
Northumbria Research Link

Citation: Thrivikraman Pillai, Jayasankar, Murtugudde, R. and Eldho, T.I. (2019) The Indian
Ocean  Deep  Meridional  Overturning  Circulation  in  Three  Ocean  Reanalysis  Products.
Geophysical Research Letters, 46 (21). pp. 12146-12155. ISSN 0094-8276 

Published by: American Geophysical Union

URL: https://doi.org/10.1029/2019GL084244 <https://doi.org/10.1029/2019GL084244>

This  version  was  downloaded  from  Northumbria  Research  Link:
http://nrl.northumbria.ac.uk/id/eprint/47029/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners.  Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without  prior  permission  or  charge,  provided  the  authors,  title  and  full  bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder.  The full policy is
available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of  the research,  please visit  the publisher’s website (a subscription
may be required.)

                        

http://nrl.northumbria.ac.uk/policies.html


The Indian Ocean Deep Meridional Overturning
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Abstract The timemean Indian Ocean (IO) deep meridional overturning circulation (MOC) is compared
across three ocean reanalysis products (ORAS4, GECCO2, and GFDL). The MOC stream functions obtained
by vertically integrating the mass flux across a latitude‐depth section in three products are found to be
significantly different from each other. Detailed analysis suggests that ORAS4 delivers the best depiction
of IO MOC. The inferred IO deep MOC consists of two deep and strong counterclockwise cells located south
of 30°S and around 10°S, respectively. The geostrophic component along with the barotropic or external
mode dominates the former, and a combination of Ekman and geostrophic components dominates the latter.
GECCO2 depicts a steady decline in the northward meridional transport in the bottom layer and a
consequent reduction in the MOC strength. The tropical thermocline in GECCO2 responds to this MOC
variability leading to rapid and monotonic warming of the tropical IO.

Plain Language Summary Reanalysis products are comprehensive records produced by merging
data and models. They are extensively used to study ocean dynamics and thermodynamics of the past.
However, depending on model configurations and surface forcings used, these products can differ from one
another. We compare three ocean reanalysis products (ORAS4: Ocean Reanalysis System 4, GECCO2:
German contribution to the consortium for Estimating the Circulation and Climate of the Ocean 2, and
GFDL: Ensemble Coupled Data Assimilation system by Geophysical Fluid Dynamics Laboratory) in the
context of the Indian Ocean (IO) deep meridional overturning circulation (MOC). MOC consists of a system
of warm poleward surface currents and cold equatorward deep currents as a part of the global poleward
oceanic heat transport. ORAS4 delivers the best depiction of Indian Ocean deep MOC. The geostrophic
component along with the external mode dominates the circulation south of 30°S, and a combination of
Ekman and geostrophic components dominates the circulation at 10°S. The rapidly warming IO has global
coupled climate impacts, and a rapidly warming Southern Ocean transmits its signal to the IO via the MOC.
Accurate representation of these processes is critical for understanding and monitoring the global heat
balance in a warming world.

1. Introduction

The Indian Ocean (IO) meridional overturning circulation (MOC) is an integral component of the global
thermocline circulation as well as the regional climate variability and change. Despite its importance, the
IO MOC is relatively unexplored compared to other oceans (Balmaseda et al., 2007; Fujii et al., 2017;
Karspeck et al., 2017; Murtugudde & Annamalai, 2004; Sime et al., 2006). Lee and Marotzke (1998) studied
the IO MOC using a global circulation model based on a monthly averaged climatological forcing. Later,
Wang et al. (2012, 2014) studied the deep IO MOC using an ocean reanalysis product, namely, German con-
tribution to the consortium for Estimating the Circulation and Climate of the Ocean 2 (GECCO2). However,
there is a difference in the mean annual IOMOC stream function or the MOC structure presented in the two
studies. Unlike Lee and Marotzke (1998), Wang et al. (2012) inferred a double core mean MOC stream func-
tion (at depths 1,500 and 3,200 m, respectively) that occupy the latitudinal band 30°S to 25°S, and together
they account for 2.1 Sv of inflow at deeper ocean depths (deeper than 1,500 m) and exit at intermediate
depths (between 700 and 1,500 m). As per their study, the deep circulation cell is strongest south of 25°S
and diminishes northward. Wang et al. (2012) also reported a steady decline over the period of study
(1961–2000) in the bottom layer transport into the IO at 34°S in GECCO2. Increased data availability and
computational resources since Lee andMarotzke (1998) have benefitted not only GECCO2 but the other rea-
nalysis products as well, and thus they can all be contrasted fairly for the processes they represent. A process
study with multiple products can offer critical insights into the uncertainties in the IOMOC, especially in the
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data‐poor deep ocean regions. The structure of the IO MOC is thus investigated among three Ocean reana-
lysis products (Ocean Reanalysis System 4 [ORAS4], GECCO2, and Geophysical Fluid Dynamics Laboratory
[GFDL]). The bottom layer meridional transport into the IO is also investigated to contrast the declining
trend reported in GECCO2 against other products. We then employ GECCO2 to investigate the tropical
upper ocean response to its declining bottom layer transport since surface warming can have direct and fast
feedbacks to the coupled climate system

2. Materials and Methods
2.1. Data

The three ocean reanalysis products used are the ORAS4 (Balmaseda et al., 2013), GECCO2 (Köhl, 2015) and
Ensemble Coupled Data Assimilation system by GFDL (Zhang et al., 2007). The atmospheric products with
which the ocean reanalysis products are forced are also contrasted for computation of Ekman transport.
ORAS4 is forced with the European Centre for Medium‐Range Weather Forecasts products (Dee et al.,
2011; Uppala et al., 2005). GECCO2 and GFDL are forced with National Centers for Environmental
Prediction surface fluxes (Kalnay et al., 1996).

2.2. Methodology

Our focus here is mainly on the MOC stream function and its decomposition. The stream function on a
latitude‐depth plane of the basin is computed by integrating the meridional mass flux at its zonal section
from east to west followed by bottom to top up to the depth of interest. Hence, a positive (negative) stream
function indicates a counterclockwise (clockwise) circulation with northward (southward) flowing deep
layers and southward (northward) flowing upper layers. By bottom to top integration, the influence of
Indonesian throughflow (ITF, supporting information Text S1) on the stream function can be avoided as
our interest is the deep MOC.

The MOC is decomposed into its components, namely, geostrophic, Ekman, and external mode. The meth-
odology adopted is based on Lee and Marotzke (1998) and Sime et al. (2006). The meridional velocity (υ) at a
point on a zonal section is decomposed as the sum of mean sectional velocity (υÞ, geostrophic component (υρ),
Ekman component (υτ), external mode (υ*), and a residual term (υR). The residual term is expected to accom-
modate errors and ageostrophic components.

υ x; y; z; tð Þ ¼ υ y; tð Þ þ υρ y; z; tð Þ þ υτ x; y; z; tð Þ þ υ* x; y; tð Þ þ υR x; y; z; tð Þ (1)
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where, x, y, and z are the coordinates in the longitudinal, latitudinal, and vertical (bottom to top) directions,
respectively; t is time; ρ is the density; ρe and ρw are density at the eastern and western boundaries of the basin,
respectively; f is the Coriolis parameter and g is the acceleration due to gravity; L(z) is the zonal basin width at a
depth z and A is the zonal sectional area; hb is the local bathymetric depth and hτ is the Ekman layer depth; τx
is the zonal winds stress and τx is its sectional mean; H(z) is the Heaviside function where its value is 1 when
z > =0 and 0 when z < 0; and υm is the vertical mean velocity. The first set of terms in geostrophic component
represents the balance of thermal wind shear and zonal density gradient, and the second set of terms is depth
average of the first. The first set of terms in the Ekman component represents the Ekman velocity, and the sec-
ond set of terms represents the balancingmean sectional returnflow. The first set of terms in the externalmode
represents vertical mean velocity anomaly with respect to sectionalmean (υÞ, and the second set of terms repre-
sents anomalies in the depth‐averaged Ekman velocity due to zonal variation of zonal wind stress or bathyme-
try. Thus, the sectional integrals of all the three components are equal to 0 (details in Text S2). Also, all trends
estimated in this study are Theil‐Sen (Sen, 1968; Theil, 1950) slopes with 95% significance.
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3. IO MOC Stream Function

The time mean structure of IO MOC stream function across the three ocean reanalysis products are pre-
sented in this section which offers stark differences (Figures 1a–1i). As the focus is on long‐term mean
MOC, its standard deviations are shown after filtering out dominant interannual components of periods less
than 7 years like the El Niño Southern Oscillation (Pillai & Mohankumar, 2009). The dominant deep MOC
cell in ORAS4 is located at 10°S, while in GECCO2 it is located southward of 25°S as presented byWang et al.
(2012). In GFDL the deep cells are not as strong as ORAS4, while to the north of 10°S, the MOC in GFDL
gives a strong clockwise circulation in contrast to the other two. However, unlike the time mean structure,
all three products agree with each other on seasonal scale, and hence we infer that the differences in them
are basically at interannual time scales (Text S3).

To gain further insights, we compare the deep layer transport into the IO. The deep layers are demarcated by
the same density classes adopted by Wang et al. (2012) based on Ganachaud and Wunsch (2000) and
Ganachaud et al. (2000). They are four layers separated by neutral density surfaces; upper layer (γn ≤
27.05), intermediate layer (27.05 < γn ≤ 27.72), deep layer (27.72 < γn ≤ 28.11), and bottom layer (28.11 <
γn). The depth and thickness of each layer at 34°S in all the three reanalysis products are found to be compar-
able with each other (Figures S4a–S4c). The time mean meridional flow at 34°S is found to be similar in
ORAS4 and GECCO2, while GFDL presents a slightly different picture. As reported by Wang et al. (2012),
there is a steady decline in the bottom layer transport at 34°S in GECCO2 (Figure S4d). However, there is
no such decline in the other two products; instead there is a steady northward transport at decadal time
scales of nearly 7 Sv. The GECCO2 synthesis is available from 1948, and the bottom layer transport in it is
found to be declining from the beginning. Themagnitude of the bottom layer transport in GECCO2 is similar
to the other two in the initial few years (1961–1967) of our analysis, and before 1961, the volume transports

Figure 1. Timemeanmeridional overturning stream function (sverdrups, positive counterclockwise and negative clockwise) in the Indian Ocean (1961–2010) in (a)
ORAS4, (b) GECCO2, and (c) GFDL. The respective maximum counterclockwise cell strength of the deep cells is shown in (d), (e), and (f). The respective depths of
maxima are shown in (g), (h), and (i). The thick lines showmean and the dotted/thin lines show the interannual/seasonal standard deviation. Decadal timemeans of
meridional overturning circulation stream function in the Indian Ocean in GECCO2 from 1961 to 2010 (j, k, and l). ORAS4 = Ocean Reanalysis System 4; GECCO2
= German contribution to the consortium for Estimating the Circulation and Climate of the Ocean 2; GFDL = Ensemble Coupled Data Assimilation system by
Geophysical Fluid Dynamics Laboratory.
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are much larger. The consequent changes in MOC structure due to the decline can be inferred from the time
evolution of MOC (Figures 1j–1l). It can be noted that, just as in ORAS4, the positive circulation around 10°S
is stronger in GECCO2 in the initial years of analysis and it declines over time to give an MOC structure
which is more dominant in the southern IO as shown in Figure 1c which is also seen in Wang et al. (2012).

The slow deep circulation along with the rapid shallow wind‐driven circulation are the major components
that determine the thermal structure of the ocean (Luyten et al., 1983) which in turn determines the heat
budget of the ocean (Boccaletti, Pacanowski, George, Philander, & Fedorov, 2004). The two oceanic circula-
tions together transport heat from low latitudes to high latitudes and balance the ocean heat budget.
Consequently, there is a shallow thermocline in the tropics (assisting heat gain) and deep thermocline at
high latitudes (driving a heat loss). As per model studies, a reduction in heat loss at the poles or a decline
in the circulation would result in anomalous heating of the mixed layer (Boccaletti, Pacanowski, George,
Philander, & Fedorov, 2004). This would deepen the equatorial thermocline such that the heat budget
remains closed on long time scales. The oceanic diffusivity determines the relative significance of deep
and shallow circulations such that low (high) diffusivities favor (disfavor) wind‐driven circulation and
upwelling (Boccaletti, Pacanowski, George, Philander, & Fedorov, 2004). As the experiments in Boccaletti,
Pacanowski, George, Philander, and Fedorov (2004) were carried out for hypothetical ocean basins with cli-
matological easterlies, the equatorial upwelling zones are formed on the eastern boundary forming a cold
tongue of shallow thermocline. However, in the IO, there is no cold tongue in the east and the observed
upwelling zone is in the west known as the southwest tropical thermocline ridge (Hermes & Reason,
2008). This region is characterized by seasonally changing winds to the north and persistent south easterlies
to the south with the resultant Ekman pumping lifting the cool deep waters to form a seasonally varying shal-
low thermocline (Murtugudde & Busalacchi, 1999). Theories (Text S5) would suggest an upper ocean ther-
mocline response to deep ocean temperature changes (Boccaletti, Pacanowski, George, Philander, &
Fedorov, 2004; Boccaletti, Pacanowski, George, & Philander, 2004). Hence, the response of tropical IO to
the decline of bottom layer transport in GECCO2 is of great interest especially since the internally generated
variability is relatively weaker in the IO than the externally forced variability (Guemas et al., 2013;
Ummenhofer et al., 2017). Before we delve into decomposing the MOC into its components, we present
the tropical IO response in GECCO2 to the decline in its bottom layer transport into the IO.

4. Tropical IO Response to the Decline in Deep MOC

As per some studies, a decline in MOC is expected to increase the temperature and decrease the heat uptake
of the tropical IO and a consequent deepening of the thermocline depth (Boccaletti, 2004; Boccaletti,
Pacanowski, George, Philander, & Fedorov, 2004; Boccaletti, Pacanowski, George, & Philander, 2004). The
patterns of mean thermocline depth (20°C isotherm) in the IO across all three products are found to be gen-
erally similar to each other (Figures 2a–2c) where the thermocline ridge region (Western IO between 15°S
and 7°S) is marked by a shallow thermocline. However, as expected, the spatial patterns of trends in thermo-
cline depth in GECCO2 are found to be different from that of the other two (Figures 2d–2f). A cooling in the
subsurface layers of tropical IO, especially the thermocline ridge region, and consequent decreasing trend in
sea level anomaly as well as thermocline depth in the past few decades are well documented (Han et al., 2010;
Schwarzkopf & Böning, 2011). It is inferred to be due to increased upwelling caused by the warming‐driven
intensification of the local Walker and Hadley cells. Both ORAS4 and GFDL are able to reproduce the same
(Figures 2d and 2f) but not GECCO2 (Figure 2e). In GECCO2, the negative trends are observed to be nullified
completely in the eastern IO and partially in the western IO. This can be anticipated based on the studies that
have pointed out that there is a dominance of wind‐induced Ekman pumping in the tropical western IO
(west of 80°E) compared to eastern IO which is mainly influenced by the Pacific Ocean via the ITF (Jin
et al., 2018; Murtugudde et al., 1998; Valsala et al., 2010; Zhuang et al., 2013).

The latitude‐depth sections of temperature trends for the eastern andwestern IO are presented in Figures 2g–
2l. It can be noted that there is a strong cooling trend in the tropical subsurface IO (between 20°S and 10°S
and between 50 and 400 m) in both ORAS4 and GFDL. Also there is a strong heating trend in the western
tropical subsurface IO (around 40°S) in all three reanalysis products. Similar trends can also be inferred from
ocean observations of Levitus et al. (2005), and the cooling trend amidst heating elsewhere has been attrib-
uted to shoaling of thermocline due to increasing trend in Ekman pumping (Han et al., 2006). Previous stu-
dies have explored the causes of these subsurface temperature trends (Alory et al., 2007; Du & Xie, 2008) and
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have attributed it to a 0.5° southward shift of the subtropical supergyre (Duan et al., 2013; Speich et al., 2007)
in the IO with a consequent shift of IO mean thermal structure. This shift is induced by a global scale
poleward shift in the westerly winds of the Southern Hemisphere (Jacobs, 2006; Thompson et al., 2000;
Yang et al., 2007). Global scale oceanic response to the shift in subpolar westerly winds inferred from a
model study also predicts warming around 40°S latitude (Oke & England, 2004) as inferred from the three
reanalysis products. In GECCO2, as expected, consistent with the trends in thermocline depth, there is a
subsurface weakening of cooling trends and warming in the western IO around 20°S. The observed
cooling due to trends in local winds is found to be weakened. This could be due to the deepening of
thermocline related to the decline in deep MOC. The results based on thermocline depth corroborate the
theoretical aspects of Boccaletti (2004) and Boccaletti, Pacanowski, George, Philander, & Fedorov (2004),
Boccaletti, Pacanowski, George, & Philander (2004) in this real‐world scenario. The supergyre strength
(horizontal stream function in the upper layers, γn < 27.40, averaged between 42°S and 32°S and 33°E and
50°E) and its position in the IO across the three products are also analyzed. ORAS4 and GFDL show an
increasing trend (1961–2010) in the supergyre strength of 0.32 and 0.17 Sv/year, respectively. However,

Figure 2. Mean thermocline depth (20°C isotherm) in the Indian Ocean (a, b, and c) and their respective trends in m/year (d, e, and f). Latitude‐depth section of
temperature trends in western (g, h, and i) and eastern (j, k, and l) Indian Ocean in degrees Celsius per year. ORAS4 = Ocean Reanalysis System 4; GECCO2 =
German contribution to the consortium for Estimating the Circulation and Climate of the Ocean 2; GFDL = Ensemble Coupled Data Assimilation system by
Geophysical Fluid Dynamics Laboratory; IO = Indian Ocean.
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GECCO2 shows only a weak trend of 0.03 Sv/year (not shown). Also, GECCO2 displays a negative trend
during 1961–1985, while the other two display a weak positive trend. This is likely due to the decline of
bottom layer transport in GECCO2, especially when the ITF transport is increasing in all three products
albeit a relatively weak trend (not shown).

5. Decomposition of the IO Deep MOC

The decomposition of IO deep MOC into its three main components (external mode, geostrophic, and
Ekman components) is presented (Figure 3). The three components and the residual which includes errors
and ageostrophic components show similar characteristics across all three products. The residual compo-
nents are found to be high mainly between 30°S and 20°S. This could be due to topographical influence as
the local topography at these latitudes is highly varying. The external mode which is positive south of 20°S
has a maximum of 20 Sv in ORAS4 and GECCO2, and 14 Sv in GFDL between 28°S and 26°S. A positive cell
around 10°S can be noted in ORAS4 and GECCO2 (Figures 1a and 1b). Here, the maxima of the components
consist of a strong negative contribution by the external mode (12–15 Sv) in all three products. However, both
the Ekman component and geostrophic component are positive with a magnitude of 15 and 5 Sv,

Figure 3. Various components of time mean meridional overturning circulation stream function in sverdrups (positive counterclockwise and negative clockwise)
and their overturning cell strength in the Indian Ocean (1961–2010) in ORAS4 (a–d), GECCO2 (e–h), and GFDL (i–j). The thick lines show the mean, and the
broken/thin lines show the interannual/seasonal standard deviation. ORAS4 = Ocean Reanalysis System 4; GECCO2 = German contribution to the consortium for
Estimating the Circulation and Climate of the Ocean 2; GFDL = Ensemble Coupled Data Assimilation system by Geophysical Fluid Dynamics Laboratory.
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respectively. It can be seen that in GFDL, at the same latitude, the total circulation is in the high negatives
(Figure 1c). Here, the contribution by the geostrophic component is predominantly clockwise or negative.
All together, the strong negative component around 10°S in GFDL is contributed by both the residual
component of the MOC and geostrophic component. Here, no critical insights are drawn on the same
from the decomposition of MOC other than that the differences in the vertical density structure result in
different distribution of transports in GFDL compared to ORAS4 and GECCO2.

To gain further insights, the mean abyssal (depths below 4,000 m) velocity vectors in all the three pro-
ducts are investigated (Figure S6). The bathymetry in GFDL is found to be coarser in terms of resolution
with thick walls between individual IO subbasins, while in the other two, the topographical barriers
between basins are relatively thinner and discontinuous (especially the 90°E ridge which runs from
33°S to 17°N north along 90°E). The discrepancies in the bathymetry can at least partially explain the
differences between GFDL and the other products at 10°S (Text S6). Clearly, these topographic differ-
ences also will result in differences in topographically generated waves, density structures, and

Figure 4. Various components of the time mean meridional overturning circulation stream function in sverdrups (positive counterclockwise and negative clock-
wise) in the Indian Ocean (1961–2010) in ORAS4 (a, d, g, and j), GECCO2 (b, e, h, and k), and GFDL (c, f, i, and l). The thick lines show the mean and the bro-
ken/thin lines show the interannual/seasonal standard deviation. ORAS4 = Ocean Reanalysis System 4; GECCO2 = German contribution to the consortium for
Estimating the Circulation and Climate of the Ocean 2; GFDL = Ensemble Coupled Data Assimilation system by Geophysical Fluid Dynamics Laboratory.
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vertical and horizontal mixing which also contribute to the MOC. Unlike GFDL, both ORAS4 and
GECCO2 are able to reproduce the IO abyssal circulation patterns as hindcasted by a high‐resolution
model (Srinivasan et al., 2009), but there is a steady decline of MOC in GECCO2. These combined with
the validation of the products using sea level anomaly (Text S7) would lead us to conclude that ORAS4
is the most reliable among the three in terms of IO MOC.

We further analyze the contributions of each components to the MOC cell strength at the depths of observed
maximum counterclockwise circulation (Figure 4). In ORAS4, the most reliable among the three, as per
Figures 1a, 1d, and 1g, the maximumMOCs are south of 30°S (around 7 Sv at a depth of 2,000 m) and around
10°S (around 10 Sv at a depth of 3,000 m). GECCO2 would also display maximum MOCs at the same lati-
tudes if its MOC did not decrease (Figures 1b and 1j–1l). The southern cell is found to be contributed by a
combination of the external mode (Text S8) and geostrophic component (Figures 4a, 4b, 4g, and 4h). The cell
at 10°S is found to be contributed by a combination of geostrophic and Ekman components (Figures 4d, 4e,
4g, and 4h). In summary, as per ORAS4 and GECCO2, it can be inferred that the geostrophic component is as
significant as the Ekman component in the regional dynamics of the tropical IO MOC. Hence, both the slow
deep circulation and rapid wind‐driven circulation could be equally significant in determining the thermal
structure and ocean heat uptake in the tropical IO.

6. Conclusions

The structure of the deep MOC in the IO in three ocean reanalysis products (ORAS4, GECCO2 and GFDL) is
compared. All the three products are consistent with each other in simulating the dominant counterclock-
wise overturning cell located south of 30°S. This cell is dominated by the geopstrophic component and the
external mode of the IO MOC. Another strong deep counterclockwise cell is evident at 10°S in ORAS4. At
the same location, a weak counterclockwise cell is present in GECCO2, but a strong clockwise cell is seen
in GFDL. The weak nature of the cell in GECCO2 is due to the steady decrease in the bottom meridional
transport in GECCO2 unlike the other two. In GFDL, the clockwise cell is found to be the result of a low‐
resolution bathymetry where the 90°E ridge is too thick blocking the deep passages connecting west
Australian basin and central Indian basin. Therefore, from the three reanalysis data sets studied, we infer
that the IO Deep MOC is best represented in ORAS4. Based on ORAS4 and GECCO2, the inferred MOC con-
sists of two deep and strong counterclockwise cells located south of 30°S and around 10°S. The cell at 10°S is
due to the combination of Ekman and geostrophic components of the MOC. The role of mixing, horizontal
and vertical resolutions, and surface forcing in generating these differences cannot easily be inferred, and
such details are beyond the scope of the present study.

The slow deep circulation (MOC) along with the rapid shallow wind‐driven circulation are the major
components that determine the thermal structure as well as the ocean heat budget or the tropical heat
uptake. Here, as per ORAS4 and GECCO2, both the geostrophic component and wind‐driven circulation
are found to be equally significant for tropical IO as they contribute significantly to the MOC. The
response of the tropical IO thermocline to the decline in MOC is also investigated using GECCO2. In
agreement with the model studies with hypothetical basins by Boccaletti, Pacanowski, George,
Philander, & Fedorov (2004), Boccaletti, Pacanowski, George, and Philander (2004), the weakening of
MOC in GECCO2 is found to be nullifying the cooling trends that prevail in the eastern tropical IO.
In the western tropical IO, this cancelling effect is only partial, and it could be due to the strong influ-
ence of wind forcing in this region. Hence, it can be inferred that eastern tropical IO would be the first
region to respond to any such long‐term declining trends in MOC. Both ORAS4 and GFDL show an
increasing trend in the IO subtropical supergyre strength, but there is only a weak trend in GECCO2.
This could be due to the influence of the declining MOC on the supergyre. Comparative studies of rea-
nalysis products (Jayasankar et al., 2019; Karmakar et al., 2018) in the IO with in situ and satellite
observations finds ORAS4 to be the best with higher correlations and lower error. The results here also
underscore the credibility of ORAS4 in the IO.

We could hardly overstate the importance of the low‐frequency variability of the IO MOC and its role on the
tropical IO response to anthropogenic forcing. Considering the tendency of the community to employ these
reanalysis products as reality, this cautionary tale of the differences in them is very timely and important.
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