therefore, the MJO forcing on the upper ocean can
lead to contrasting thermohaline structure producing differences in mixed layer characteristics. Such con-
trasting upper ocean thermohaline structure observed during DYNAMO was already shown in Figure 4. We
will further examine the reason for the bimodal distribution later on in this section. Additionally, a discus-
sion on the atmospheric and subsurface processes that give rise to different upper ocean thermohaline
behavior is given in section 5. As discussed subsequently, the ILD and D20 distributions too exhibited the
bimodal characteristics in the active phase of MJO.

ILD variability was unimodal during the suppressed phase. A large number (~80%) of observed ILD were in
the 25-60 m class range (Figure 6a). A few instances of deeper (>80 m) ILD were also present. In contrast,
the active phase ILD had the bimodal distribution (Figure 6b). The mode of variability in the 25-55 m class
range rather resembled the suppressed phase ILD variability. However, the second mode was in the deeper
side of the ILD spectrum, shifted by ~20 to 30 m from the first mode (Figure 6b). Thermocline (as repre-
sented by D20) distribution was also bimodal in the active phase (Figure 9b). ILD variability is closely linked
to the upward/downward movement of the thermocline [Thadathil et al., 20071. Therefore, it is reasonable
to deduce that the observed bimodal distribution of ILD was related to the active phase thermocline vari-
ability. In the restoring phase the shape of the ILD histogram was unimodal with peak of the distribution in
the 55-65 m class range. Compared to the suppressed phase, a significant percentage of ILD observations
were in the deeper (>60 m) class ranges during the restoring phase. Moreover, in comparison with sup-
pressed phase, the percentage occurrence of shallow (<40 m) ILD was very low in the restoring phase. The
range of variability of ILD values during the active phase was comparable to restoring phase. Statistics of
variability of the ILD is given in Table 3. Mean ILD in the DYNAMO domain deepened by 19 m during the
MJO life cycle. Shallowest and deepest mean ILD were observed in the suppressed (40.0 m) and restoring
(59.0 m) phases, respectively.

The variability of BLT in the suppressed and active phases of MJO is shown in Figures 7a and 7b. Regardless
of the phase of the MJO around 60% of the occurrence of BLT was in the 0-10 m bin. Observations showed
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Figure 6. Distribution of isothermal layer depth in the (a) suppressed phase, (b) active phase, and (c) restoring phase of MJO.
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Table 3. Statistics of Isothermal Layer Depth (ILD)

MJO Phase Number of Profiles Min (m) Max (m) Mean (m) Std (m) Mode (m) Median (m)
Suppressed 120 125 103.0 40.0 15.9 385 48.0
Active 143 29.5 76.0 53.5 13.2 68.5 52.5
Restoring 108 28.0 93 59.0 126 51.0 58.8

a very small percentage (~2%) of thicker (>30 m) BLs formed during the suppressed phase of MJO. Where-
as, around 15% of BLs was thicker than 30 m during the active phase. Table 4 summarizes the BLT variability
observed in the suppressed and active phase of the MJO. As mentioned in section 4.1, during the active
phase of MJO freshwater puddles created by the convective precipitation could produce thick BLs. Figures
8 illustrates such a convection and precipitation event observed on 28 November 2011. Figure 8a is the
aircraft-based lower fuselage C-band radar [Chen et al., 2016] reflectivity composite of an intense convection
observed during 0430Z-0830Z. Band of reflectivity greater than 30-35 dBZ represents the location convec-
tion front (CF) during the observation period. Aircraft made observation across and along the CF (dotted
line represents the aircraft flight track) and also deployed AXCTDs and AXBTs at different locations. Blue
dots in Figure 8a are the positions of 7 AXCTDs launched across the CF to observe the effect of precipitation
on the upper ocean stratification.

Longitude-depth cross section of salinity created using the seven AXCTD profiles (positions of which are
shown by blue dots in the upper X axis of Figure 8b) taken across the CF is shown in Figure 8b. Near surface
salinity stratification produced by the freshwater influx in to the ocean is apparent in the cross section. Iso-
haline of 34.1 psu coincided with the position of CF, which is clear indication of rain induced surface fresh-
ening. Moreover, 34.2 psu isohaline deepened up to a depth of 30 m between ~74.5°E and ~75°E due to
freshening. Interestingly, five out of the seven AXCTD profiles had thick (>30 m) barrier layers. The thickest
barrier layer of 48.0 m was exhibited by the AXCTD profile taken right under the CF (fourth profile from
east). Mean BLT calculated from the five profiles with deep BL was 43 m.

Distributions of D20 are shown in Figures 9a-9c. During the suppressed phase, the D20 distribution was
close to lognormal with the peak in the 100-105 m class. The suppressed phase D20 frequency distribution
was highly skewed toward larger values, indicating the occurrence of deeper thermoclines (Figure 9a).
Mean D20 during the suppressed phase was 117 m. Active phase D20 exhibited bimodal distribution (Fig-
ure 9b). While the primary peak was in the 100-110 m class range, secondary peak was in the 140-150 m
class range. Although, distribution of D20 in the active phase was entirely different from that of suppressed
phase, mean of D20 was the same in both the phases (Table 5). In fact, deepening of D20 occurred in the
restoring phase of the MJO (Figure 9¢) with frequency distribution negatively skewed toward smaller values.
Additionally, more than half of the D20 observations in the restoring phase was in the narrow class range of
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Table 4. Statistics of Barrier Layer Thickness (BLT)

MJO Phase Number of Profiles Min (m) Max (m) Mean (m) Std (m) Mode (m) Median (m)
Suppressed 36 0.5 40.5 10.7 8.7 25 7.5
Active 47 0.5 48.0 124 129 4.0 6.5
Restoring 14 3.5 37 20 121 5 16.5

130-145 m. Mean D20 in the suppressed phase was 130 m which was deeper by 13 m in comparison with
suppressed and active MJO phases.

No obvious diurnal variability was present in the MLD, ILD, BL, or D20. However, thermocline showed strong
latitudinal variability (Figure 10a), owing to the presence of thermocline ridge in the study region. In gener-
al, thermocline was the deepest around 8°S and was the shallowest between 4°S and 2°S during the entire
MJO cycle. ILD variability was generally independent of latitude, nonetheless, consistently shallow ILDs tend
to occur between 4°S and 2°S than at the other latitudes in the DYANMO domain (Figure 10b). Figure 10c is
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Figure 8. (a) C-band lower fuselage radar reflectivity overlaid with aircraft track in black dashed line. Location of AXCTD profiles are shown
in blue dots. (b) Vertical cross section of salinity from AXCTD profiles.

ALAPPATTU ET AL.

OCEAN THERMOHALINE STRUCTURE DURING MJO

1131



@AGU Journal of Geophysical Research: Oceans 10.1002/2016JC012137

25 25 . + - + 4 25
(a) Suppressed n=120 (b) Active : n=143 (c) Restoring A n=108
20+ L 204
g 8 g
E 15- L5 15 g
5 5 3
o Q Q
8 10 s 5
- ] ]
® = ®

80 100

120
D20 (m)

140

L 04 L 1 L
160 180 80 100 120 140 160 180 80 100 120 140 160 180
D20 (m) D20 (m)

Figure 9. Same as Figure 3, but for thermocline depth as represented by the depth of 20°C isotherm.

the MLD variability with the latitude of observations. No latitudinal dependence was observed in MLD
variability.

In the active phase of MJO, deeper thermoclines (>140 m) and isothermal layers (>60 m) were consistently
formed between 6°S and 10°S (Figure 10a). OLR anomaly shown in Figure 2 indicates strong MJO activity in
this latitude range for a few days in the in the active phase. Here the magnitude of OLR anomaly often
exceeded 100 W m ™2 Therefore, the influence of active MJO cannot be ruled out for the formation of
deeper D20 and ILD. We found that, these observations from south of 6°S were responsible for the active
phase secondary peak in D20 distribution (Figure 9). Meanwhile, the secondary peak in the ILD distribution
(Figure 6) additionally consisted of near equator (north of 1°S) observations too. Figure 10b shows signifi-
cant fluctuation in ILD near the equator during active phase. ILD varied from ~30 to ~75 m here. Moreover,
about half of these near equator observations were in the deeper ILD category (>60 m). Therefore, unlike
the D20, the deeper mode of ILD distribution in the active phase was the combined effect of ILD deepening
observed at south of 6°S and north of 1°N. Similar to isothermal layer, MLD also showed considerable vari-
ability near the equator. MLD varied from ~20 to ~70 m during the active phase of MJO. The secondary
peak in Figure 5 consisting of deeper mixed layers was due to the near equator deep MLD (>60 m) observa-
tions. ILD and MLD fluctuation observed near the equator might be due to the spatial and temporal differ-
ences in the impact of MJO on the upper ocean. We will discuss more about the upper ocean evolution
under the influence of the MJO activity in section 5.

Distributions of SST (estimated by averaging top 3 m of temperature profile) during the suppressed, active,
and restoring phases are shown in Figures 11a-11c. Active phase SST distribution was notably different
from other two phases. Variance of SST in active MJO phase was very low in comparison with the sup-
pressed and restoring periods of MJO. Also, approximately 60% of active phase SST observations were in
the narrow class range of 29-29.4°C. Standard deviation of SST was only 0.2°C in the active phase, whereas
in the suppressed and restoring phase it was 0.5°C. Moreover, the sea surface cooled by ~0.5°C in the DYA-
NAMO domain by the passage of MJO (Table 6).

4.2, Characteristics of Water Column During the Active MJO

Vertical cross section of temperature, salinity, and density between DG and RV across the DYNAMO south-
ern domain (see Figure 1) is shown in Figure 12. Lower and upper X axes represents, respectively, the dis-
tance from DG and corresponding latitudes. Thirteen AXBT and six AXCTD profiles were used to construct
the cross sections. Black (white) dotted lines represent the distance of AXBT (AXCTD) profiles from DG.
Measurements were started at 0405 UTC on 26 November (in the active phase of MJO) from DG and

Table 5. Statistics of Thermocline Depth (D20)

MJO Phase Number of Profiles Min (m) Max (m) Mean (m) Std (m) Mode (m) Median (m)
Suppressed 120 71.8 166.7 117.0 189 92.5 1124
Active 143 76.4 156.6 117.0 20.7 104.0 110.6
Restoring 108 833 172.6 130.0 15.8 1341 172.6
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Figure 10. Latitudinal variability of (a) thermocline depth and (b) isothermal layer

depth.

continued for 2.5 h. Near surface tem-
perature was higher than 29°C almost
everywhere (Figure 12a). Thermocline
region showed a distinct bow structure.
Thermocline was shallower between
~4°S (440 km) and ~2°S (~900 km)
and deepened toward DG and RV
sides. As mentioned before (Figure
10a), this particular structure of the
thermocline was due to the SCTR.

Vertical cross sections of salinity and
potential density were created only
using the AXCTD profiles (Figures 12b
and 12c¢). The white vertical stripes in
the figures are the data gaps where
no salinity data was available for ade-
quate interpolation. Near DG, surface
salinity was lower by ~1 psu in com-
parison with that at RV. It can be seen
that 35 psu isohaline (shown by
thicker contour line) is deeper
(~90 m) near DG and steadily shoaled
toward equator. Near RV (~1.28°S),
the 35 psu isohaline shoaled to the
surface level. Also there existed a sub-
surface salinity maximum nearby RV
with salinity higher than 35.4 psu
between 20 and 100 m with high
salinity core located around 80 m. Lat-
itudinal variability of sea surface salini-
ty observed in the AXCTD data agreed
well with Aquarius satellite observa-
tion (not shown). This observed water
column salinity variability was attrib-
uted to the different water masses

present in the DYNAMO domain. Similar to temperature, density also showed the distinct bow structure.
However, as noticeable from the 22 kg m ™2 isopycnal, near-surface density was more analogous to the
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(@) Latitude
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Table 6. Statistics of Sea Surface Temperature (SST)

MJO Phase Number of Profiles Min (°C) Max (°C) Mean (°C) Std (°C) Mode (°C) Median (°C)
Suppressed 120 28.1 30.6 294 0.5 28.7 294
Active 143 288 29.9 29.3 0.2 289 29.3
Restoring 108 28.1 30.1 28.9 0.5 28.1 28.7

variability of salinity. This indicates that density variability at the surface and subsurface was determined,
respectively, by the salinity and temperature.

Figure 13a shows the T-S diagram of the AXCTD profile nearest to DG; the southernmost of the six AXCTD
profiles (same AXCTD profiles used in Figure 12). Contours in the figure represent the constant potential
density surfaces. From the T-S diagram the Indonesian through flow (ITF) water can be identified as the iso-
haline (~35 psu) layer that present between potential densities 23.5 and 25.5 kg m~2 [Song et al., 2004;
New et al., 2007]. Surface water in this region was dominated by fresher tropical surface water (TSW) with a
lower salinity than ITF water [Jensen, 2003, 2001]. TSW was also observed in the surface waters of the next
three profiles shown in Figure 13b. Toward RV, the isohaline character of ITF is disturbed by the higher salin-
ity water at lower latitudes. High salinity water intrusion into subsurface layers with a high salinity core at
80 m is also apparent in the vertical cross section of salinity, between 400 and 800 km from DG (Figure
12b). This intrusion increases with decreasing latitude as seen from the red curve in Figure 13b with slightly
higher salinity than other two plots. The source of this high salinity core is the Arabian Sea high saline water
(ASHW). Characteristic temperature of this water is between 28 and 24°C with salinity between 36.7 and
35.3 psu and potential density varies from 22.8 to 24.5 kg m > [Sardessai et al., 2010; Kumar and Prasad,
1999]. ASHSW completely replaced the ITF in the two northernmost profiles closest to RV shown in Figure
13c. In comparison with the other profiles at higher latitudes, the surface water of these two profiles had
different characteristic than that of TSW. Here the surface salinity was in between fresh TSW and high saline
ASHSW. This was a mixture of Bay of Bengal (BoB) water and ITF [Sardessai et al., 2010; Sengupta et al.,
2006].
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Figure 12. Vertical cross section of temperature along the diagonal transect from Diego Garcia to R/V Revelle. (a) Water temperature, (b) salinity, and (c) potential density. The origin of

the horizontal axis is at Diego Garcia.
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5. Upper Ocean Variability Observed in RAMA Buoy Data

The analysis presented here depicted the gamut of variability observed in various parameters that defines
the upper ocean thermohaline structure when forced by an intense MJO. It is known that the impact of
MJOs on the upper ocean can be substantially vary from event to event [Drushka et al., 2014]. Differences in
the strength and timing of convection, wind, and precipitation as well as the subsurface stratification all
affect the response of upper ocean [Drushka et al., 2014]. Similarly, it is also possible that a particular MJO
event can produce contrasting upper ocean response at different locations even separated by small dis-
tance (compared with very large spatial scale of MJO). Upper ocean profiles (Figures 4a and 4c) discussed in
section 4.1 were examples for such observations made during DYNAMO. Additionally, the bimodal distribu-
tion of MLD (Figure 5b) also suggests nonuniform upper ocean response in the active phase of MJO. To
understand this aspect in detail, we examined the evolution of upper ocean thermohaline structure during
DYNAMO in the different phases of the MJO. Time series data from two RAMA buoys located at 80.5°E and
90°E along equator moored in the study domain were considered for the analysis.

Figure 14 shows the comparison of wind, precipitation, and subsurface variability observed at the buoys
during the MJO cycle. Even though distance between the buoys (9.5°) was very small compared with plane-
tary spatial scale of MJO the ocean variability induced by MJO at the two locations were significantly differ-
ent. For instance, at 80.5°E increase in zonal wind speed associated with active MJO occurred on 23
November and reduced soon after active phase of MJO (Figure 14a). Whereas at 90°E the zonal wind was
weak until 27 November then increased abruptly (Figure 14f) and strong winds maintained even after the
end of active phase of MJO. In addition to zonal wind, precipitation pattern (Figures 14b and 14g) was also
considerably different at two locations. Figure 14b indicates significant convection at 80.5°E even before
the onset of MJO and continued through the active phase. Here abrupt shutdown of convection occurred
toward the end of active phase. On the contrary, convection intensified at 90°E toward the end of the active
phase and continued for a few more days after the active MJO period (Figure 14g). In this atmospheric sce-
nario, upper ocean stratification evolved differently at 80.5°E and 90°E during MJO cycle.

The tandem variability of MLD (solid line) and ILD (dotted line) at 80.5°E indicates that the upper ocean
stratification during the suppressed and active phase of MJO was chiefly governed by temperature (Figure
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Figure 14. Time series of (a) zonal wind, (b) precipitation as well as time-depth cross sections of (c) water temperature, (d) salinity, and (e) potential density at buoy location (Eq, 80.5°E).
Figures (f-j) are same as figures (a—e) but for the buoy locations (Eq, 90°E). MLD (solid line), ILD (dotted line), and D20 (dashed line) are also shown in the cross sections.

14c¢) and hence a thin BL. Moreover, low winds (Figure 14a) and the subsurface salinity maximum centered
around 60 m depth (Figure 14d) produced relatively shallow MLD and ILD. However, strong wind induced
mixing in the active phase of MJO caused the deepening of mixed layer. Later in the active phase, deepen-
ing of ML and mixing brought the subsurface high saline water into the mixed layer to produce more or
less uniform salinity from surface up to ~100 m depth. Also, this eroded the previously existing thin BL. Pos-
sible reason for the thickening BL in the restoring phase is the decrease in wind speed and absence of sub-
surface salinity maximum for a brief period after the active phase.

Meanwhile, at 90.5°E thick BL persisted from the beginning of suppressed phase through the active phase,
indicating the strong upper ocean salinity stratification (Figure 14h). Late intensification of wind at 90.5°E
and hence less mixing, helped to maintain the BL throughout in the active phase. The role of surface
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freshening (near surface salinity minimum) by the precipitation also cannot be ruled out for the mainte-
nance of thick BLs in the active phase (Figure 14i).

Thermohaline characteristics at the two RAMA buoy sites analyzed here evolved differently during the
active phase of MJO. While the mixed layer deepened from ~35 to ~85 m at 80.5°E, it remained shallow
(~30 m) at 90°E. Evolution of isothermal layer and thermocline at the two sites were also dissimilar in the
active phase. This demonstrates how the differences in the strength and timing of convection, wind, and
precipitation as well as the subsurface stratification modulate the upper ocean thermohaline structure dur-
ing a MJO event. Hence, it would be reasonable to infer that the bimodal characteristics of distributions
observed in the active phase are produced by the heterogeneity in the upper ocean response in the study
region. This also emphasizes the need of making domain wide in situ measurements to investigate the sta-
tistical variability produced by a MJO.

6. Discussion and Summary

Atmospheric perturbations associated with MJO have profound impact on the upper ocean thermohaline
structure and variability. Reduction in incoming solar radiation, precipitation produced freshwater influx in
to the ocean surface, and strong surface winds during the active phase of MJO modify ocean mixed layer
dynamics. One of the earliest observational studies on the MJO's influence on the ocean mixed layer is by
Lukas and Lindstrom [1991] using the data collected from western Pacific Ocean. They reported significant
(~22 m) deepening of mixed layer in the strong wind and convective (active) phase of MJO. Subsequently,
model simulations also confirmed similar MJO associated MLD variability in the Indo-Pacific region [e.g., Shi-
noda and Hendon, 1998; Waliser et al., 2003]. Drushka et al. [2012] found that the composite MJO anomalies
of the MLD exhibited systematic variations in the Indian Ocean with amplitudes up to =10 m. While the sur-
face warming and light winds during the suppressed phase cause the mixed layer to shoal the deepening
of mixed layer in the active MJO phase was attributed to the diabatic cooling and wind stirring.

Statistics of MLD variability presented in this paper (Table 2) gives an impression that the mixed layer deep-
ening during DYNAMO was insignificant. Our observations show that, on an average mixed layer deepened
only by 2.8 m in the active phase of MJO, which is too low in comparison with previous reports. Nonethe-
less, this does not mean that deepening of mixed layer did not occur anywhere in the DYNAMO domain
during this particular MJO event. As shown in the Figure 5b, MLD distribution during the active phase had a
secondary mode in the deeper side of the MLD spectrum. Mean of this mode was ~65 m, which is ~25.5 m
deeper than the average suppressed phase MLD, and this value matches fairly well with the previous obser-
vation by Lukas and Lindstrom [1991] mentioned above. Therefore, it is reasonable to infer that mixed layer
response to the active phase of MJO was not similar everywhere in the DYNAMO domain. This fact is also
indicated by the higher MLD standard deviation (15.4 m) during the active phase MLD in comparison with
suppressed phase (11.1 m). RAMA buoy observations too support these findings. Figure 15 depicts the time
evolution of MLD at RAMA buoy sites at three different latitudes located along 80.5°E. At the equator, the
MJO-related MLD variability was very obvious with an average deepening of ~30 m in the active phase.
However, at the other two locations the MLD variability seemed to be influenced little by the MJO. As men-
tioned before, the bimodal distribution of MLD observed in the active phase can be attributed to this non uni-

form response of upper ocean
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immediately during the active phase of MJO due to the wind stirring and convective mixing from the sur-
face cooling [Zhang and McPhaden, 2000; Cronin and McPhaden, 2002]. Furthermore, the local precipita-
tion formed rain water puddles tend to produce considerably thinner (~10 m) BLs [You, 1995; Vialard and
Delecluse, 1998] than those observed in the present study. Therefore, the thick BLs observed during the
precipitation event reported here is intriguing. Unfortunately, we do not have the information on the life
time of these BLs since the aircraft could not make repeated sorties in the same area due to flight time
limitations. However, You [1995] and Cronin and McPhaden [2002] have demonstrated that the thick barri-
er layers can exist for considerably long period of time even during westerly wind bursts. These BLs were
indeed not produced by the rain alone. Advection of freshwater (likely produced by persistent storm
rains) in the upper level over the high salinity water in the bottom moving in the opposite direction pro-
duces ideal condition for the existence of thick BLs [You, 1995; Cronin and McPhaden, 2002]. Further analy-
sis of AXCTD data along with Aquarius satellite derived ocean surface salinity and RAMA buoy current
data is planned to examine the role of such advection processes for the production thick BLs.

SCTR straddled in the DYNAMO domain produced relatively shallow thermocline. South of ~3°S thermo-
cline showed notable positive latitudinal gradient (Figure 10a). Here the thermocline deepened by an aver-
age of 8.3 m per latitude. The role of westward propagating annual oceanic Rossby wave (centered around
12°S) cannot be ruled out for producing deeper thermoclines in the higher latitudes of study region
[Périgaud and Delecluse, 1992; Fu and Smith, 1996]. It has already been reported that, downwelling Rossby
waves in the southern latitudes of SCTR reduce the upwelling by deepening the thermocline [Xie et al.,
2002]. In addition to this, Sieki et al. [2013] has reported that during the DYNAMO period, a region of posi-
tive sea level anomaly propagated westward from 90°E to 70°E, centered at 10°S with a phase speed of
0.2 m/s corresponding to annual downwelling oceanic Rossby wave. Our examination of Aviso mean sea
level anomaly data showed the northward extension of this positive sea level anomaly (>15 cm) was up to
4°S during DYNAMO (not shown).

In addition to these we also carried out the water mass analysis based on T-S diagrams, which elucidated dif-
ferent water masses that constitute surface and subsurface waters of DYNAMO domain in the active phase of
MJO. This brought out a variety of different water masses present in the subsurface and surface. For instance,
subsurface water was chiefly consists of ITF water in the higher latitudes of study region, however, intrusion
of ASHSW in to the subsurface from equatorial region was also observed in the DYNAMO domain. Core of the
ASHSW (characterized by its higher salinity than ITF water) was centered at a depth of 80 m. Meanwhile, the
surface waters were dominated by TSW and a mixture of Bay of Bengal and ITF waters.

Furthermore, an examination of the evolution of upper ocean thermohaline structure based on data from
two RAMA buoy sites (80.5°E and 90°E along equator) were also carried out. This showed that the upper
ocean response to the MJO forcing at different sites separated even by small distance (compared with plan-
etary spatial scale of MJO) can vary significantly. In short, this analysis, first of its kind from the data sparse
and climatically important southern tropical Indian Ocean, provides a broad and clear picture of upper
ocean response as well as the variability of thermohaline structure in different phases of MJO.
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