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Abstract 

In the present study, interannual fluctuations of the mixed layer depth (MLD) in the tropical 

Indian Ocean are investigated from a long-term (1960-2007) eddy permitting numerical simulation 

and a new observational dataset built from hydrographic in-situ data including Argo data (1969-

2008). Both datasets show similar interannual variability patterns in relation with known climate 

modes and reasonable phase agreement in key regions. Due to the scarcity of the observational 

dataset, we then largely rely on the model to describe the interannual MLD variations in more detail. 

MLD interannual variability is two to four times smaller than the seasonal cycle. A large fraction of 

MLD interannual variations is linked to large-scale climate modes, with the exception of coastal and 

subtropical regions where interannual signature of small-scale structures dominates. The Indian 

Ocean Dipole is responsible for most variations in the 10°N-10°S band, with positive phases being 

associated with a shallow MLD in the equatorial and south-eastern Indian Ocean and a deepening in 

the south-central Indian Ocean. The El Niño signature is rather weak, with moderate MLD shoaling 

in autumn in the eastern Arabian Sea. Stronger than usual monsoon jets are only associated with a 

very modest MLD deepening in the southern Arabian Sea in summer. Finally, positive Indian Ocean 

Subtropical Dipoles are associated with a MLD deepening between 15°S and 30°S. Buoyancy fluxes 

generally appear to dominate MLD interannual variations except for IOD-induced signals in the 

south-central Indian Ocean in autumn, where wind stirring and Ekman pumping dominate.  

Keywords:  Mixed layer, interannual variability, Indian Ocean, Indian Ocean Dipole, El 
Niño/Southern Oscillation, Monsoon. 
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 1. Introduction 

Almost any ocean profile displays homogeneous temperature, salinity and density in the upper 

oceanic layer. This homogeneous layer results from active vertical mixing near the surface, promoted 

by various processes like wind-stirring, waves, turbulence generation by vertical shear or night time 

convective mixing. The mixed layer is extremely important in establishing the world ocean’s mean 

state and variability, as it acts as an interface between the atmosphere and interior ocean. Water 

masses acquire their properties within the mixed layer in deep-water formation and subduction 

regions. The mixed layer thickness also modulates its heat capacity, and hence its propensity to be 

heated or cooled by atmospheric forcing. In this respect, the mixed layer is an essential parameter in 

air-sea interactions, because it modulates the amplitude of the sea surface temperature (hereafter 

SST) response.  

Numerous studies have already investigated seasonal variations of the mixed layer depth 

(hereafter MLD) in the Indian Ocean. Special attention has been paid to the northern Indian Ocean, 

which exhibits a prominent MLD semi-annual cycle, associated with the seasonally reversing 

monsoonal circulations (Schott et al. 2002). MLD seasonal variability has been extensively studied 

over the Arabian Sea using both in situ observations (Rao et al. 1989, Rao and Sivakumar 2003, 

Sreenivas et al. 2008) and model simulations (Prasad 2004,  de Boyer Montegut et al. 2007, 

McCreary et al. 1989). During summer monsoon, the MLD increases markedly in the interior 

Arabian Sea owing to Ekman convergence associated with the Findlater jet (Findlater 1969) and 

shallows west of the Jet axis. During winter monsoon, negative buoyancy fluxes play a major role in 

the convective deepening of the MLD. In contrast, inter-monsoon seasons (spring and autumn) are 

characterized by weaker winds along with strong incoming solar radiation that result in a thin and 

warm mixed layer. Compared to the Arabian Sea, the Bay of Bengal exhibits weaker seasonal MLD 

variations (Gopalakrishna et al. 1988, Rao et al. 1989, Shenoi et al. 2002, Prasad 2004, Babu et al. 

2004, Narvekar and Kumar 2006). This is especially true in the northern part of the Bay where strong 

salinity stratification prevents convective cooling. The southern part of the Bay however shows a 

distinct semi-annual variability with deep MLDs during summer and winter monsoons and shallow 

MLDs during spring and autumn intermonsoons, as for the Arabian Sea. Wind-driven mixing largely 

controls this seasonal variability (Narvekar and Kumar 2006). At the equator, the Wyrtki Jet (Wyrtki 

1973) that develops during autumn results in downward sloping of MLD from west to east (Ali and 

Sharma 1994, Brien and Hurlburt 1974), while excess of precipitation in winter results in the 

formation of a barrier layer west of Sumatra, shoaling the MLD (Masson et al. 2002, Qu and Meyers 

2005, Du et al. 2005). The seasonal cycle in the southern tropical Indian Ocean has been less 
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investigated. Seasonal shoaling and deepening of the mixed layer in the south-western Tropical 

Indian Ocean has been related to annual cycle of the wind, through its stirring effect and its impact 

on buoyancy fluxes and thermocline depth (Foltz et al. 2010).  

To our knowledge, Carton et al. (2008) is to date the only study that maps interannual MLD 

variations at global scale from observations. Their study provides little details about the Indian 

Ocean. They show that interannual MLD variability in boreal summer is confined to the Arabian Sea 

and mainly driven by changes in the strength of the monsoonal winds. In contrast, they relate 

interannual MLD variations during boreal winter to remote forcing from the Tropical Pacific. The 

Pacific Ocean is indeed home to the most powerful climate variation at interannual timescales on the 

planet: the El Niño-Southern Oscillation (hereafter, ENSO; see e.g. Wang and Picaut 2004, 

McPhaden et al. 2006). During an El Niño, air-sea interactions promote the growth of a positive SST 

anomaly in the central and eastern Pacific that usually peaks at the end of the year. Teleconnections 

associated with El Niño result in an overall warming of the Indian Ocean (e.g. Klein et al. 1999). 

Carton et al. (2008) suggest that those atmospheric teleconnections induce a MLD shoaling in the 

eastern equatorial Indian Ocean and a deepening south of the equator in the central basin during El 

Niño events. 

The Indian Ocean has long been viewed as largely passive, with interannual variations arising 

from remote forcing of ENSO, as suggested above. In the recent years, this vision has deeply 

changed (e.g. Schott et al. 2009). First, local air-sea interactions allow ENSO remotely forced SST 

anomalies and their climatic impacts to persist in the Indian Ocean well beyond the end of El Niño 

(Xie et al. 2010). In addition, the Indian Ocean is home to indigenous modes of variability. The 

Indian Ocean Dipole (hereafter IOD) is, like ENSO, the result of air-sea interactions. The IOD peaks 

in autumn, and is associated with anomalous easterlies in the central Indian Ocean, cold SST 

anomalies close to Java and Sumatra, and warm SST anomalies in the western Indian Ocean (e.g. 

Saji et al. 1999, Webster et al. 1999, and Murtugudde et al. 2000). There is a tendency of IODs to be 

triggered by El Niño events, but they can also occur independently (e.g. Annamalai et al. 2003). 

There is another recurrent climate variability that is also characterized by a zonal temperature dipole 

further south: the Subtropical Indian Ocean Dipole (hereafter SIOD, Behera and Yamagata 2001). It 

is characterized by SST anomalies of opposite polarities west of Australia and South-East of 

Madagascar that peak in austral summer. Unlike ENSO and the IOD, SIOD development appears to 

be largely related to air-sea fluxes and not driven by oceanic dynamical processes. 

MLD is a crucial parameter in air-sea interactions. A thick MLD has a larger heat capacity, and 

is hence less responsive to atmospheric heat fluxes. Air sea flux variations are important for most of 
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the Indian Ocean climate variations mentioned above. They are responsible of the Indian Ocean 

warming during ENSO (e.g. Klein et al. 1999) and its maintenance after the end of ENSO (Xie et al. 

2010), of the development of the SIOD (Behera and Yamagata 2001), can contribute either 

positively or negatively to IOD growth depending on the season and location (Hendon 2003, 

Murtugudde et al. 2000) and damp the amplitude of summer monsoon interannual fluctuations (Ju 

and Slingo, 1995). For these reasons, it is important to document and understand interannual 

variations of the mixed layer depth associated with those climate modes in the Indian Ocean. There 

is however to our knowledge only one paper describing interannual variations of the MLD (Carton et 

al. 2008), and with no specific focus on the Indian Ocean.  

In this paper, we describe the mixed layer depth interannual variability in the Indian Ocean and 

relate it to the known climate modes affecting its variability, using both available observations and a 

general circulation model. In section 2, we describe the observational estimates and the simulation, 

as well as our statistical methods. In section 3, we describe the interannual variability of the MLD in 

the model and observations. Section 4 details MLD patterns associated with each climate mode in 

the Indian Ocean, and qualitatively discusses processes responsible for MLD interannual variations. 

The last section summarizes and discusses our results. 

2. Data and methods 

2.1 Numerical experiment 

The numerical simulation used in this study was provided by the DRAKKAR project 

(Brodeau et al. 2010), and is based on the NEMO (Nucleus for European Modelling of the Ocean, 

formerly known as OPA) Ocean General Circulation Model (hereafter, OGCM; Madec 2008). The 

model is based on primitive equations, uses a free surface formulation (Roullet and Madec 2000). 

We analyzed two DRAKKAR configurations: a coarse 2° resolution (ORCA-R2) and an eddy 

permitting ¼° resolution (ORCA-R025). The common vertical grid of these configurations has 46 

levels with a 6-m spacing at the surface increasing to 250-m in the deep ocean. Bathymetry is 

represented with partial steps (Barnier et al. 2006). The large-scale MLD variations from both 

versions are very similar, and we will only show results for the eddy-permitting version hereafter. 

Density is computed from potential temperature, salinity and pressure using the Jackett and 

McDougall (1995) equation of state. Vertical mixing is parameterized from a turbulence closure 

scheme based on a prognostic vertical turbulent kinetic equation, which has been shown to perform 

well in the tropics before (Blanke and Delecluse 1993). Lateral mixing acts along isopycnal surfaces, 
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with a Laplacian operator and 200 m2.s-1 constant isopycnal diffusivity coefficient (Lengaigne et al. 

2003). Shortwave fluxes penetrate into the ocean based on a single exponential profile (Paulson and 

Simpson 1977) corresponding to oligotrophic water (attenuation depth of 23 m).  

The model is forced from 1958 to 2004 with the DFS3 dataset, described in detail by Brodeau 

et al. (2010). This dataset is essentially based on the corrected ERA-40 re-analysis (and ECMWF 

operational analyses beyond 2002) for near surface meteorological variables and on the corrected 

ISCCP-FD radiation product (Zhang et al, 2004) after 1984. No surface temperature restoring is used 

and salinity is restored to climatological values, with a relaxation time scale of 33 days (for a 10 m 

thick layer). We did discard the first two years of this simulation (1958-1959) to allow planetary 

waves to achieve the Indian Ocean basin adjustment: our analyses only cover the 1960-2007 period. 

This OGCM has been extensively validated in uncoupled mode with various forcing 

strategies (e.g. Vialard et al. 2001, Cravatte et al. 2008) and in coupled mode (e.g. Lengaigne et al. 

2006, Lengaigne and Vecchi 2010). It accurately simulates equatorial dynamics and basin wide 

structures of currents, sea level and temperature in the tropics. The particular simulation that we use 

in this paper also accurately reproduces interannual variations of heat content in the Tropical Pacific 

(Lengaigne et al. 2011) and of sea level in the Indian Ocean (Nidheesh et al. 2011). 

2.2 Observational datasets 

Monterey and Levitus (1997) produced a MLD seasonal cycle from temperature and salinity 

seasonal climatologies. de Boyer Montégut et al. (2004; dBM04 hereafter) pointed out that MLD 

computation is a non-linear operation, and provided MLD climatology from single-profile MLD 

estimates. In the present paper, the dBM04 methodology has been applied with some improvements 

to remove outliers (see hereafter) for producing an interannual MLD product. Our dataset merges 

classical hydrographic data over 1969-2008, including Argo data over the past decade. 

Measurements come from following instruments: mechanical bathythermograph (MBT), expendable 

bathythermograph (XBT), conductivity-temperature-depth (CTD) and profiling floats (PFL). 

Classical hydrographic data at observed levels are obtained from the National Oceanic Data Center 

(World Ocean Database 2009, for MBT, XBT, CTD) and from the World Ocean Circulation 

Experiment (WOCE) 2002 database (CTD and PFL).  We also use daily data from moored buoys of 

the RAMA Indian Ocean array. This results in a total of about 565,000 temperature profiles for the 

tropical Indian Ocean. Before the beginning of 2000’s, Indian Ocean observations mostly relied on 

XBTs data along voluntary ship lines and on occasional oceanographic cruises. Since the beginning 

of the Argo program (Gould et al. 2004), individual profiling floats provide a better observational 
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spatial coverage than for the historical period (Figure 1). The Argo network has reached its target 

density of observations in late 2006 (Figure 1c).  

The recent period hence provides a sufficient spatial and temporal coverage to provide MLD 

monthly estimates over the entire Indian Ocean using a density criterion. For the Argo period (2002-

2008), a MLD dataset (hereafter Argo dataset) can be defined as the depth where the density increase 

with respect to density at 10 m corresponds to a 0.2° decrease (i.e. a variable density criterion is 

used). The Argo period is however too short (7 years) to fully describe the MLD interannual 

variability and will hence mainly be used to investigate the climatological MLD variations. The 

historical hydrographic data allows describing MLD interannual variations over a longer period (33 

years), at the expense of a poorer data spatial coverage, especially in the Southern Indian Ocean and 

Bay of Bengal (Figure 1) and have only very sparse salinity data. For the entire period (1969-2008), 

a MLD dataset (hereafter hydrographic dataset) is then computed using a temperature, rather than a 

density criterion. MLDs are computed as the depth with a 0.2 °C absolute temperature difference 

from 10m temperature (as in dBM04). Due to its good temporal coverage, this dataset will be used to 

investigate interannual MLD variations over the past decades. It must however be kept in mind that 

this observational dataset does not account for salinity variations. For both dataset, MLDs are 

estimated directly from individual temperature profiles at their native vertical resolution A linear 

interpolation between levels is then used to estimate MLD. The reference depth is set at 10 m to 

avoid aliasing by the strong diurnal cycle in the top few meters of the ocean. A new quality control 

test was added (in comparison with dBM04), in order to reject erroneous MLD estimates. This is 

important in this relatively sparse data context, because a few outliers can affect the final data quality 

quite badly. That test basically compares every observation with the seasonal climatology of 

available observations within a 1000km radius, and rejects about 1/1000th of MLD estimates. The 

data is then reduced on a regular 2° monthly grid, by taking the median of all MLDs in each grid 

mesh. A slight smoothing is further applied. The last step consists in an optimal prediction of the 

missing data using ordinary kriging method. This filling was limited to a 1000 km radius disk of 

every cell point containing at least 5 values, to prevent unrealistic extrapolation as much as possible 

(see dBM04 for a review). These new observational MLD datasets are available at 

http://www.lodyc.jussieu.fr/cdblod/mld.html. 

In the model, the MLD is calculated online using a 0.01 kg.m-3criterion. A 0.2°C threshold 

corresponds to a 0.03 kg.m-3 density change in the surface layer of the tropical Indian Ocean and is 

hence rather consistent with our model MLD threshold.  

For wind stress, we use gridded estimates from the QuikSCAT scatterometer produced at 
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Centre ERS d’Archivage et de Traitement (CERSAT, Bentamy et al. 2003).  

2.3 Methods 

When comparing model and observations (Section 3), interannual anomalies are simply 

calculated by removing the mean seasonal cycle for both datasets. In Section 4, we computed model 

interannual anomalies by de-seasoning and de-trending 5-day average model outputs using STL 

decomposition procedure (Cleveland et al. 1990). STL is a filtering procedure for decomposing time 

series into trend, seasonal and residual components. We used a 7-year threshold for defining the 

lowest frequency component (i.e. trend), but the results in this paper are robust when using a 5-year 

cutoff. Results are also robust if interannual anomalies are more simply computed by removing the 

long-term mean seasonal cycle. 

In our eddy-permitting simulation, there is a significant amount of meso-scale MLD 

variability associated with oceanic eddies, or other small scale features. Since we are mostly 

interested in large-scale MLD variations related to climate variability, the model MLD is filtered in 

space to retain only large spatial scales (> 250 km). We do this by applying the iterative application 

of the heat diffusion equation described in Weaver and Courtier (2001), which is well suited to 

conduct spatial filtering in domains with complex boundaries, like the ocean.  

In order to extract the variability associated with various climate modes, we have used 

standard indices. In the Pacific, ENSO is classically represented from the averaged SST anomalies 

over the Nino3.4 (120°W-170°W, 5°N-5°S) region during November-January. The Indian Ocean 

Dipole (IOD) is represented by the dipole mode index (DMI, Saji et al. 1999) computed as the 

difference between interannual SST anomalies in the western (50°E-70°E, 10°N-10°S) and eastern 

(90°E-110°E, 10°S-0°S) equatorial Indian Ocean in September-November. The Subtropical Indian 

Ocean Dipole (SIOD) is represented by Subtropical Dipole Index (SDI, Behera and Yamagata 2001) 

computed as the difference between interannual SST anomalies in its eastern (90°E-100°E, 29°S-

18°S) and western (55°E-65°E, 37°S-27°S) poles in December-March. The intensity of the Monsoon 

is represented by a dynamical index (MON) proposed by Webster and Yang (1992) available at 

http://iprc.soest.hawaii.edu/users/ykaji/monsoon/seasonal-monidx.html and calculated as the vertical 

wind shear between 850 and 200 hPa in June-August in a box encompassing the Northern Indian 

Ocean (40°E-110°E; 0°N-20°N). All the indices above have been normalized by their standard 

deviation. Apart from these indices, we will also use definitions from Ummenhofer et al. (2009) 

classification to perform composites for IOD / ENSO over the Indian Ocean. Anomalously strong 

(weak) monsoons are defined as years when the normalized MON seasonal anomalies are larger 
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(lower) than 0.5. 

In order to extract patterns associated with each mode of variability over the Indian Ocean, 

we use regression techniques. Since we use standardized (adimensional) indices, these regressions 

provide values in physical units (e.g. meters for MLD), which correspond to the “typical” anomalies 

associated with an IOD, ENSO, etc… Because of the strong correlation between the IOD and ENSO 

indices (0.7, see Table 1), it is difficult to isolate the signals associated with each of those climate 

modes using a simple linear regression. We hence use partial regression to isolate signals purely 

associated with, e.g., the IOD or ENSO. If one wants to compute the partial regression between, e.g., 

a time series of MLD Mi and the DMI index Di independently of the ENSO index Ei, one first 

subtract signals that are linearly related to Ei from Mi and Di and perform a regression between the 

residuals. This technique has already been applied successfully in several studies to separate ENSO 

and IOD signals (e.g. Yamagata et al. 2004, Yu et al. 2005, Izumo et al. 2010). 

The amount of energy transferred from the atmosphere to the mixed layer is proportional to 

the cube of the friction velocity and surface buoyancy fluxes. These two quantities will be used to 

qualitatively infer the respective contribution of buoyancy flux and mechanical energy input to 

interannual MLD variations. The net surface buoyancy Bo is computed as follows: 

    Bo= Bh + Bw 
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Where Bh is the buoyancy due to heat flux, Bw the buoyancy related to fresh water flux, α and β the 

coefficients of thermal and haline expansion, Qo  the net heat flux, Cp the specific heat of water, P-E 

the fresh water flux and So the surface salinity (Gill 1982). The friction velocity u*
 is calculated as: 

  ρ
τ

=*u  

where τ  is the surface wind stress and ρ the density of seawater. 

3. Model Validation 

In this section, we will describe the MLD long-term mean, seasonal cycle and interannual 

variability from the model and observations. 

Figure 2 shows the long-term mean MLD in the model and observational product. There is an 

overall good agreement of large-scale MLD structures between the model and observations. The 
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MLD main features south of 10°N are largely linked to the climatological winds, with shallow MLD 

in the equatorial band (~30 m), due to weak winds (and strong solar flux), deeper MLD between 

10°S and 20°S (~30-60 m) where easterlies are strongest. In the northern Indian Ocean, there is a 

clear contrast between the Bay of Bengal and the Arabian Sea. The mixed layer is deeper in the 

Arabian Sea, largely because of the very intense monsoon jet in summer (that causes both mixing 

and downwelling to the right of the jet axis, de Boyer Montégut et al. 2007). Using a MLD criterion 

based on temperature (Fig. 2a) rather than density (Fig. 2b) give similar results except in the Bay of 

Bengal and eastern equatorial Indian Ocean where shallower MLDs are obtained when using a 

density criterion, owing to the strong salinity stratification (river runoffs, intense rainfall during 

summer monsoon). The model MLD captures those large-scale structures accurately (Fig. 2c), 

despite a shallower than observed MLD in the equatorial region. This difference may be related to 

the presence of a thick barrier layer in this region (Qu and Meyers 2005), that is either 

underestimated by the observational product due to rather sparse observations in the upwelling 

region (Figure 1) or overestimated in the model. 

Figure 3 compares the mean seasonal cycle anomalies with respect to the long term mean in 

the model and observations. There is an overall MLD deepening in summer driven by the intense 

summer monsoon winds throughout the basin during the Indian Monsoon. The MLD deepens right 

of the monsoon jet axis, as a result of Ekman-driven downwelling there. To the left of the monsoon 

jet, Ekman-driven upwelling results in a weaker MLD deepening. Autumn is mainly characterized by 

a deep MLD between 10°S and 20°S related to the relatively intense easterlies at this season while 

MLD shoals slightly in the western Arabian Sea due to weak winds and strong shortwave radiation. 

During boreal winter, MLD strongly shoals in the southern hemisphere, as a result of weak winds 

and downward surface heat fluxes in this region. In the Northern Indian Ocean, the negative 

buoyancy flux brought by the excess of evaporation over precipitation largely explains the relatively 

deep MLDs in boreal winter (de Boyer Montégut et al. 2007). In spring, weak easterlies in both 

hemispheres result in a MLD shoaling over most of the tropical Indian Ocean. 

Compared to observational estimates, the model performs well during inter-monsoon seasons 

(spring and autumn) but tends to overestimate the amplitude of the seasonal cycle during both 

monsoons (summer and winter), especially south of 15°S. In the Northern Indian Ocean, the clearest 

model bias is a too deep MLD in the Northern Arabian Sea during winter. We found no obvious 

simple explanation for the model biases. 

Figure 4 displays the coefficient of variance (standard deviation of interannual anomalies, 

divided by the long term mean) for each season, from the observations (Fig 4a-d) and model (Fig 4e-
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h). The largest MLD interannual variations occur in autumn and winter in the eastern equatorial 

Indian ocean (and along Java and Sumatra), and in the central Indian Ocean between the equator and 

10°S, reaching up to 40% of the long-term mean value there. Interannual variability appears largely 

in the same regions in spring, but with smaller amplitudes. In summer and autumn, strong MLD 

interannual variations are found in the western equatorial Indian Ocean and in the Oman upwelling 

region.  

The broad agreement between the large-scale patterns in the model and observations is a first 

suggestion that the model captures the main regions of interannual variability of the MLD. The 

model overestimates the amplitude of the variability in the central Indian Ocean between the equator 

and 10°S in autumn against the data products. Discrepancies between model and observations may 

be either linked to model deficiencies or to the very limited data coverage in the observational 

dataset, especially in the southern hemisphere (Fig. 1).  

In order to further validate the modeled MLD interannual variability, Figure 5 provides 

composites of MLD anomalies for anomalous monsoon years in summer, for IOD years in autumn 

(when the IOD peaks) and for ENSO years in winter (when ENSO peaks). The paucity of observed 

data south of 20°S (Figure 1) prevents us to assess the SIOD impact onto MLD variations in 

observations. The main monsoon related signal in the northern Indian Ocean consists of a slight 

deepening (~ 2m) of the central and western Arabian Sea and in the eastern Indian Ocean just north 

of the equator (~ 4m). The model is in general able to simulate these features and the time series of 

the interannual summer MLD fluctuations in the Arabian Sea are in broad agreement between the 

model and observations, with a correlation of ~0.6 (Figure 6a). A MLD deepening up to 5m 

characterizes anomalously strong monsoons (e.g. 1984, 1989) while weaker monsoons usually 

display a corresponding shoaling (e.g. 1987, 2006).  It must however be noted that the amplitude of 

the interannual MLD signals in the Arabian Sea are modest in both datasets, with an interannual 

standard deviation that does not exceed ~4m. 

Because of the ~0.7 correlation between ENSO and IOD (Table 1), Figure5c-f does not allow 

to separate signals associated with these two modes of variability, but should nonetheless provide an 

evaluation of the MLD response to a combined El Nino and positive IOD forcing (the most common 

occurrence in observations). During a positive IOD, the thermocline shallows in the eastern 

equatorial Indian Ocean and south of Java and Sumatra (e.g. Murtugudde et al. 2000). There is an 

associated MLD shallowing in that region in both model and observations. But the clearest signal is 

seen south of the equator, in the central Indian Ocean. The MLD deepens there; in the same region 

where Ekman pumping associated with the IOD westerly wind anomalies induce a thermocline 
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deepening (e.g. Webster et al. 1999). The agreement between the composites from model and 

observations south of the equator also holds true from one event to another (correlation of ~0.7, Fig. 

6b), with the exception of the 1991 positive IOD event where the model display a strong MLD 

deepening not detected in the observational dataset, model and observations agree well for all major 

positive and negative IOD events (e.g. 1982, 1994, 1997).  

The ENSO composite for winter shows a more pronounced MLD shoaling in the eastern 

equatorial Indian Ocean and south of Java and Sumatra compared to the IOD autumn pattern. The 

MLD deepening south of the equator also weakens and propagates westward in both model and 

observations. In addition, there is a consistent MLD deepening in the southern part of the Bay of 

Bengal and in the south-eastern Arabian Sea in both datasets. There is a very good phase agreement 

between MLD interannual variations in the model and observations in both regions (correlation > 

0.75, Figure 6cd). The amplitude of the model MLD variability is however about 3 times weaker 

than in the observations along the Sumatra coast. This mismatch could be related to either our 

observational dataset that do not take into account the salinity effect in the MLD calculation for most 

of the period we consider, in a region where barrier layer is known to be thick during that season (Qu 

and Meyer 2005, Mignot et al. 2007). This is further confirmed by the interannual evolution of MLD 

calculated using a density criterion over the recent years (red curves on Figure 6). While there is 

generally a very good agreement between MLD variations estimated from temperature and density 

criteria (Fig. 6a-c), the MLD variations based on a density criteria along the Sumatra coast are about 

3 time weaker compared to the one inferred from a temperature criteria (Fig. 6d), probably owing to 

the presence of barrier layer in that region (Masson et al. 2002). 

In this section, the model mean MLD has been shown to qualitatively agree with observations 

at both seasonal and interannual timescales. Maximum interannual variability in the model and 

observations are indeed found in the same regions, i.e. in the eastern equatorial Indian Ocean, and 

between the equator and 10°S in the Central Indian Ocean in autumn and winter, in relation with the 

IOD and ENSO. In addition, modeled and observed year-to-year MLD variations over key regions 

are in good agreement, with correlations ranging between 0.6 and 0.8. 

4. MLD interannual variability in the Indian Ocean and related 

mechanisms 

The data coverage is too sparse to allow a detailed description of MLD interannual variability 

from observations. The reasonably good agreement between model and observed interannual 

variability gives us confidence in analysing the model outputs to study interannual MLD variations 
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in more details, and link them with known climate modes in the Indian Ocean. In section 4.1, we will 

discuss the relative amplitude of interannual MLD variations against other frequency bands 

(Intraseasonal, seasonal) and evaluate the contributions of known climate modes to large-scale 

interannual MLD variations. In section 4.2, we isolate MLD variations associated with the IOD and 

ENSO, while the influence of the SIOD and monsoon interannual variability is addressed in Section 

4.3. 

4.1 MLD interannual variations 

The Indian Ocean is well known for the large-amplitude of its seasonal cycle, associated with 

reversing monsoonal circulations (e.g. Schott et al. 2002). But apart from this large amplitude 

seasonal cycle, very significant variability at the intraseasonal and interannual timescales has also 

been illustrated from many recent studies (see a review in Schott et al. 2009). Below, we estimate the 

amplitude of MLD variations in the intraseasonal (10-90 day), seasonal, and interannual (i.e. 90-day 

low passed non-seasonal and detrended anomalies) frequency bands. 

We have already described the MLD seasonal cycle, and find not surprisingly that this signal is 

very large in the latitude band of the easterlies (10-20°S, ~20-25m of standard deviation), toward 

mid-latitudes (~30 to 42 m of standard deviation), and in the Arabian Sea (~20 to 30m of standard 

deviation), where the strong seasonally varying wind forcing is not moderated by a haline 

stratification, like in the Bay of Bengal. In comparison to this very large seasonal cycle, MLD 

interannual variability is typically about two to four times smaller, with the exception of the eastern 

equatorial Indian Ocean and along the Sumatra and Java coast where the amplitude of the interannual 

MLD variations largely exceed the seasonal cycle. Interannual and intraseasonal MLD variations 

have roughly the same magnitude, except along the equator where intraseasonal fluctuations are 

about twice as large (See Figure 7). 

The amplitude of interannual MLD variations depicted on Figure 7c can be either the result of 

large scale interannual atmospheric forcing linked to well-known modes of variability (e.g. ENSO, 

IOD…) or of the interannual signature of oceanic meso-scale variations. Figure 8a-h illustrates the 

part of the interannual variability explained by large-scale features (by applying the spatial filtering 

method described in Section 2c). This figure shows that most of the interannual MLD variability in 

the northern Indian Ocean is actually an interannual signature of small scale variations, especially 

along the western coast of the Arabian Sea and to a large extent in the Bay of Bengal. The only 

exception occurs in the central and eastern Arabian Sea in autumn and winter where a large part of 

the signal appears to be large-scale. From the equatorial region to 15°S, the large-scale component 
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represents more than 70% of the interannual MLD variability. There is a large contribution of meso-

scale variability to the MLD interannual variability south of 15°S in summer and autumn. The largest 

contribution of meso-scale eddies are hence not surprisingly found in regions of very strong meso-

scale activity (Oman and Somalia upwelling, Bay of Bengal and towards the southern hemisphere 

subtropics, Chelton et al. 2011).  

A multiple linear regression of this large-scale component onto the IOD, ENSO and SIOD 

indices further allows to roughly estimate the percentage of MLD variance explained together by 

these three major interannual climate modes affecting the Indian Ocean. Figure 8i-l shows that more 

than half of the MLD variations in the central Indian Ocean south of the equator, along the coast of 

Java and Sumatra, around 20°S in winter and in the central and eastern Arabian Sea are explained by 

these main modes of variability. In contrast, most of the large-scale variability that appears south of 

15°S in summer and autumn are unrelated to these climate modes. Because of the strong cross-

correlations between the climate indices (see Table 1), we will use a partial regression analysis in the 

next section to separate the contribution of each of the climate modes to interannual MLD variations.  

4.2 IOD/ENSO influences 

Since the IOD and ENSO are the most strongly correlated indices (table 1), we will separate 

their respective signals by performing a partial regression of the MLD variability on these two 

indices.  

It is first obvious from Figure 9 and Figure 10 that MLD interannual signals in the South 

Central Indian Ocean (SCIO box), along the coast of Sumatra (JSC box), in the South East Indian 

Ocean (SEIO box) and in the Thermocline Ridge of the Indian Ocean (TRIO box) are largely driven 

by IOD related forcing rather than ENSO. The SCIO signal is the largest, with a maximum of 6m for 

a typical IOD event (Figure 10a), and an amplitude exceeding 10m for the largest events (see Figure 

6). The typical amplitude of other IOD-related signals is weaker and ranges from 2 to 3m depending 

on the region considered (Figures 9a-d). The timing of these signals also appears to be different: 

while the SCIO signal peaks before the IOD (August September) and do not persist after November 

(Figure 9ab, Fig 10a), the JSC signal is maximum during the IOD peak and lasts longer (Fig. 9bcd, 

Fig. 10b). The SEIO and TRIO signals develop during the IOD peak and persist for about ~6 months 

until following spring, well beyond the end of the IOD surface signal (Figs. 9bcd, Figs 10c and 10e). 

The eastern Arabian Sea in late summer and autumn appears to be the only region dominated by 

ENSO variations (Figs. 9f and 10d). 

The mechanisms explaining these MLD variations can be qualitatively assessed from Figures 
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11 and 12. These mechanisms largely vary from one place to another. During a positive IOD event, 

stronger than usual southeast trade winds blow in the southern central and eastern equatorial Indian 

Ocean throughout the boreal summer and autumn, and increase friction velocity there (Fig. 11a-b). 

This process largely controls the MLD variations in the SCIO region (Fig. 12a). Along the Java 

Sumatra coast and in the SEIO region, large buoyancy flux anomalies develop during and after the 

IOD peak (Fig. 11f-g), probably due to shortwave radiation increase (associated with reduced 

atmospheric convection) that exceeds the latent heat flux cooling effect. This buoyancy flux anomaly 

appears to dominate the MLD interannual variability in the JSC (Fig. 12b) and SEIO (Fig. 12e) 

regions. It is however likely that the Ekman-pumping-induced thermocline deepening in the SCIO 

and coastal upwelling along the Sumatra coast (Yu et al. 2005, Rao and Behera 2005) also reinforce 

MLD changes in those areas. In the TRIO region, increased friction velocities associated with the 

IOD only contribute to the MLD deepening in September - October (Fig. 12c), but buoyancy flux 

anomalies (Fig. 11fgh) associated with increased convection and reduced solar heat flux then control 

the MLD (Fig. 12c). In the Eastern Arabian Sea, wind stirring and fluxes appear to play an almost 

equivalent role in the ENSO MLD shoaling in this region during autumn (Fig 12d, Fig 9f). 

4.3 Subtropical dipole and monsoon influences 

As indicated by table 1, there is a weak (~ -0.4) correlation between the SIOD and both the 

IOD and ENSO. In order to extract the signal purely associated with the SIOD, we present below a 

partial regression to the SIOD index, with the influence of IOD removed. Note that a similar 

regression, with the influence of the ENSO removed gives very similar results. Since the monsoon 

interannual variations are highly independent from other climate indices (see table 1), the impact of 

the monsoon on the MLD can easily be obtained from simple linear regression to the monsoon index. 

Figure 13 shows a very clear MLD deepening in most of the tropical Indian Ocean south of 

15°S, associated with SIOD positive events. This deepening starts in October (i.e. a few months 

before the SIOD itself) and finishes in February (Fig. 14a). The subtropical high strengthens and 

shift south during the SIOD positive phase (Behera and Yamagata 2001), thus inducing stronger 

winds between 15°S and 25°S (Figure 13b). This results in an increase in the frictional velocity (Fig 

13b) and large buoyancy due to latent heat losses (Fig 13c), which both contribute to the MLD 

deepening (Fig. 14b).  

Quite surprisingly, MLD interannual variations associated with monsoon intensity changes 

appear to be small in the model. Intense monsoons are indeed related with very modest MLD 

deepening in the central and Eastern Arabian Sea (Figure 15a). These variations are however 
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strongly related to the variations of the monsoon index (~0.7 correlation). This weak MLD 

variability in the central-eastern Arabian Sea is further confirmed by our observational dataset where 

interannual MLD variations hardly exceed 7% of the mean summer MLD depth, with an interannual 

standard deviation of ~4m (Figure 5a). Regressing the MLD changes in this region to interannual 

fluctuations of the monsoon index further reveals that monsoon-induced MLD variations are of 

~1.6m in the model and ~2m in the observations. This weak MLD interannual variability during 

summer in the northern Indian Ocean may partly be attributed to the relatively weak year-to-year 

monsoon wind fluctuations (about 10% of the total signal). As shown on Figure 15bc, these modest 

MLD changes are largely related to wind stirring (and Ekman pumping) effect rather than buoyancy 

fluxes. 

5. Summary and Discussion 

5.1 Summary 

The Indian Ocean is home to many important modes of climate variability (“capacitor 

response” to ENSO, IOD, SIOD, Summer Monsoon), in which air-sea fluxes almost always play an 

important role (either in promoting the growth of the SST anomaly or damping it). In this respect, the 

thickness of the mixed layer is an important parameter, because it modulates the propensity of the 

surface layer to respond to atmospheric fluxes. While the MLD seasonal cycle has been studied in 

the Indian Ocean (e.g. Rao et al. 1989), there has been no detailed study of its interannual variations. 

In this paper, we describe MLD interannual variations in the Indian Ocean, and their relations with 

known climate modes. 

Our study relies on both observational and modeling datasets. The observational dataset is 

built from both hydrographic (1969-2008) and Argo data (2002-2008), where MLDs are estimated 

directly from individual profiles and is made available at 

http://www.lodyc.jussieu.fr/cdblod/mld.html. Largest interannual MLD variations are found in 

autumn and winter with opposite polarities in the eastern equatorial and south-central Indian Ocean, 

in association with IOD and/or ENSO events. The data coverage is however too sparse (especially 

over the historical period) to allow a precise description of the MLD interannual variability from 

observations. An eddy-permitting OGCM simulation is further used to investigate the interannual 

MLD variations, their relationship with well-known climate modes (IOD, ENSO, SIOD and 

Monsoon) as well as to qualitatively discuss their driving mechanisms. The model reasonably 

reproduces the observed MLD climatology, despite some biases in the eastern equatorial region. 

Maximum interannual variability in the model and observations are found in the same regions and 
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display similar spatial patterns and reasonable phase agreement (correlation with observations 

between 0.6 and 0.8). The model analysis reveals that MLD interannual variability has a standard 

deviation of ~3-10 m, two to four times smaller than seasonal variations, and with an amplitude 

similar to intraseasonal (90 day and shorter) MLD fluctuations. A large fraction of interannual MLD 

variations is linked to large-scale climate modes (ENSO, IOD, SIOD), with the exception of coastal 

and subtropical regions where interannual signature of small-scale structures dominates. The IOD 

explains most of the MLD interannual variability in the 10°S-10°N band, a positive IOD event being 

associated with a shoaling of the MLD in equatorial and south eastern Indian Ocean and a deepening 

in the south-central Indian Ocean. Interannual MLD signature of El Niño events is rather weak, 

except in autumn in the eastern Arabian Sea where the MLD shoals. Interannual variations of the 

summer monsoon jet only play a modest role, with limited MLD deepening in the Arabian Sea in 

summer during strong monsoon years. Finally, positive Indian Ocean Subtropical Dipoles are 

associated with a MLD deepening between 15°S and 30°S. In most of these regions, the buoyancy 

fluxes appear to dominate MLD fluctuations, with winds playing a role in a few regions through both 

stirring and Ekman pumping (e.g. Southern Central Indian Ocean and summer Arabian Sea). A large 

part of the large-scale MLD interannual anomalies remains unexplained in boreal summer and 

autumn south of 15°S and in winter in the Arabian Sea. 

5.2 Discussion 

The most obvious limit of the current study is the observational coverage. Whereas Argo data 

provides a good spatial coverage to monitor interannual variability over the Indian basin since 

~2002, this is not a long enough period to accurately monitor interannual variability of the MLD. 

The historical XBT and CTD datasets of course offers much more temporal depth but sparse 

sampling, in particular south of 15°S. In addition, MLD field is heavily influenced by air-sea fluxes, 

with synoptic variations O(100-1000 km) at timescale of a few days, meaning that isolated 

measurements can be affected by small spatial and temporal scale “noise”, unrelated to wider climate 

features. 

We have hence chosen a modeling approach to complement the limitations of this observing 

dataset. But the model is itself susceptible to systematic deficiencies in its formulation and forcing 

datasets. We did not undertake sensitivity tests to e.g., the forcing dataset or vertical mixing 

parameterization, but compared the results of this ¼° simulation with those of a 2° resolution version 

using the same forcing. While MLD variations related to the interannual signature of small-scale 

structures are considerably larger in the ¼° simulation, both simulations result in highly similar 

large-scale interannual MLD variations related to climate variability, suggesting that most of the 
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results described in this study are rather independent of the resolution. But we feel that the best 

encouragement to trust results in this study is provided by the model validation. Modeled MLD has 

in general a similar mean state and seasonal cycle (Figs. 2 and 3) than observations, and display 

similar regions of interannual variability (Figs. 4 and 5). Interannual variations of the model MLD 

compare reasonably well with available sparse observations in four key-regions (with correlations 

ranging from 0.6 to 0.8, Figure 6). We hence feel that we can rely on the model and available forcing 

dataset to describe the interannual variability over a longer period. Note in particular that, while the 

model forcing is probably quite accurate from 1985 onward (relying on ERA-40 re-analysis and 

ISCCP shortwave radiations), the model uses climatological incoming shortwave radiation before 

1985, which probably induces an underestimation of the MLD variability during this period, by 

neglecting buoyancy flux variations linked to solar fluxes. 

The current study was largely motivated by the potential influence of mixed layer depth 

variations on interannual variations of SST. Figure 16 attempts to roughly quantify this effect. The 

term associated with surface heat fluxes in the mixed layer temperature interannual anomaly 

equation corresponds to: FINT= (Q/ (ρCph))’ with Q the net surface heat flux, ρ the seawater density, 

Cp the seawater volumic heat capacity, h the mixed layer depth (we have neglected penetrating solar 

heat fluxes in this expression for explanation purposes, but used the full expression in the 

computations of Fig. 16). The ’ symbol designates the computation of interannual anomalies with 

respect to the mean seasonal cycle. Fig16a shows region where the amplitude of FINT is strong, like 

for example the eastern equatorial Indian Ocean, coastal and subtropical regions and to a lesser 

extent the 0-10°S band. In order to estimate the contribution of MLD interannual variations to this 

term, Fig 16b shows the root mean square difference between FINT and FCLIM divided by the standard 

deviation of FCLIM where FCLIM=(Q/(ρCphc))’ is the heat flux forcing term of the mixed layer, 

computed using a climatological seasonal cycle of the MLD hc rather than the MLD h. This shows 

that MLD contributes to ~40 to 100% of the amplitude of the atmospheric forcing term in several 

climatically relevant regions like the eastern IOD pole, the thermocline ridge, the eastern Arabian 

Sea and the Bay of Bengal.  

One of the analyses in this paper (Figure 7) suggests that MLD intraseasonal variability is as 

large as the interannual variability or larger. This intraseasonal variability is probably partly due to 

known modes of atmospheric intraseasonal variability like the Madden-Julian Oscillation (Zhang, 

2005) or monsoon active / break phases (Goswami, 2004). There are also very clear SST signatures 

of these modes, which appear to be largely driven by air-sea fluxes in most regions (e.g. Jayakumar 

et al. 2011, Vialard et al. 2011). Intraseasonal MLD variations associated with those modes may 
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hence have clear impacts on their SST response. Contrary to interannual signals, Argo data record is 

long enough to describe MLD intraseasonal variations (see, e.g. the work of Drushka et al. 2011 for 

boreal winter). In future, we will use a combination of observations and modeling to investigate 

MLD intraseasonal variability over the Indian Ocean. 
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Figure captions: 

Fig 1:  (a) Total number of profiles per month over the 1969-2009 period. Number of profiles per 

year in 2° by 2° boxes for (b) the hydrographic dataset during the historical period (1969-2002) 

and (c) the Argo dataset for the recent period (2002-2009).  

Fig2:  (a) Climatological MLD derived from the hydrographic dataset using temperature criteria 

overlaid by climatological wind stress from QuikSCAT. (b) Same from Argo dataset using 

density criteria. (c) Same for model MLD (density criteria) and wind stress. Units are in meters 

for MLD and N.m-2 for wind stress. 

Fig 3:  MLD seasonal anomalies inferred from Argo dataset (density criterion) overlaid with 

QuikSCAT wind stress seasonal anomalies  for (a) spring (MAM), (b) summer (JJA), (c) 

autumn (SON) and (d) winter (DJF), (e-h) Same for model.  Seasonal anomalies are calculated 

as the long term average for each season minus long-term mean. Units are in m for MLD and 

N.m-2 for wind stress. 

Fig 4:  Coefficient of variance of  MLD interannual anomalies derived from the hydrographic dataset 

over the 1969-2007 period for (a) spring (MAM), (b) summer (JJA), (c) autumn (SON) and (d) 

winter (DJF). (e-h) Same for model. Regions with less than 13 seasonal observed values (one 

third of the total number of year in the datasets) are masked. Coefficient of variance are 

calculated as the MLD standard deviation divided by its mean and expressed in percentage. 

Fig 5:  MLD anomalies associated with anomalous Indian Summer monsoon years in summer (JJA) 

derived from (a) the hydrographic dataset and (b) model. (c-d) Same for IOD in fall (SON). (e-

f) Same for ENSO in winter (DJF). Anomalies are computed as half of the difference between 

strong (resp. positive) and weak (resp. negative) monsoon (resp. ENSO/IOD) years. Strong and 

weak Indian Summer Monsoon years are defined according to Webster and Yang (1992) 

Monsoon index. Definitions of positive and negative IOD and ENSO years follow 

Ummenhofer et al. (2009) classification. Time series of average MLD anomalies with in the 

boxes drawn on this figure are shown in figure 6. Regions where observed values are available 

for less than 4 events (one third of the total number of years used in the composite) are masked. 

Fig 6:  MLD interannual anomalies derived from hydrographic profiles (temperature criteria, dotted 

line), Argo profiles (density criteria, red thick line) and model (plain line) averaged over (a)  

Eastern Arabian Sea (see box in Fig. 5ab) in summer (JJA), (b) the Southern Central Indian 

Ocean (see box in Fig. 5cd) in fall (SON), (c) the Thermocline Ridge of the Indian Ocean (see 

box in Fig. 5ef) in winter (DJF) and (d) along Java Sumatra Coast (see box in Fig. 5ef) in 
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winter (DJF). Blue (resp. red) bands highlight weak (resp. strong) monsoon years in panel (a), 

positive (resp. negative) IOD years in panel (b) and El Niño (resp. La Niña) years in panels (c-

d). Weak and strong Indian Summer Monsoon years are derived from Webster and Yang 

(1992)Monsoon index. Definitions of IOD and ENSO years follow Ummenhofer et al. (2009) 

classification.  

Fig 7:  Standard deviation of model MLD at (a) Intraseasonal (10-90 day), (b) seasonal and (c) 

interannual (90 day and longer non-seasonal anomalies) timescales. Contours on panel a (resp. 

panel c) show the ratio of intraseasonal (resp. interannual) against seasonal MLD standard 

deviation (contours every 0.5, with a dashed contours for 0.5). Units are in m for MLD. 

Fig 8:  Standard deviation of interannual MLD anomalies (in meters) for (a) Summer (JJA), (b) fall 

(SON), (c) winter (DJF) and (d) spring (MAM). (e-h) Standard deviation of large-scale (> 250 

km) MLD interannual anomalies (in meters) for each season. (i-l) Percentage of the large-scale 

interannual MLD variance explained collectively by IOD, ENSO and SIOD for each season. 

Fig 9:  Partial regression coefficient of MLD interannual variations (color shading) and of large-

scale MLD interannual variations (contour) in (a) summer (JJA), (b) autumn (SON), (c) winter 

(DJF) and (d) spring (MAM) onto IOD index with ENSO influence removed. (e-h) Same but 

for MLD regressed onto the ENSO index with IOD influence removed. Regression coefficients 

are computed over the 1960-2007 period. Partial regression coefficients for MLD interannual 

variations are only plotted when they are significant at the 90% confidence level. Contours for 

large-scale MLD interannual variations are -5, -1, 1 and 5. The boxes plotted on this figure are 

used in the analyses of Fig. 10 and 12: SCIO (South Central Indian Ocean), SEIO (South East 

Indian Ocean), JSC (Java Sumatra Coast), TRIO (Thermocline Ridge of Indian Ocean) and 

EAS (Eastern Arabian Sea). Units are in m. 

Fig 10:  Seasonal evolution of  partial regression coefficients of MLD interannual variations with 

respect to IOD (blue line) and ENSO (red lines) indices, in the regions outlined in Fig. 9. Bold 

lines indicate partial regression coefficients that are significant at the 90% confidence level. 

Fig 11:  Partial regression coefficient of cubic friction velocity interannual variations (color 

shading), wind stress interannual variations (vector) and large-scale MLD interannual 

variations (contours) in (a) summer (JJA), (b) autumn (SON), (c) winter (DJF) and (d) spring 

(MAM) onto IOD index, with ENSO influence removed. Partial regression coefficient of 

buoyancy fluxes interannual variations (color shading) and large-scale MLD interannual 

variations (contours) in (e) summer (JJA), (f) autumn (SON), (g) winter (DJF) and (h) spring 
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(MAM) onto the IOD index, with the ENSO influence removed. The sign of the buoyancy flux 

is reverted on panels (e-h) to ease comparison with MLD variations. Regression coefficients 

are computed over the 1960-2007 period. Partial regression coefficients for MLD interannual 

variations are only plotted when they are significant at the 90% confidence level. Units are in 

m3.s-3 for cubic frictional velocity, N.m-2 for wind stress, mg.m-2.s-1 for buoyancy fluxes and m 

for MLD. Contour intervals for the MLD partial regression coefficients are -5, -1, 1 and 5m 

(dotted contours for negative values). 

Fig 12:  Seasonal evolution of partial regression coefficient of MLD interannual variations (m) onto 

normalized surface buoyancy flux (blue) and friction velocity (red) for the regions outlined on 

Figure 9. The sign of the buoyancy flux is reverted to ease comparison with MLD variations. 

Bold lines indicate partial regression coefficients that are significant at the 90% confidence 

level. 

Fig 13:  Partial regression coefficients on to the SIOD index with IOD influence removed of (a) 

MLD interannual variations (color shading) and large-scale MLD interannual variations 

(contours) in winter (DJF), (b) friction velocity interannual variations (color shading), wind 

stress interannual variations (vectors) and large-scale MLD interannual variations (contours) in 

winter (DJF) and (c) buoyancy fluxes interannual variability (color shading) and large-scale 

MLD interannual variations (contours). The sign of the buoyancy flux is reverted to ease 

comparison with MLD variations. Regression coefficients are computed over the 1960-2007 

period and are only plotted when they are significant at the 90% confidence level. Units are in 

m3.s-3 for cubic frictional velocity, N.m-2 for wind stress, mg.m-2.s-1 for buoyancy fluxes and m 

for MLD. Contour intervals for the MLD partial regression coefficients are -5, -1, 1 and 5m 

(dotted contours for negative values). 

Fig 14:  Seasonal evolution of partial regression coefficient of MLD interannual variations (m) in the 

SIOD box (plotted in Fig. 13a) (a) onto IOD (blue) and the subtropical dipole (red) indices and 

(b) onto normalized buoyancy (blue) and friction velocity (red). The sign of the buoyancy flux 

is reverted to ease comparison with MLD variations. Bold lines indicate partial regression 

coefficients that are significant at the 90% confidence level. 

Fig 15:  Simple regression coefficient onto the Monsoon index in summer (JJA) of (a) MLD 

interannual variations (color shades) and large-scale MLD interannual variations (contours), of 

(b) friction velocity interannual variations (color shades), wind stress interannual variations 

(vectors) and large-scale MLD interannual variations (contours), and of (c) buoyancy fluxes 
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interannual variability (color shades) and large-scale MLD interannual variations (contours). 

The sign of buoyancy fluxes is reverted to ease comparison with MLD variations. Regression 

coefficients are computed over the 1960-2007 period and are only plotted when they are 

significant at the 90% confidence level. Units are in m3.s-3 for cubic frictional velocity, N.m-2 

for wind stress, mg.m-2.s-1 for buoyancy fluxes and m for MLD. Contour intervals for the MLD 

partial regression coefficients are -5, -1, 1 and 5m (dotted contours for negative values). 

Fig 16:  (a) Standard deviation of interannual anomalies of the atmospheric surface heat flux forcing 

term of the mixed layer (in oC.month-1). (b) Relative importance of MLD variations (in 

percentage) in interannual variations of the mixed layer surface heat flux forcing (see text for 

details).  

 

Table captions: 

Table 1: Correlation between the Indo-Pacific modes of variability discussed in this study: IOD and 

ENSO indices are highly correlated, while monsoon index is weakly correlated with the other 

modes. The percentage of significance associated with each correlation is shown in brackets. 
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Figure 9 
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Table 1: 

 

 

 

 

 

 

 ENSO SIOD MON 

IOD  0.70(100) -0.44(100)   -0.24(91) 

ENSO  -0.40(100)   -0.27(95) 

SIOD     0.26(93) 


