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Abstract 

The strong seasonal cycle of sea level along the west coast of India (WCI) has important 

consequences for ecosystem and fisheries, and the Lakshadweep high/low in the southeast Arabian 

Sea is important for fisheries and the Indian summer monsoon. Previous studies suggested that WCI 

sea-level variability is primarily driven by remote wind forcing from the Bay of Bengal and 

equatorial Indian Ocean through coastal Kelvin wave propagation. Using a linear ocean model, we 

demonstrate that wind forcing in a relatively small region around the southern tip of India and east of 

Sri Lanka contribute to ~ 60% of this variability. Wind variations from the rest of the Bay and the 

equator only account respectively for ~20% and ~10%. Sea-level signals forced by the “southern tip” 

winds extend westward into the eastern Arabian Sea through Rossby wave propagation, with more 

than 50% contribution in the Lakshadweep high/low region.  

 
 



2 

1. Introduction 

The seasonally reversing monsoon winds, a unique aspect of the tropical Indian Ocean, force a 

strong seasonal variability as manifested both in sea level and surface circulation of the North Indian 

Ocean (NIO) [e.g., Schott and McCreary, 2001].  The sea level along the west coast of India (WCI), 

in particular, is dominated by the seasonal cycle. Figure 1a, which shows the standard deviation of 

the observed seasonal sea level, indicates that the WCI is one of the regions in NIO with the largest 

seasonal variability. This variability further extends westward through Rossby wave (RW) 

propagation into the southeastern Arabian Sea, including a region known as the Lakshadweep 

High/Low (LH/LL) [Shankar and Shetye, 1997]. The seasonal sea-level (and hence thermocline 

depth) variability along the WCI and in the LH/LL has strong societal impacts. First, the seasonal 

upwelling during boreal summer along the WCI and in the southeastern Arabian Sea brings nutrients 

to the surface layer, causes phytoplankton bloom, and thus influences the food chain with a direct 

impact on fisheries [Madhupratap et al., 2001]. The upwelled water from the open-ocean subsurface 

Oxygen Minimum Zone also leads to the formation of the world ocean’s largest natural hypoxic 

system along the WCI, with strong implications for regional ecosystem and fisheries [Naqvi et al., 

2000; 2009]. Finally, the deep thermocline associated with LH favors development of high SSTs in 

the southeastern Arabian Sea before the summer monsoon, well-known as “Arabian Sea mini warm 

pool”, that influences the southwest monsoon onset date [Vinayachandran et al., 2007] and total 

rainfall [Masson et al., 2005], which affects the lives of more than one billion people in India.  It is 

therefore important to understand the processes that control the eastern Arabian Sea (WCI and 

LH/LL) sea-level and thermocline variability. 

In the past three decades, numerous studies [see review in Amol et al., 2014] have focused on 

describing and understanding the seasonal cycle of sea level and surface currents along the WCI, i.e., 

the seasonally reversing West India Coastal Current (WICC) [Shetye et al., 1990].  Earlier studies 

[e.g., Yu et al., 1991] proposed that WCI sea-level variations are strongly influenced by the remote 

equatorial wind forcing, through propagation of Kelvin waves (KW) along the equator and coastal 

KWs around the rim of Bay of Bengal (BoB). Using a 2½-layer model, McCreary et al. [1993] 

demonstrated that the seasonal WCI sea-level variations are primarily wind-driven and are largely 

remotely-forced by BoB winds, rather than the local winds with weak alongshore component as they 

blow normal to coast.  Shankar et al. [2002] performed a series of sensitivity experiments with 1½-

layer model to isolate the effect of alongshore winds in WCI from those along the BoB western rim 

(including both the east coasts of India and Sri Lanka). They concluded that the BoB alongshore 

winds excite coastal KWs that propagate southward along the east coast of India, bend around Sri 
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Lanka, and further propagate northward along the WCI to influence the WICC.  Those remotely 

forced sea-level signals along the WCI radiate away as RWs, resulting in the formation of LH/LL 

[Shankar and Shetye, 1997] and impact regions as far as Somali coast in the western Arabian Sea 

[McCreary et al., 1993; Beal et al., 2013]. 

Figure 1b highlights the regions with strong, localized seasonal variations in the alongshore wind 

stress and Ekman pumping velocity. The northwestern BoB and the southern tip of India and Sri 

Lanka (hereafter “STIP” region; Figure S1) exhibit strong alongshore wind stress forcing (Figure 1b) 

as the southwest and northeast monsoon winds blow parallel to the coast there. A strong Ekman 

pumping signal is also evident off the east coast of Sri Lanka (Figure 1b; [Vinayachandran and 

Yamagata, 1998]). The resulting sea-level anomalies will propagate westward as RWs and induce 

signals at the Sri Lankan coast, which can in principle set up coastal KWs and impact the sea level 

and currents downstream along the WCI. Figure 1d shows the standard deviation of the observed 

sea-level seasonal cycle in the NIO coastal waveguide. Though coastal sea-level amplitude starts 

increasing in the region of strong alongshore forcing in the northwestern BoB, the increase is far 

larger in the STIP vicinity, strongly suggesting that the wind variations in this region are important 

for large-amplitude seasonal cycle downstream on the WCI. Thus the alongshore wind stress and 

offshore Ekman transport variations in the STIP, which only represents less than 20% of the total 

area of BoB, could play a dominant role on WCI sea-level variability, and potentially also in the 

LH/LL region. 

Though BoB forcing in the earlier modeling studies [McCreary et al., 1993; Shankar et al., 2002] 

did include STIP wind variations, their importance for WCI seasonal cycle relative to the rest of BoB 

have so far not been discussed. Moreover, the above studies provided only a qualitative, rather than 

quantitative, assessment of the relative importance of BoB against WCI wind forcing. In the present 

study, we aim to quantify the relative roles of all major forcing regions (equator, BoB, local forcing) 

on the seasonal sea-level variations along the WCI and in the LH/LL. We demonstrate that, despite 

its small size, the STIP region is the major contributor among the total BoB forcing.  To that end, we 

will use a linear ocean model that captures the observed sea-level seasonal cycle reasonably well. 

Details of our model and of the process solutions, which allow us to quantify contributions from 

various mechanisms, are provided in section 2.  The results are presented in section 3, and section 4 

summarizes our major findings with a discussion on the results. 
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2. The model and sensitivity experiments  

2.1 Model and its validation 

We use a modified version of McCreary et al. [1996] linear, continuously-stratified model [Suresh et 

al., 2013], detailed in the supporting information (hereafter SI).  The shallow water equations are 

solved individually for the first five vertical baroclinic modes, and the model solution is obtained as 

their sum (solutions obtained with 20 modes are very similar to the ones presented in this paper).  

The model equations are discretized over a 0.25o-resolution grid for the Indian Ocean domain 

(30°S−30°N, 30°E−110°E), with a coastline derived from 200-m isobath.  The model is forced with 

daily TropFlux wind-stress [Praveen Kumar et al., 2013] anomalies relative to the long-term mean 

over 1979-2013. The model solution described above is referred to as the control (CTL) experiment. 

The sea level from CTL experiment is validated against the AVISO altimeter observations 

(www.aviso.oceanobs.com/fr/accueil/index.html). Figures 1a and 1c suggest that our linear model 

correctly reproduces the observed amplitude and phase of the sea-level seasonal cycle in most of the 

basin (hatched regions indicate where the correlation of CTL with the observed seasonal cycle is 

greater than 0.8), except in eddy-dominated regions (western BoB and western Arabian Sea), where 

nonlinear effects are important. The agreement is especially good all along the WCI (correlations 

exceeding 0.8 along the entire coast), our main region of interest (Figure 1c). For instance, the 

modeled sea-level seasonal cycle on the WCI at 15°N is similar to the observed one, with a very 

similar amplitude and correlation coefficient of 0.98 (Figure 2b). Finally, our model also reproduces 

well the amplitude of the seasonal cycle all along the rim of the NIO (though with a slight 

underestimation, Figure 1d), particularly the increase in sea-level amplitude in the vicinity of the 

STIP, indicating that it is well suited for our study. 

2.2 Process solutions 

We group processes that can contribute to the sea-level variability along the WCI and in the Arabian 

Sea as follows: contributions from (1) equatorial waveguide (EQ), (2) BoB forcing (BB), (3) winds 

over STIP region (TIP), (4) WCI alongshore winds (AW) and (5) interior Arabian Sea forcing (AS). 

Figure 2a provides a schematic of how each of these processes operates.  Process EQ (dark blue in 

Figure 2a) includes all signals generated by the equatorial winds and transiting through the BoB 

coastal waveguide (part of this signal transits more slowly through the interior BoB as a result of RW 

radiation from the eastern BoB rim).  Process BB (purple) includes the effects of alongshore forcing 
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from the BoB (particularly, stronger over the northwestern BoB) and of interior BoB Ekman 

pumping.  The response of STIP forcing is represented by TIP (black), which includes the effects of 

alongshore forcing and of seasonal Ekman pumping east of Sri Lanka.  Process AW (red) accounts 

for WCI alongshore forcing.  Finally, AS (light green) accounts for the response of interior Arabian 

Sea Ekman pumping. Although this process marginally contributes to the WCI sea-level variability, 

it is considered here because it may influence the strong seasonality of LH/LL that will also be 

discussed in the later sections.  

Following McCreary et al. [1996], we isolate each of the above processes using a set of sensitivity 

experiments. The effect of alongshore forcing is isolated using a special boundary condition, which 

filters out the local forcing of coastal KWs by allowing the Ekman flow to pass through the 

boundary.  For example, AW is obtained as the difference between CTL and a process solution in 

which the above condition is applied along the entire WCI (indicated by red line on Figure 2a). A 

series of dampers are used in various regions to isolate specific processes. The EQ, for example, is 

isolated from an experiment where a damper is applied in the entire equatorial region between 4oS 

and 4oN, with a 1o-ramp at the northern and southern edges to minimize spurious effects. The 

resulting solution is free from equatorial forcing and the difference from CTL thus yields the effect 

of only the equatorial forcing. Other processes are obtained in a similar way using dedicated 

sensitivity experiments, which are described in SI. As will be discussed in section 4, the results of 

our study are not very sensitive to other reasonable choices of the dampers used for the process 

solutions. 

The linearity of our model, the choice of dampers, and the special boundary conditions ensure that 

sea level from each of these process solutions add up to that from the CTL (see SI for details). In the 

following, we will quantify the point-wise contribution of each process to the CTL seasonal sea level 

over the entire year by estimating the regression coefficient of the sea-level seasonal cycle in each 

process solution to that in CTL. By construction, those coefficients add up to 1 (100%) and can be 

negative if a process interferes destructively with others to contribute to the sea level along the WCI. 

3. Results  

Figure 3 displays the August sea-level climatology from the CTL solution (and the associated wind-

stress forcing), along with contributions from each process mentioned in section 2.2 and in Figure 

2a. The month of August has been selected because it is representative of the contribution of each 

process to the CTL sea-level seasonal cycle over the entire year, which is shown as contours of 

regression coefficients (see section 2.2) in Figure 3. Figure 2b further shows the full seasonal cycle 
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and its decomposition at 15°N on the WCI (other locations on WCI display very similar behavior). 

Figure 2b indicates that ~57% of the seasonal sea-level variability at 15°N on the WCI is driven by 

the STIP forcing, i.e., the alongshore forcing and Ekman pumping over STIP region (Figures 1b and 

2a). Figure 3b further illustrates the dominance of STIP forcing, with more than 50% contribution all 

along the WCI. The Ekman pumping induced by the strong cyclonic (anticyclonic) wind stress curl 

east of Sri Lanka during summer (winter) results in upwelling (downwelling) RWs, which propagate 

westward and set up upwelling (downwelling) KWs along the southeast coast of Sri Lanka. This 

upwelling (downwelling) signal is further reinforced by the winds (Figures 3a and 3b), which blow 

parallel to the coast during summer (winter) monsoon. We further separated the effect of alongshore 

wind stresses from that associated with Ekman pumping east of Sri Lanka in an additional 

experiment (see SI) in which the special boundary condition described in section 2 is only applied in 

the STIP region (not shown). The ~60% contribution of TIP to the WCI sea-level seasonal cycle is 

dominated by alongshore forcing (~40%), with Ekman pumping off the east coast of Sri Lanka 

contributing to the remaining ~20%. As these coastal KWs propagate poleward along the WCI, the 

TIP contribution decreases by about 10% from the southern to the northern ends of the WCI due to 

RW radiation (Figure 3b).  

Though BoB forcing (BB) is the second largest contributor to the WCI sea-level seasonal cycle, it is 

much weaker (~19%, Figures 2b and 3c) than the TIP contribution. This weaker BB contribution is 

due to a combination of factors. Because of the BoB geometry and the alignment of northeast and 

southwest monsoonal winds, the alongshore forcing tends to produce opposite polarity coastal 

signals in the eastern and western rims of the Bay. As the propagation time (~1 week) of the coastal 

KW between the eastern and western BoB rims is short relative to the seasonal timescale, this results 

in a phase opposition and hence a weak coastal KW amplitude in the northwestern BoB. The local 

minimum in coastal sea-level amplitude along the northwestern BoB (Figures 1a, 1c and 3c) 

primarily results from the destructive interference of sea levels driven by the local upwelling-

favorable winds (for the month of August) with those driven by the upstream downwelling-favorable 

winds. The wind-stress curl in the southern Andaman Sea (Figure 1b) provides another source of 

destructive interference: this wind-stress curl indeed forces RWs of opposite polarity to coastal KWs 

in the western BoB.  During August, for example, a downwelling RW is induced in the southern 

BoB that interferes destructively with the upwelling signals propagating in the coastal waveguide 

east of Sri Lanka (Figure 3c). 

The destructive interferences between eastern and western BoB signals resulting from both 

alongshore and interior forcing lead to an overall reduction of the amplitude of the coastal KW 
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signals (along western and southwestern BoB) that bend around Sri Lanka to the WCI. Another 

probable cause for the weaker effect of BB than TIP is that the Ekman pumping east of Sri Lanka, 

due to its proximity to the equator, is much stronger than that in the rest of the BoB (Figure 1b).  

Finally, the dissipation may act more on the BB signals, which have a longer pathway along coastal 

waveguide to travel to the WCI. All of these factors collectively tend to produce a weaker 

contribution of BB than TIP to the WCI sea-level seasonal cycle. As for the TIP process, offshore 

RW radiation also reduces the BB contribution as the coastal KWs propagate poleward along the 

WCI. 

The WCI wind seasonal anomalies blow almost normal to the coast during both summer (Figure 3a) 

and winter (not shown) monsoons, resulting in a weak alongshore component. Consequently, the 

AW contribution is rather weak and accounts for only ~11% of the WCI seasonal sea-level variations 

(Figures 3d and 2b). There is a marginal northward increase in the AW contribution that results from 

the integration of forcing downstream along the wave path. As was remarked by earlier studies [e.g., 

McCreary et al., 1993; Shankar et al., 2002], the phasing of the seasonal cycle driven by local 

forcing (red curve on Figure 2b) cannot explain the phasing of the total sea-level seasonal cycle there 

(black dashed curve in Figure 2b). It is particularly clear in October when local winds favor 

downwelling, but the sea level is still negative (upwelling) relative to the annual mean (Figure 2b). 

This upwelling signal along WCI is largely driven by the TIP and BB processes, both being 

upwelling favorable at this time of the year and almost in phase over the entire seasonal cycle. 

The reflection of equatorial KWs at the eastern boundary is associated with coastal KW propagation 

along the NIO coastal waveguide and RW radiation from the eastern BoB rim, and both can 

influence the sea level along the WCI.  While EQ process dominates the seasonal cycle in the eastern 

BoB (>50%; Figure 3e), its contribution rapidly decreases towards the western BoB, ultimately 

resulting in only ~9% contribution along the WCI (Figure 2b).  Two arguments can explain this very 

modest contribution of EQ along the WCI. First, the seasonal sea level at the entrance of the coastal 

waveguide (near Sumatra coast) is much weaker than the coastal signals generated by alongshore 

forcing in the BoB and STIP. Second, the sea-level signals originating from the equator are further 

weakened at the east coast of India by the destructive interference between the coastal KWs and the 

RWs transiting through the interior BoB (not shown), leading to very weak coastal KW signals that 

propagate to the WCI. 

We have so far been concerned with the sea-level seasonal cycle along the WCI. The sea-level 

signals along the WCI radiate westward as RWs, which combine with the signals induced by the 

interior Ekman pumping to influence the sea level in the interior Arabian Sea. The wind variations 
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near Sri Lanka, being the dominant process in driving the seasonal sea level along the WCI, extend 

their strong influence westward into the interior Arabian Sea through RWs. Figure 3b indeed 

demonstrates the dominant role of STIP forcing (~60%) for the formation of the LH/LL. Farther 

west, the local Arabian Sea Ekman pumping dominates the sea-level seasonal cycle, especially in the 

Somali upwelling region. 

4. Discussion 

Our model results demonstrate that the major source (~60%) of seasonal sea-level variability along 

the WCI and in the eastern Arabian Sea is the wind variability in a relatively small region (less than 

20% of the total BoB area) near the southern tip of India and Sri Lanka (with respective 

contributions of ~40% by winds along this convoluted coast and ~20% by Ekman pumping induced 

by the strong wind-stress curl off the east coast of Sri Lanka). Our results further indicate that the 

contribution from the rest of BoB, which includes alongshore winds in BoB rim and interior BoB 

forcing, is less than 20% of the total WCI seasonal sea-level cycle. This is partly due to the geometry 

of the BoB basin and the dominant wind forcing patterns, which result in the partial cancelation of 

signals forced in the eastern and western portions of the BoB. This refines findings from the previous 

literature [e.g., McCreary et al., 1993; Shankar et al., 2002]. Using a similar approach to ours, these 

studies concluded that the WICC and associated sea-level changes along the WCI are primarily 

driven by the BoB alongshore winds, but did not offer any quantification. The dominant role of wind 

forcing in the STIP region relative to the rest of the BoB was also not identified before. 

The equatorial wind forcing, which was also emphasized by previous studies for the WICC, 

contributes less than 10% to the sea level along WCI. Consistent with earlier studies, the local 

alongshore winds are relatively less important for the seasonal cycle along WCI, with only ~10% 

contribution mainly during the summer monsoon. This weak contribution results from the monsoonal 

wind seasonal variations along WCI (north of 10oN) being nearly normal to the coast, with a weak 

alongshore component, driving a weak coastal KW response. 

Seasonal sea-level signals along the WCI radiate westward as RWs. As a corollary, our results also 

imply that the STIP wind forcing is an important contributor (> 50%) to sea-level seasonal cycle in 

the eastern Arabian Sea, especially in the LH/LL region (~60%).  Farther west (west of 65o E), the 

strong Arabian Sea local forcing dominates. 

We have tested the sensitivity of our results to the choice of wind forcing, dampers and model 

parameters. Similar results are obtained by repeating the model experiments using QuikSCAT wind 

stresses (available from http://cersat.ifremer.fr/data/), which also shows dominance of STIP winds, 
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contributing ~57% to the WCI seasonal sea-level variability (Table S2 in SI). The dampers used here 

were designed to minimize the distortions in the model solutions, especially at the edges of the 

dampers by ramping the signals linearly to zero within 1o from the edges (see SI). This is ensured 

from the contribution maps (Figure 3), which show almost no spurious patterns.  Repeating our 

experiments with a 2o-ramp for dampers yields nearly identical contributions (Table S2), indicating 

that our results are not sensitive to the exact design of these dampers. Experiments with other 

dampers (e.g., a damper in the eastern Indian Ocean as in McCreary et al. [1996] to isolate EQ 

process) also give very similar results (not shown). Finally, the lateral friction used in our solution 

may also influence the results, since the coastal KWs have narrow offshore structure and propagate 

over long distances. Reducing our frictional coefficient by an order of magnitude results in 

contributions similar to those discussed in the paper (Table S2), with STIP being the major driver of 

the seasonal sea-level variations along WCI. Our results are thus robust and insensitive to different 

observational wind products, the model parameters and the choices of experimental setup, with TIP 

being the major contributor to the WCI seasonal cycle (57 to 69%), followed by a modest (19 to 

23%) contribution of forcing from the rest of the BoB. 

We have shown that STIP wind variations dominate the sea-level (and hence thermocline) variability 

in a large portion of the eastern Arabian Sea. They play a key role in the WCI seasonal upwelling, 

which strongly impacts the regional ecosystem and fisheries [e.g. Naqvi et al., 2009] and in the 

formation of the LH and “Arabian Sea mini warm pool” that influences the monsoon [e.g. 

Vinayachandran et al., 2007]. This is not only an interesting academic example of scale interactions, 

where wind variations in a relatively small region have large-scale consequence, but also has 

practical implications. Our results may, for example, be a good incentive for a better monitoring of 

winds in this region, or may imply that atmospheric resolution in coupled models does matter to 

realistically simulate the sea level in the eastern Arabian Sea. 

Given the strong role of STIP wind forcing at the seasonal scale, one may wonder if it also matters at 

intraseasonal and interannual timescales [Amol et al., 2012]. We know from Suresh et al. [2013] that 

the WCI intraseasonal sea-level variations are mostly remotely forced from the equatorial region, 

suggesting a weak role of STIP winds at these timescales. Previous studies of NIO interannual sea-

level variability have mainly focused on the BoB. While interannual variability is weaker along the 

west than along the east coast of India [e.g., Aparna et al., 2012], it may however have more 

important societal consequences. As noted in introduction, WCI hypoxia occurs during late boreal 

summer and fall when the remote wind forcing near the STIP favors upwelling (Figure 2b), bringing 

the subsurface hypoxic waters close to the surface. In those conditions, even a weak WCI interannual 
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variability can act to either enhance or suppress hypoxic events [Parvathi et al., 2016]. This 

emphasizes the need to better understand the WCI interannual sea-level variability. Is the wind 

variability in STIP important for the WCI interannual sea-level variability as demonstrated for the 

seasonal timescale or weak as expected for the intraseasonal timescale? What are the reasons 

explaining these different contributions at various timescales? We will investigate these questions in 

a later study. 
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Figure 1: (a) Standard deviation of observed seasonal sea level. (b) Standard deviation of seasonal 

Ekman pumping velocity (m.day-1, color shaded) and alongshore windstress (grey shades along the 

coastline; grey scale inset). (c) Same as (a) but for modeled seasonal sea level.  The regions where 

the correlation between the observed and modeled seasonal sea level is more than 0.8 are hatched. 

(d) Standard deviation of seasonal sea level normalized by the square root of the Coriolis parameter, 

averaged over a 50-km cross-shore extent, as a function of distance along the NIO coastal waveguide 

from the entrance of BoB waveguide at the eastern BoB rim. The above normalization eliminates the 

increasing wave amplitude associated with the narrowing coastal waveguide towards higher latitudes 

[e.g., Gill, 1982].  The blue (red) shaded vertical band on panel d marks the region of strong 

alongshore forcing in the northwestern BoB (southern tip of India-Sri Lanka) identified by a marker 

of the same color on Figure 1b.  The green vertical line on panel d marks 15oN on the WCI, also 

marked with a green star on 1b and black frames on 1a and 1c. 
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Figure 2: (a) Schematic representation of the processes that influence the sea level off the WCI 

(forcing from the southern tip of India (TIP; black), Bay of Bengal (BB; purple), west coast of India 

(AW; red) and equatorial EQ (blue) regions; see section 2.2 for details). (b) CTL experiment sea 

level seasonal cycle at 15oN on the WCI (black frame on Figure 1c; dashed-black curve) and its 

decomposition into the processes above.  Panels a and b use consistent color codes. The observed 

seasonal cycle is shown in orange.  The percentage contributions of each process to the CTL sea 

level seasonal cycle are indicated on panel b. 
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Figure 3: Climatological sea level (cm) and windstress (N/m2) for August from (a) the CTL 

experiment and its decomposition into the processes indicated on figure 2a: (b) TIP, (c) BB, (d) AW, 

(e) EQ and (f) AS. The alongshore windstress (N/m2) is indicated with a different color shading (see 

colorbar inset) along the coastline on panel (a). Thick (thin) black line contours indicate 

contributions above 50% (20%) over the entire year, estimated from regression coefficients. 
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Supporting Information 

1. The linear, continuously-stratified ocean model  

We use a linear, continuously-stratified (LCS) model, which is a modified version of the one 

presented in McCreary et al. [1996] and is the one adapted recently by Suresh et al. [2013]. The 

equations of motion are linearized about a state of rest with a realistic background stratification 

derived from the averaged (15oS-15oN, 40oE-100oE) World Ocean Atlas (WOA09) [Locarnini et al., 

2010] climatological potential density profile, and the ocean bottom is assumed flat. With these 

conditions, the solutions are represented as a sum of vertical normal modes of the system. We use the 

first 5 baroclinic modes, the characteristic speeds of which are 252 cm s-1, 155 cm s-1, 88 cm s-1, 69 

cm s-1, and 53 cm s-1. The response of each mode is obtained on a regular, 0.25°-resolution grid over 

a domain that covers the Indian Ocean from 30°S to 30°N and from 30°E to 110°E, and with a 

coastline determined by the 200-m isobath [Smith and Sandwell, 1997]. Vertical mixing has the same 

form as McCreary et al. [1996], but with a 7-year dissipation time scale for the first baroclinic mode. 

The horizontal mixing coefficient is set to 5000 m2 s-1. Wind is introduced into the ocean as a body 

force with the same profile (constant down to 50 m and ramped to zero at 100 m) as in McCreary et 

al. [1996]. 

The model is forced with daily TropFlux wind-stress anomalies (long-term mean removed) during 

1979-2013 (available from http://www.incois.gov.in/tropflux/) [Praveen Kumar et al., 2013]. The 

solution is well converged with 5 modes, as in Suresh et al. [2013]. We refer to this solution as the 

control (CTL) experiment.  

2. Details of sensitivity experiments 

The processes that influence the sea level along the WCI are discussed in detail in the main text 

(refer to Section 2.2).  The contribution of each process is isolated using set of experiments with 

dampers and/or special boundary condition (SBC) applied in specific regions. The dampers are 

constructed as in McCreary et al. [1996] from a Newtonian damping which allows the waves to 

decay over a region of interest with an e-folding scale of 1.5 x, where x is the grid size, To avoid 

distortions in the solutions, the Newtonian damping coefficients are ramped linearly to zero within 1o 

from the edges of the damping region (solutions with a 2° ramp give very similar results to those 

presented in the main paper, as will be shown below). The solution obtained with such a damper will 

thus be free from the effect of waves emanating from this region.  The dampers in our experiments 

are designed such that the edges of the dampers match and the ramping coefficients add up to 1.   
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As in McCreary et al. [1996], we also use the following SBC in some sensitivity experiments: 

      ∙ .  

	 ∙ 0, 

where n is a unit vector perpendicular to the coast, k is an upward-directed unit vector . 

, 	 		 ,  the horizontal components of velocity parallel and perpendicular to the coast.  

For more details, please refer to McCreary et al. [1996] and Shankar et al. [2002]. The effect of the 

above SBC is to filter out coastal Ekman pumping at the coast by allowing the Ekman flow to pass 

through the boundaries and hence no coastal KW is generated. 

In this paper, we carry out four sensitivity experiments to separate out the processes mentioned in 

Section 2.2. The details of these experiments (EXP1, EXP2, EXP3, and EXP4) are summarized in 

Table S1. 

The EQ process is isolated using a damper over the entire equatorial region between 4oS and 4oN 

(blue box on Figure S1), with a 1o ramp at the northern and southern edges to minimize distortion of 

the signal near the edges. The solution run with this damper has no equatorial variability, and hence 

no equatorial signal propagates to the Northern Indian Ocean  in EXP1. CTL-EXP1 thus yields the 

sea-level contribution from equatorial forcing over the Northern Indian Ocean. 

The BB process is isolated in an experiment with both the equatorial and BoB dampers (blue and 

purple boxes on Figure S1).  EXP2 will thus be free from both equatorial and BoB forcing. EXP1-

EXP2 hence yields the BB contribution to sea-level variability. 

The TIP process, which includes the alongshore forcing near the southern tip of India and Sri Lanka 

and the Ekman pumping due to windstress curl off the east coast of Sri Lanka, is separated out by 

using an additional damper near the southern tip of India, extending up to 90oE (black box in Figure 

A; EXP3).  The difference EXP2-EXP3 thus yields the effect of TIP (both alongshore forcing and 

Ekman pumping east of Sri Lanka).  We further isolate the contribution of alongshore winds in the 

TIP process in another experiment where we impose the SBC described above within the boundaries 

of the TIP box on Figure S1. 
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Figure S1:  Dampers used for the sensitivity experiments. The box colors indicate the process 

obtained from the sensitivity experiments, with a color code that matches that of Figure 2a in the 

main text. Black box represents the TIP region, purple the BB region and blue the EQ region.  The 

red line along the WCI represents that part of the coastline over which WCI alongshore winds are 

considered for AW process (see Section 2.2).  

The AW process is obtained by applying the SBC along the entire WCI (red line on Figure S1), in 

addition to all the above dampers (EXP4).  The difference, EXP3-EXP4, isolates the effect of WCI 

winds.  At the same time, EXP4 does not have the effect of equatorial, BoB and southern tip forcing 

and is also free from the effect of WCI alongshore winds.  It has only the effect of interior wind 

forcing in the Arabian Sea, i.e., the AS process.  

The linearity of our model ensures that the sum of all the above process yield the CTL experiment, 

except for numerical errors in the computations.  

We name the entire set of experiments above (Friction coefficient of 5000 m2/s; TropFLUX wind 

stress forcing; dampers described above) as EXP. In order to ensure robustness of our results, we 

repeated the entire above set of experiments EXP by reducing the friction coefficient by an order of 

magnitude (EXP500; Friction coefficient 500 m2/s; TropFLUX forcing; dampers described above); 

with Quikscat windstresses forcing (EXPQSCAT; Friction coefficient 5000 m2/s; QuikSCAT 

forcing; dampers described above); and using a 2° rather than a 1° ramp at the edges of the boxes 

above (EXPRAMP; Friction coefficient of 5000 m2/s; TropFLUX wind stress forcing; dampers with 

2° ramps).  The respective contribution of each process to WCI seasonal cycle of sea level is 

provided in Table S2. The main results of our paper (the dominance of TIP forcing for the WCI sea 

level seasonal cycle) are robust both qualitatively and quantitatively, with a TIP contribution of 

~60% and BB contribution of ~20%. 
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Experiment Description of Exp. and process Damper SBC 

EXP1 Same as CTL, but with a damper 
in the entire equatorial region to 
isolate the EQ signals:  We obtain 
EQ as CTL-EXP1, i.e., sea level 
due to equatorial winds. 

Damper:  

[35oE:105oE; 4oS:4oN]  

No 

EXP2 Same as EXP1, but with an 
additional damper in BoB;  We 
obtain BB as EXP1-EXP2, i.e., 
sea level due to BoB winds. 

Dampers:  

As in EXP1 plus 
[90oE:105oE; 
5oN:9oN], 
[79oE:105oE;10oN:22o

N] 

No 

EXP3 Same as EXP2, but with an 
additional damper in the southern 
tip of India and Sri Lanka; We 
obtain TIP as EXP2-EXP3. 

Dampers:  

As in EXP2 plus 
[76oE:89oE, 5oN:9oN] 

No 

EXP4 Same as EXP3, but with no 
alongshore forcing off WCI; We 
obtain AW as EXP3-EXP4 and 
AS as EXP4. 

Dampers:  

As in EXP3 

SBC applied over the 
coastline within 
[64oE:76oE; 
9oN:26oN] 

 

Table S1: Details of LCS model sensitivity experiments and how the processes have been isolated. 
“No” means that no SBC is applied. An additional experiment, not included in this table, with the 
SBC applied within the TIP region allows to specifically isolate the effect of alongshore wind stress 
within that region. 
 
 

Process 
Percentage Contribution (%) 

EXP EXP500 EXPQSCAT EXPRAMP 

EQ 9 -4 11 6 

BB 19 23 20 20 

TIP 57 69 57 63 

AW 11 10 9 9 

 

Table S2: Contribution from each process to the WCI sea level seasonal cycle at 15°N 
(representative of what happens along the entire coast; ref to Figure 2b) from EXP, the set of 
experiment described in the paper (Tropflux, friction coefficient 5000 m2/s, 1° ramps near the edges 
of each damper), EXP500 (Tropflux, friction coefficient 500 m2/s, 1° ramps near the edges of each 
damper), EXPQSCAT (QuikSCAT, friction coefficient 5000 m2/s, 1° ramps near the edges of each 
damper), and EXPRAMP (Tropflux, friction coefficient 5000 m2/s, 2° ramps near the edges of each 
damper) simulations. This table illustrates robustness of our results. 


