Northumbria Research Link

Citation: Thrivikraman Pillai, Jayasankar, Murtugudde, R. and Eldho, T. 1. (2020)
Inconsistent Atmosphere-Ocean Dynamics and Multidecadal Zonal SST Gradient Trends
Across the Equatorial Pacific Ocean in Reanalysis Products. Journal of Geophysical
Research: Oceans, 125 (9). ISSN 2169-9275

Published by: American Geophysical Union
URL: https://doi.org/10.1029/2020JC016297 <https://doi.org/10.1029/2020JC016297>

This version was downloaded from Northumbria Research Link:
http://nrl.northumbria.ac.uk/id/eprint/47027/

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.)

ok Northumbria 5

University
NEWCASTLE w

O]

8 UniversityLibrary


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

JGR Oceans

RESEARCH ARTICLE
10.1029/2020JC016297

Key Points:

« Nifno3.4 SST trends are positive in all
reanalysis products, but zonal SST
gradient trends do not agree with
each other

« Zonal SST gradient in two reanalysis
products is strengthening, but the
ocean dynamic drivers are different

« Suitability of ocean reanalysis
products must be verified for the
intended study, ensuring that their
biases do not affect the conclusions

Supporting Information:
« Supporting Information S1

Correspondence to:
T. L. Eldho,
eldho@civil.iitb.ac.in

Citation:

Jayasankar, T., Murtugudde, R., &
Eldho, T. I. (2020). Inconsistent
atmosphere-ocean dynamics and
multidecadal zonal SST gradient trends
across the equatorial Pacific Ocean in
reanalysis products. Journal of
Geophysical Research: Oceans, 125,
€2020JC016297. https://doi.org/
10.1029/2020JC016297

Received 5 APR 2020
Accepted 13 AUG 2020
Accepted article online 18 AUG 2020

©2020. American Geophysical Union.
All Rights Reserved.

'.) Check for updates

A Y aud [ | l ADVANCING
AT e science

Inconsistent Atmosphere-Ocean Dynamics and
Multidecadal Zonal SST Gradient Trends
Across the Equatorial Pacific Ocean

in Reanalysis Products

,and T. I. Eldho?

T. Jayasankar' (), R. Murtugudde'**

'Interdisciplinary Programme in Climate Studies, Indian Institute of Technology, Bombay, India, *Department of Civil
Engineering, Indian Institute of Technology, Bombay, India, 3ESSIC, University of Maryland, College Park, MD, USA

Abstract Ocean reanalysis products are routinely employed as reality checks in model evaluations and
for process studies. This is especially so for critical regions such as the equatorial cold tongue (ECT) in the
eastern equatorial Pacific where models suffer a chronic cold bias. ECT is a major player in the Pacific
equatorial zonal sea surface temperature (SST) gradient (AgwSST) that has a significant impact on oceanic
heat uptake and thus global climate. Hence, we investigate the reliability of three ocean reanalysis
products for surface flux and ocean dynamic controls on AgwSST and Nifio3.4 SST trends. We infer that
while Nifio3.4 SST trends are positive in all products, the signs of AgwSST trends do not agree with each
other because initial conditions likely play a big role in their evolution. However, for AgwSST trends, the
effect of initial conditions gets canceled out to some extent. Mixed layer heat budget and trends in ocean
dynamic features such as tropical and subtropical cells, equatorial undercurrent, and subsurface
temperatures are also diagnosed. We show that two reanalysis products that show a strengthening of
AgpwSST have contradicting trends in their surface heat flux and ocean dynamic contributions. This suggests
that without accurate surface heat and momentum fluxes, data assimilation techniques may produce an
east-west trend that is inconsistent among each other. Reanalysis products must address these issues
considering the importance of this gradient.

Plain Language Summary The east to west sea surface temperature (SST) gradient (AgwSST) of
the equatorial Pacific Ocean (EQPO) is characterized by a highly variable cold SST over the eastern EQPO
and relatively less variable warm, fresh pool in the west. This gradient reinforces the equatorial easterlies
because of a positive feedback with wind-driven upwelling in the east. Anomalous weakening
(strengthening) of the AgwSST and the resulting weaker (stronger) easterlies lead to an El Nifio (La Nifia).
On climate change timescales, this feedback modulates oceanic heat uptake and atmospheric warming

as seen by the La Nifia-like state during 1998 to 2013 and the so-called global warming pause. The reliability
of future climate projections depends on simulating the coupled dynamics of the region faithfully due

to its global reach. Therefore, climate models have to be thoroughly evaluated. As observations are
insufficient, ocean reanalysis products, which are comprehensive records produced by merging observations
and models, serve as surrogates for observations in this context. However, the surface heat fluxes and
ocean dynamics are inconsistent among three reanalysis products analyzed. The inconsistencies in surface
fluxes in two products still produce a similar AgwSST trend but with different ocean dynamic pathways.

1. Introduction

The eastern equatorial Pacific (EEP) is characterized by persistent cold sea surface temperatures (SSTs)
which soak up heat from the atmosphere, while the western equatorial Pacific (WEP) is home to some of
the warmest SSTs and persistent atmospheric deep convection. This east-west SST gradient plays a critical
role in the coupled ocean-atmosphere feedbacks (Bjerknes, 1969) during El Nifio Southern Oscillation
(ENSO). Much debate in the last two decades has focused on the potential role of this SST gradient in mod-
ulating the global temperature trend (e.g., Cane et al., 1997; Collins et al., 2010; Delworth et al., 2015;
Karnauskas et al., 2009; Seager & Murtugudde, 1997; Trenberth et al., 1998). It has served as the poster child
for the extensive debate on the causes for the recent global warming pause (England et al., 2014; Kosaka &
Xie, 2013; Lee et al., 2015). This gradient is maintained by the trade winds that drive an Ekman divergence
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and upwelling in the east and drag the surface waters westward. This results in a warm pool with higher sea
level and deeper thermocline in the western Pacific. The east-west SST gradient and the associated positive
feedback underlie the debate on modulation of global warming and oceanic heat uptake as well as the
response of ENSO itself to global warming (Collins et al., 2010; Vecchi & Wittenberg, 2010).

Advances in observing and modeling the global climate have been impressive (Simpkins, 2017). However,
one major shortcoming of CMIP5 models is an excessively cold equatorial cold tongue (ECT; known as cold
tongue bias). This is due to biases in winds driven by ocean response to a precipitation deficit through
Bjerknes feedback (Li & Xie, 2014). Some studies (Clement et al., 1996; Seager & Murtugudde, 1997; Sun
& Liu, 1996) suggest an increasing AgwSST in response to global warming pushing the system toward a cli-
matology favoring strong La Nifias and weak EI Nifios. However, the future of ENSO in a warming world
remains an open question (Cai et al., 2018). The climatological upwelling in the ECT is a critical process
for the evolution of AgpwSST considering the expected continuation of the warming in the WEP.
Consequently, the feedback mechanism can be expected to enhance the AgwSST further, and this expecta-
tion is backed by observations (Cane et al., 1997; Karnauskas et al., 2009) even though the lack of sufficient
observations is always a caveat (Vecchi et al., 2008). However, unlike observations and ocean reanalysis pro-
ducts (Ocean Reanalysis System 4 [ORAS4]), CMIP5 models predict a weakening ApwSST (Coats &
Karnauskas, 2018; Seager et al., 2019) favoring strong El Nifios. With the possible influence of natural varia-
bility on this bias in trends ruled out, the posited origin of this bias in trend is the cold tongue bias (Seager
et al.,, 2019). Model-dependent causes for the cold tongue bias also include anomalously strong/deep upwel-
ling, strong anomalies in equatorial thermocline depths, strong anomalies in cloud shading/evaporation,
errors in depth of shortwave penetration, and weak lateral stirring and vertical mixing due to tropical
instability waves and eddy-induced advection (Ray et al., 2018b). Ray et al. (2018a, 2018b) discuss a frame-
work for the evaluation of CMIP6 models using observations and reanalysis products. The study highlights
the significance of the mixed layer (ML) heat budget analysis of the equatorial Pacific for the evaluation,
especially of the ECT. It also underscores the need for evaluating climate models based on ocean dynamic
(OD) processes beyond simple indices such as SSTs and thermocline depths. This demands robust observa-
tions and reliable reanalysis products. At this juncture, this raises an important question that cannot be
dodged: just how reliable are ocean reanalysis products?

In order to answer this question, we investigate three reanalysis products (ORAS4, German contribution to
the consortium for Estimating the Circulation and Climate of the Ocean 2 [GECCO2], and Ensemble
Coupled Data Assimilation system by Geophysical Fluid Dynamics Laboratory [GFDLY]) in the context of
seasonal and decadal trends in AgwSST (Karnauskas et al., 2009), Nifio3.4 SST trends (Seager et al., 2019),
ML heat budget, and upper layer ODs. We show that there is no consensus between the three reanalysis
products studied in the context of AgwSST trends. Most notably, two products which show a strengthening
of AgwSST have contradicting trends in their ODs. The following sections illuminate the differences
among reanalysis products and their causes. The results presented in this manuscript should serve as a
warning against blindly relying on ocean reanalyses in evaluating climate models or in advancing process
understanding.

2. Data and Methods
2.1. Data

The ocean reanalysis products studied are the ORAS4 (Balmaseda et al., 2013), GECCO2 (Kohl, 2015), and
GFDL (Chang et al., 2013). ORAS4 is forced with the European Centre for Medium-Range Weather
Forecasts (ECMWF) products (ERA-40 until 1978, Uppala et al., 2005; ERA-Interim from 1979 onwards,
Dee et al., 2011). GECCO2 and GFDL are forced with the National Centers for Environmental Prediction
(NCEP) surface fluxes. GECCO2 is forced with the adjusted NCEP/National Center for Atmospheric
Research (NCAR) (Kalnay et al., 1996) fluxes alone. However, GFDL is a coupled climate model system
where the first guess for the atmospheric heat fluxes (HFs) is model generated, but it is constrained by
NCEP reanalysis fluxes through data assimilation. As the HFs used in GFDL are not available, in this study,
we associate GFDL to the available NCEP fluxes (NCEP/NCAR until 1978 and NCEP/Department of Energy
(DOE) fluxes after 1978, Kanamitsu et al., 2002).
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Four observational SST data sets are also analyzed to elicit the observed trends in the equatorial Pacific SSTs.
They are the UK Hadley Center Global Sea Surface Temperature Version 3 (HadISST; Kennedy et al., 2011a,
2011b), National Oceanic and Atmospheric Administration Extended Reconstructed SST version 5 (ERSST;
Huang et al.,, 2017), Kaplan extended SST Version 2 (Kaplan SST; Kaplan et al., 1998), and Japan
Meteorological Agency, Characteristics of Global SST Analysis Data Version 2 (COBE2; Hirahara et al.,
2014). The respective horizontal resolutions of HadISST, ERSST, Kaplan SST, and COBE2 are 1°, 2°, 5°,
and 1°.

2.2. Methodology

In this study, we first compare decadal trends and season-wise trends of AgwSST and Nifi03.4 SST. AgwSST
is computed by subtracting EEP (5°S to 5°N, 230-280°E) SST from WEP (5°S to 5°N, 150-200°E) SST as given
in Karnauskas et al. (2009). The Nifio3.4 SST is computed over 190-240°E and 5°S to 5°N as in Seager
et al. (2019). All trends estimated in this study are the Theil-Sen (Sen, 1968; Theil, 1950) slope, and the dec-
adal components are computed using an 8-year moving window smoothing (using smooth function, a curve
fitting tool available in MATLAB). All slope and mean estimates are for the period of 1961 to 2010 unless
specified otherwise. The aforementioned analysis period is chosen as GFDL reanalysis is only available from
1961 and GECCO2 reanalysis is restarted with new initial conditions after 2010. To understand the surface
HF and OD contributions to SST trends, a heat budget analysis of the ML is carried out.

As per Ray et al. (2018a), for such evaluations, ML should not be too deep such that the ML mean tempera-
ture reflects the SST and ML heat budget analysis represents the mechanisms that modulate the SST.
However, ML also should be deep enough to absorb most of the downward shortwave flux. Investigations
by Ray et al. (2018a) show that ML depth defined by the critical density criteria of a difference of
0.125 kg/m3 between potential densities of the surface layer and ML bottom layer satisfies the conditions
for heat budget analysis the best. The formulations for ML heat budgeting (Equations 1, 2, 3 and 4) is based
on Hendon (2003) and Dong et al. (2007).

aTh _ Qnet - q(_h') aTh

9t pCph 9t op W
a(=h) = g(0) [Re#) + (1 = R)el )] @
0T . 1.0 oT oT AT 0Ty,
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The left hand side of Equation 1 gives the rate of change of ML mean temperature where T, is the mean ML
temperature and ¢ is time. The first term of the right hand side of Equation 1 represents the HF contribution
to the ML temperature change where Q,,, is the net surface HF into the ocean; g(—h) the downward short-
wave HF at the base of the ML; h depth of ML; and p, reference density of seawater and C,, its specific heat.
The second term represents the net OD contribution to ML temperature tendency. Equation 2 corresponds
to the downward shortwave radiation at ML base, assuming it reduces exponentially from the surface to
depth h (Murtugudde et al., 2002; Paulson & Simpson, 1977; Qiu & Kelly, 1993) where g(0) is the downward
surface shortwave flux and the remaining terms R, y1, and y2 are constants that depend on water properties
specified (Jerlov, 1968). Equation 3 represents various terms in the OD component. The first term represents
the horizontal advection where, u and v are zonal (x, directed east) and meridional (y, directed north) velo-
cities, respectively. The vertical direction is denoted by z and T is the temperature at (x, y, ) at time ¢. The
second term represents the vertical entrainment, and w, is the entrainment velocity. The remaining term
is a residual term that also accounts for the vertical and horizontal mixing. Equation 4 gives the expansion
of w, where U, and V), are mean zonal and horizontal velocities of the ML. H is a Heaviside function that
returns 1 when terms inside the square bracket are positive and returns 0 otherwise.

To verify the contribution by ODs to long-term ML temperature tendencies derived based on the ML heat
budget, the trends in tropical and subtropical cells (TCs and STCs) are evaluated by assessing the upper
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layer meridional overturning stream function. The stream function on a latitude-depth plane is computed by
integrating the meridional mass flux at its zonal section from east to west followed by surface to the depth of
interest. Hence, a counterclockwise (clockwise) stream function would be negative (positive) with south-
ward (northward) flowing surface layers and northward (southward) flowing subsurface layers.

3. Trends in Equatorial Pacific SSTs and the Heat Budget
3.1. Trends in Zonal SST Gradient and Nifi03.4 SST

We compare the trends in Nifio3.4 SST and AgwSST of the reanalysis products against observations as they
are both key indicators of the tropical Pacific climate, especially AgwSST which plays a significant role in the
ocean-atmosphere feedbacks with a global reach (Figures 1a-1d). At interannual timescales, the products
satisfactorily reproduce SSTs and the AgwSST with slight departures in GECCO2 (Figure S1). At decadal
timescales, unlike ORAS4, GFDL, and observations, the ApwSST trend in GECCO?2 is strongly negative
(Figure 1d). Among observations, HadISST shows a strong positive trend in AgwSST while other SST pro-
ducts show weak and insignificant trends. For Nifo3.4 region, HadISST shows a weak and insignificant
warming while all three reanalysis products and observations depict an increasing SST (Figure 1b). Also,
among observations, the spatial patterns of SST trend show noticeable inconsistencies (Figure 2) that are
concentrated along the eastern (eastward of 230°E, i.e., 130°W) equatorial Pacific (Figure 2f). Among the
reanalysis products, spatial patterns of SST trends in ORAS4 match well with the observations, especially
the ensemble mean of the SST products (Figure 2c). The distinct features of SST trend patterns marked by
boxes A, B, C, and D in Figure 2c are well captured by ORAS4. In this regard, GFDL and GECCO2 fail to
satisfactorily capture these features. The correlation between SSTs of reanalyses and observational products
also underscores higher credibility of ORAS4 over the other two products (Figure S2 and Text S2). There is
an exceptionally strong eastern Pacific warming trend in GECCO2 (Figures 1c and 2h). The decreasing
AgwSST in GECCO?2 is due to its comparatively strong warming in EEP (Figure 1c). This is also reflected
in its Nifio3.4 SST trend which is the strongest among the three products. However, reanalyses (ORAS4
and GFDL) that predict a weak warming in EEP with an increasing ArwSST also show increasing
Nifo3.4 SST though it is comparatively weak. This implies that while CMIP5 models are shown to overpre-
dict the Nifo3.4 SST trends (Seager et al., 2019), their AgwSST could be different from each other. However,
in the reanalysis products evaluated, the biases in initial conditions that are uniform over the basin could
play a major role in their respective Nifio3.4 SST trends; reanalyses approach observations with time
(Figure 1b). Such systematic biases could get canceled in AgwSST, and hence, AgwSST could be a better indi-
cator while diagnosing the trends in equatorial Pacific climate. It is interesting to note that in all four obser-
vational products, the trend in Nifio3.4 SST is not as strong as their respective warming trends in WEP SST
and EEP SST. Hence, weak warming of Nifio3.4 SST in comparison with EEP and WEP SSTs could be an
indication of robust ODs in the model for the analysis period.

The seasonal means and trends of AgwSST are strongly influenced by SST variations in the EEP where
upwelling and heat uptake are important (Clement et al., 1996; Karnauskas et al., 2009). Consequently, it
is important to examine the seasonality of climatology and of trends in the reanalysis products. The seasonal
cycle and trends of AgwSST are well represented except in GECCO2 (Figures S3b and S3d). The climatolo-
gical seasonal cycle of AgwSST is in effect the inverse of that of the EEP SST (Figure S4b) due to its strong
seasonal cycle compared to that of the WEP. Also, the trends for all months of EEP and WEP SSTs in
ORAS4 and GFDL are within the range of observations. For GECCO2, the trends for each month of EEP
and WEP SSTs are respectively higher and lower than the observations (Figures S4c and S4d). Despite repro-
ducing the climatology of Nifio3.4 SST well, the reanalysis products do not capture the seasonality of the
trends. In particular, the cooling trend during winter months is not captured (except for ORAS4) and the
warming trends at other times are much (slightly) stronger than observations in GECCO2 (ORAS4 and
GFDL) (Figure S3c). To better understand the role of atmosphere-ocean dynamics in the SST trends dis-
cussed thus far, a heat budget analysis of the ML is presented next.

3.2. ML Heat Budget

The trends in ML mean temperature of the key locations (Figures 3a-3c) closely correspond to (differences
within 10%) their respective SST trends (Figures 1a-1c). Since SST trends are negligible at all locations com-
pared to the magnitude of trends in HF contributions (Figures 3d-3f), the trends in OD contributions
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Figure 1. Smoothed (8 year) time series of (a) WEP SST, (b) Nifio3.4 SST, (c) EEP SST, and (d) AgwSST in reanalysis products and observations with trends
included (significance less than 95% are also listed).

LAT °N)

LON (°E)

Figure 2. Spatial patterns of SST trends in (a) HadISST, (b) COBE2, (d) ERSST, (e) Kaplan SST, (g) ORAS4, (h) GECCO2, and (i) GFDL. (c) Ensemble mean and
(f) standard deviation of trends in observational SST products shown in (a), (b), (d), and (e).
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Figure 3. Smoothed (8 year) time series of ML temperature at (a) WEP, (b) Nifio3.4, and (c) EEP and smoothed time series of ML temperature tendencies due to
heat flux at (d) WEP, (e) Nifio3.4, and (f) EEP, in reanalysis products with trends included (significance less than 95% is also included). (g-i) are the same as (d-f)
but for ocean dynamic contributions.

(Figures 3g-3i) are nearly opposite to the respective trends in HF contributions. There is a consensus
between the three reanalysis products when trends in their HF and OD contributions over the Nifio3.4
region are compared. However, there is no consistency when trends in HF contributions in each
reanalysis products at the three key locations are compared against each other (Figures 3d-3f). The HF
contributions in GFDL are decreasing in both WEP and EEP. The HF contributions of GFDL and ORAS4
are based on fluxes obtained from National Oceanic and Atmospheric Administration (NOAA) and
ECMWF websites, respectively, as HFs of these products are not archived along with the model outputs as
in the case of GECCO2. The decreasing trend in HF contributions in GFDL shown here is due to the shift
in its means when the source of HFs is switched from NCEP/NCAR fluxes to NCEP/DOE fluxes after
1978. This is depicted as a shift around 1978 in HFs of GFDL and it is clearly noticeable as changes in
mean HF values of the two products (Figure S5). For the analysis period from 1961 to 2010, in ERA40 and
NCEP/NCAR surface, HFs are increasing. In ORAS4, even after switching from ERA40 to ERA interim
after 1978, the trends in surface HFs are increasing. Due to the non-availability of exact HFs that are used
to drive the model, we are unable to report how the HFs are nudged in GFDL. In GECCO2, the trends in
its net surface HFs which are adjusted before model integration are stronger than that of the respective
NCEP/NCAR fluxes except for EEP (Figures S5a-S5c). In GECCO2, the trends in HF contributions in
EEP are weak compared to that of ORAS4 and GFDL. However, the EEP SST trend is the strongest in
GECCO2 compared to that of ORAS4 and GFDL. This suggests that the EEP cooling due to OD
contributions in GECCO2 should be really weak as shown in Figure 3i. However, for ORAS4, despite
having the strongest warming trend in HF contributions in EEP, its SST trends are the weakest. This
suggests that the cooling trends due to OD contributions to EEP SST are strong in ORAS4 and weak in
GECCO2. However, in GFDL, the declining trends in HF contribution over EEP SST suggest that OD
could possibly be contributing to the warming of EEP provided that the HF trends shown in Figure 3 are
more or less valid against the real fluxes forcing the product. The decomposition of OD contributions into
its components (Equation 3 and Figure S6) suggests that the residual term is the major contributor in the
EEP. It must be noted that this residual term also includes mixing which cannot be quantified here since
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this information is not provided by the reanalysis products. This is consistent with Ray et al. (2018a) where
vertical mixing is shown to be the driver in EEP SST cooling. This is because ML depth criterion chosen
results in a comparatively thinner ML and layers where temperature tendencies are significantly contributed
by advection is below the chosen ML (Ray et al., 2018a). Since confirming the trends in OD contributions is
vital for further analysis and interpretations, we proceed to the comparison of trends in the other OD fea-
tures such as the equatorial undercurrent (EUC), TCs and STCs, and subsurface temperatures that largely
determine the equatorial ODs.

4. ODs in the Equatorial Pacific Ocean
4.1. Subtropical and Tropical Cells and the Equatorial Undercurrent

As per some of the previous studies (England et al., 2014; McPhaden & Zhang, 2002, 2004), the ODs of the
equatorial Pacific that drive low-frequency modulations of the EEP SST and thus the AgwSST mainly consist
of TCs and STCs and the EUC which are driven by the easterlies over the basin. The Pacific STCs are upper
layer meridional overturning cells within the thermocline in both hemispheres that subduct (upwell) in the
subtropics (tropics) with equatorward (poleward) subsurface (surface) transport (Liu, 1994; McCreary &
Lu, 1994). Additionally, in both hemispheres, narrow cells known as TCs are also present within a 5° latitude
limit (Lohmann & Latif, 2005; Lu et al., 1998). The STCs determine the meridional heat transport and equa-
torial SSTs, thereby playing a critical role in the low-frequency variability of the equatorial Pacific
(McPhaden & Zhang, 2002; Yamanaka et al., 2015). The EUC is an eastward-flowing subsurface current
which is driven by the east-west pressure gradient created by sea level slope maintained by the easterlies
(Drenkard & Karnauskas, 2014). The EUC along with the equatorial westward surface flow driven by the
climatological easterlies thus more or less closes the equatorial zonal circulation (see Figure 3 of England
et al., 2014). Hence, the strength of EUC is an indication of the strength of upwelling in EEP and the conse-
quent cooling there.

The mean strength of the STCs and TCs along with the EUC are shown in Figures 4a—4f. The northern STC
(NSTC) and northern TC (NTC) in GFDL are the strongest. The NSTC in GECCO?2 is slightly stronger than
that of ORAS4. The NTC in GECCO?2 is the weakest. Also, the mean westward flow of the northern Pacific is
weaker in GECCO2 compared to the other two (Figure 4d). The EUC is strongest in GFDL and weakest in
GECCO2. Consistent with these, the easterly wind stress in GFDL are significantly stronger than that of
ORAS4 and GECCO?2 (Figures 4g and 5). In the eastern Pacific, especially in the Northern Hemisphere,
the zonal wind stress in GFDL is nearly twice as strong as that of ORAS4 and GECCO2 (Figure 4g). This
explains the comparatively stronger NTC, NSTC, and EUC in GFDL. In the Southern Hemisphere, the TC
and STC in GFDL are combined to form a larger cell. However, the structure of the TCs, STCs, and EUC
as well as the seasonal climatology of these cells (Figure S7) in general is consistent in the three reanalysis
products with differences in their magnitudes. To elicit the trends in OD contribution to SST, the trends
in STCs and EUC need to be investigated. However, we first investigate the trends in zonal wind stress used
in the three products (Figure 5).

Though the spatial patterns of mean zonal wind stress are similar in all three products, the magnitude of
winds in GFDL is stronger than that of ORAS4 and GECCO2 in a few regions, especially in the northern
Pacific (around 10°N) and southwestern Pacific (around 20°S). As mentioned earlier, this explains the stron-
ger STCs in GFDL. The trends in zonal wind stress in the three products are different (Figures 5d-5f). In
ORAS4, the trends suggest a strengthening of easterlies all over the basin (especially so in the southern
Pacific) except for the equatorial Nifio3.4 region and its vicinity. Hence, in ORAS4, a strengthening of
STCs and the EUC facilitating a strong cooling by upwelling in EEP can be expected. In GECCO2, the trends
in wind stress are comparatively weaker, and hence, only weak trends in OD contributions are expected, if at
all. In GFDL, a noticeable weakening of easterlies is observed especially in the northeastern Pacific. Hence,
in GFDL, the weakening of STCs and EUC can be expected. Thus, the trends in zonal winds stress in all three
products underlie the inferences drawn out of ML heat budget analysis.

To confirm the inferred trends in OD contributions to SST, we further investigate the trends in STCs and
EUCs along with trends in equatorial subsurface temperature (Figure 6). In ORAS4, there is a strengthening
(weakening) of southern STC (TC). Also, there is a strengthening of the NTC and a more or less stable NSTC
(Figure 6a). In GFDL, the southern STC is more or less stable. However, there is a strengthening of both the
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Figure 4. Time mean (1961-2010) meridional overturning stream function depicting the Pacific subtropical-tropical cells
(Sv, positive clockwise and negative counterclockwise) and zonal current speeds (m/s) at 160.5°W in the tropical
Pacific Ocean in (a and b) ORAS4, (c and d) GECCO?2, and (e and f) GFDL. (g) Time mean zonal wind profile in the
western and eastern Pacific averaged between longitude limits of WEP and EEP, respectively (see text).

TCs and weakening of the NSTC (Figure 6g). In GECCO2, trends in the TCs and STCs are considerably weak
compared to those of ORAS4 and GFDL. The STCs carry subsurface pycnocline waters equatorward mainly
as western boundary currents after circulating across the basin (Lu et al., 1998; Schott et al., 2004) and join
the EUC in the west (Lu & McCreary, 1995). The strength of STCs can be inferred from geostrophy
(Lee, 2004), and strengthening of STC is marked by anomalous rising and falling of sea surface height in
the western and eastern Pacific, respectively (Feng et al., 2010). The resulting east-west gradient anomaly
in sea surface height strengthens the EUC. Moreover, the EUC exists due to the east-west gradient in sea
level sustained by equatorial easterlies, and it disappears in the absence of easterlies (McCreary &
Lu, 1994). Unlike the STC, TC exists due to diapycnal mixing and much of the TC waters converge
toward the equator and feeds the EUC in the interior ocean (mainly in central and eastern Pacific) and
away from western boundary (Lu et al., 1998). According to Nie et al. (2019), the major source of EUC
waters comes through the western boundary pathway and the TCs only contribute 22% of the EUC.
Hence, trends in EUC are expected to reflect the STC strengths. As expected, the trends in EUCs in the
three products are consistent with the trends in their STCs. In ORAS4 (GFDL), there is a strengthening
(weakening) of southern (northern) STC (Figures 6a, 6g, S8a, and S8d) with an accelerating (decelerating)
EUC (Figures 6b and 6g). The weak trends in TCs and STCs of GECCO2 are also manifested as a weak
acceleration in its EUC. In all three products, the trends in their respective EUC are reflected in the
subsurface cooling trends in the east (Figures 6c, 6f, and 6i).

In the eastern Pacific, in all products, the subsurface cooling trends are centered approximately between 100
and 120 m along the thermocline (20°C isotherm) between 140 and 130°W (220-230°E in Figures 6c, 6f, and
6i), which is under the Nifio3.4 region. For convenience, we define this location as the origin of cooling (OC).
The cooling trend is strongest in ORAS4 with the cooling extending both westward and eastward from the
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Figure 5. Time mean (1961-2010) zonal wind stress and its trend in the tropical Pacific Ocean in (a and d) ORAS4, (b and e) GECCO2, and (¢ and f) GFDL.

OC along the thermocline with only a negligible decline in its magnitude. The cooling trend in ORAS4 also
extends up to the surface layers in the east. In GECCO2, toward east of the OC, the cooling declines rapidly
along the thermocline and transitions to a subsurface warming above the thermocline in EEP. Toward west
of the OC, the decline in cooling along the thermocline is not as rapid and there is a weak cooling trend along
the deeper thermocline layers of the western Pacific. In GFDL, the cooling trend in OC is really weak and it
declines quite rapidly both eastwards and westwards. However, a strong and confined cooling can be
observed along the deeper thermocline of the western Pacific (Figure 6i).

The trends in temperature tendencies due to horizontal advection and all the remaining terms of the heat
budget are shown in Figure 7. Though the trends are inconsistent across the reanalysis products, the mean
values of the temperature tendencies shown in Figure 7 are consistent across them (Figure S9). In ORAS4
and GECCO2, the horizontal advection is warming the layers immediately above the thermocline and cool-
ing the layers beneath (Figures 7a, 7b, 7d, and 7e). This could be attributed to the strengthening of EUC,
where, in layers above the thermocline, warm waters within the thermocline from the western Pacific are
transported eastwards. In layers below the thermocline, cool deeper waters are transported eastwards. In
ORS4, a basin-wide westward acceleration of equatorial waters is noticed (Figure S10b), while in
GECCO2, this westward acceleration is limited to 100 to 250°E (Figure S10e). This must be the reason for
a basin-wide cooling along thermocline in ORAS4 and the observed cooling within the above-mentioned
longitudes in GECCO2. The cooling of layers above the thermocline can be explained by the remaining
terms that include vertical advection and mixing (Figures 7c and 7f). The patches of trends in temperature
tendencies, thermocline, and isopycnals all run nearly parallel, and this suggests that cross-isopycnal mixing
is the dominant mechanism here. Corroborating this, the trends in Brunt-Vaisala frequency (N?) of the sur-
face layers of ORAS4 show a decrease in stability (Figure S11b). In GECCO2, such noticeable decreasing
trends in N are confined to surface layers of the east (Figure S11d).

In GFDL, the EUC weakens, and this is manifested as cooling in layers above the thermocline (Figure 7g).
However, quite similar to GECCO2 and ORAS4, in GFDL, the layers below the thermocline also cool due to
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Figure 6. Trends (1961-2010) in meridional overturning stream function depicting the subtropical-tropical cells (Sv/year, positive clockwise and negative
counterclockwise), zonal current speeds (cm/s/decade) at 160.5°W and the equatorial subsurface temperature (°C/year) in (a—c) ORAS4, (d-f) GECCO2, and

(g-i) GFDL. A qualitative representation of mean cell strength contours (black) is also shown in the first column, and the profile of mean thermocline depth (black
line) is shown in the last column.

zonal advection. In this regard, the trends in equatorial zonal velocities in GFDL show basin-wide westward
acceleration in the layers above 400-m depth and strong eastward acceleration in the layers below
(Figure S10h). Hence, the eastward accelerated cooler waters of layers deeper than 400 m could be
supplying the westward accelerated waters above them in the east. The cooling below the thermocline
could be due to this vertical structure of zonal currents. The remaining terms of the heat budget that
account for mixing and vertical advection show strong warming along the thermocline (Figure 7i). The
trends in N? also show increasing stability in the region (Figure S11h). This can explain the weak cooling
in GFDL along the eastern equatorial thermocline. An interesting observation here is that, in GFDL,
layers deeper than the thermocline show a warming trend (Figure 6i). Understanding the mechanism
behind such trends demands a more detailed analysis with exact HFs, mixing coefficients, and vertical
velocities, which is beyond the scope of this paper. However, in this regard, we once again highlight the
strong trends in zonal velocities of the deeper layers (down to 1,000 m) of equatorial Pacific in GFDL
(Figure S10h) and negative trends in N in its deep layers (Figure S11h). This could be due to the stronger
easterlies (Figure S12) in GFDL and potentially related to other processes such as vertical or diapycnal
mixing.

Returning to HF and OD contributions to SST trends in EEP, in all three products, the trends in subsurface
temperature as well as SST are consistent with the known mechanisms related to temperature variability
linking STCs, EUC, and surface HFs. Hence, the inference made from ML heat budget analysis can be con-
sidered valid, at least qualitatively. The differences in these reanalyses point toward the paramount impor-
tance of surface heat and momentum fluxes which themselves are related to the coupled dynamics that
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Figure 7. Trends (1961-2010) in temperature tendencies (°C/year/century) due to zonal advection, (a) ORAS4, (d) GECCO2, and (g) GFDL; meridional advection,
(b) ORAS4, (e) GECCO2, and (h) GFDL; and all remaining terms in the heat budget, (c) ORAS4, (f) GECCO2, and (i) GFDL. Broken lines represent density
(density: 1,000 kg/m3) contours, and solid lines represent thermocline depth (between 50 and 200 m) and mixed layer depth (below surface within 40 m).

determine the extent of warming in the EEP. This shows that data assimilation is only effective when
complemented by accurate surface flux forcings. This also suggests that the usage of reanalysis products
as a proxy for observations cannot guarantee a reliable representation of reality. Hence, in studies
involving reanalysis products, it is better to compare them based on the specific objective of the study and
handpick the most suitable one(s).

4.2. ITF and Upper Layer HCA

The equatorial Pacific SST gradient, the EEP heat uptake, and related upper layer ODs have been extensively
studied (England et al., 2014; Kosaka & Xie, 2013) for the global warming hiatus period (1998-2013). The
slowdown in global warming for a decade is debated, but the main mechanism invoked is related to the heat
uptake by the ocean in the ECT. A model study focused on the heat content of the upper 700 m shows that
during this period, a major share of increased heat uptake by the Pacific due to strengthened easterlies is
advected into Indian Ocean through strengthened Indonesian Throughflow (ITF). The strengthening of
easterlies in the northwestern tropical Pacific is identified as the cause for the strengthening of ITF
(Lee et al., 2015). Since ITF is a part of the global conveyer belt that also facilitates thermal coupling of
the Indo-Pacific basins, we investigate ITF in the reanalysis products (Text S13 and Figure S13). In GFDL,
the high mean easterlies in the northwestern Pacific and their increasing trends result in a strong ITF
with a strong increasing trend. Similarly, in ORAS4, a weaker increasing trend in ITF is observed with
the increase in the easterlies of its tropical northwestern Pacific. However, in GECCO2, ITF decreases
despite an increasing trend in the easterlies. Unlike ORAS4 and GFDL, in GECCO2, the tropical southern
Indian Ocean sea level rises, and this downstream control of ITF appears to be dominant in governing its
strength. The rising trend in southeastern tropical Indian Ocean sea level in GECCO2 when compared
to ORAS4 is also reported in Jayasankar, Eldho, et al. (2019). As per Jayasankar, Murtugudde, and
Eldho (2019), unlike GFDL and ORAS4, there is a deepening trend in thermocline depth of the tropical
southern Indian Ocean in GECCO2 in response to its declining Indian Ocean deep meridional overturning
circulation (MOC). The impact of the deep MOC on the upper thermocline is in accord with theoretical
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expectations (Boccaletti, 2005; Boccaletti et al., 2004, 2005). Considering the recently reported results that the
Indian Ocean warming may affect the Pacific response to global warming (Zhang et al., 2019), the differences
in the Indian Ocean in the three reanalysis products must be assessed critically (Jayasankar, Murtugudde, &
Eldho, 2019). Jayasankar, Eldho, et al. (2019) have shown that ITF in ORAS4 is more realistic than that in
GECCO2 and the ITF in GFDL shows unrealistic trends. Since ITF trends in these products can be explained
by the trends and means of their wind stresses, it gives us more confidence in the realism of ECMWF winds
that are used to force ORAS4. Regarding the heat content anomaly (HCA) of the upper 700 m, all three
products capture the seasonality of the HCA in the Pacific Ocean (Text S14 and Figure S14). However, the
decadal evolution of the HCA in each product is different due to the different initial conditions.
Deconvolving the role of ITF and local winds in the upper layer heat content variability is not straightfor-
ward, and thus, this brief discussion on the differences in the reanalysis products must suffice here.

5. Summary and Conclusions

The equatorial zonal SST gradient (AgwSST) in the Pacific and its strong relation with the zonal winds and
heat uptake in the EEP have a large influence on global climate at seasonal to interannual timescales. The
heat uptake in the EEP is also shown to have a major influence on the atmospheric warming due to anthro-
pogenic greenhouse gas emissions. The EEP features the eastern Pacific cold tongue (ECT) which is charac-
terized by a sustained year-round upwelling, is relatively cooler, and is a location of strong heat uptake. The
SST variability in the EEP largely determines the AgwSST variability, because SST is less variable in the
warm WEP. However, atmospheric convection over the warm, fresh pool in the WEP plays a significant role
in the coupled feedbacks that control the zonal SST gradient. Climate models have a chronic Pacific ECT
cold bias which will impact the future climate projections. The evaluation of the ODs of the equatorial
Pacific Ocean in the climate models demands high-quality reanalysis products and observations to validate
against. Hence, we have evaluated three ocean reanalysis products (ORAS4, GECCO2, and GFDL) for their
trends (from 1961 to 2010) in Nifio3.4 SST and AgwSST and the ODs that contribute to the SST trends in each
of them.

The SST trends in the Pacific Ocean in four observational data sets (HadISST, ERSST, Kaplan SST, and
COBE2) are first compared. HadISST shows an increasing trend in AgwSST while the other three show weak
and insignificant trends. The spatial pattern of the Pacific Ocean SST trend in HadISST is also remarkably
different from that of the other three data sets. However, the inconsistencies in SST trends among the SST
products are mainly concentrated in the EEP. Among the reanalysis products, the spatial pattern of SST
trend in observational data sets is captured well by ORAS4, and in the EEP, it is more in line with
HadISST data set. Spatial correlation between SST products and reanalysis products also shows the credibil-
ity of ORAS4 over the other two reanalyses. Both ORAS4 and GFDL show an increasing trend in AgwSST
while GECCO2 displays a weakening trend. This is due to a strong warming trend in the EEP and
Nifno3.4 SSTs of GECCO2 compared to those of ORAS4 and GFDL. As the initial conditions of each product
also play a role in Nifio3.4 SST trends, it is not possible to differentiate model biases from the influence of
initial conditions. However, when AgpwSST is evaluated, the errors due to initial conditions are expected
to somewhat diminish to achieve a better representation of the equatorial SST. The trend in Nifio3.4 SST
in observational products is also not as strong as their respective warming trends in WEP and EEP SSTs.
This is clear from the spatial patterns of SST trends of each. This could be an indication of the increasing
influence of a comparatively cooler EEP on the Nifio3.4 region. If confirmed, this can be used to elucidate
the nature of AgwSST trends in the real world. Models which capture the observed role of EEP and WWP
in the SST gradient and its trend can yield further insights into the future of oceanic heat uptake as well
as other important issues such as the response of ENSO and its diversity in a warming world. In this regard,
ORAS4 captures the observed SST trend patterns remarkably well and the ITF in this product is more rea-
listic. This increases the confidence in the model and surface fluxes that are used to force the model.
These also provide strong supporting evidence that AgwSST has increased in the last five decades.

To differentiate surface flux and OD contributions to the SST trends, an ML heat budget analysis is per-
formed. In all products, ML mean temperature trends in key regions (WEP, Nifo3.4, and EEP) closely match
their respective SST trends. GFDL is a coupled climate model where the HFs predicted by the model are con-
strained by the NCEP fluxes and the exact HFs by which it is forced are not available. Therefore, NCEP
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fluxes themselves are used for ML heat budget analysis in GFDL. For the Nifio3.4 region, there are differ-
ences in mean HF across the products, but the trends in HF in all are increasing. For WEP and EEP in
GFDL, the HF contributions are cooling over time. This is likely due to the change of atmospheric products
used in GFDL from NCEP/NCAR data set to NCEP/DOE data set after 1978 with the mean of the latter being
lower than the former. Consequently, in EEP, the HF (OD) contribution is cooling (warming) in GFDL. To
summarize, in EEP, all three products show different trends in HF and OD contributions; HF contributions
show a strong warming in ORAS4, an insignificant cooling trend in GECCO2 and a cooling trend in GFDL.
The respective trends in OD contributions are more or less the inverse of the HF contributions. The ML heat
budget analysis thus suggests that the HF and ODs that deliver the respective EEP SST trends in these rea-
nalysis products are inconsistent. The respective strong cooling and warming trends in OD contributions of
ORAS4 and GFDL in EEP are mainly governed by the residual term that account for mixing.

The upper layer meridional overturning cells (STCs and TCs) and EUC are investigated further for their role
at decadal timescales. The mean structure of TCs, STCs, and EUC as well as the seasonality of TCs and STCs
in the reanalyses internally are consistent with each other. However, the mean NTC, NSTC, and mean EUC
of GFDL are stronger than those of ORAS4 and GECCO2. The EUC in GECCO2 is the weakest. The spatial
pattern of mean zonal wind stress in the three products can explain their respective mean strengths of TCs,
STCs, and EUC. The easterlies of GFDL are the strongest, driving the strengths of its upper layer meridional
overturning cells. In terms of trends, the northern (southern) STC in GFDL (ORAS4) spins down (up).
However, only weak trends are present in GECCO2. Corresponding to the trends in wind stress, strong
deceleration (acceleration) of the EUC occurs in GFDL (ORAS4) while a weak acceleration of the same
occurs in GECCO2. The trend in the EUC strength of each product is reflected in its equatorial (a latitude
band of 3°) subsurface temperature trend.

A strong cooling all along the thermocline from east to west with a maximum cooling below the Nifio3.4
region is evident in ORAS4 while a weak and zonally limited cooling occurs along the thermocline in
GECCO2. In GFDL, this cooling is the weakest among the three below the Nifio3.4 region, but a strong cool-
ing is evident deeper in the western Pacific along with a basin-wide warming in deeper layers below the ther-
mocline. The trends in TCs, STCs, EUC, and subsurface temperatures are quite internally consistent with the
zonal wind stress trends in each product. A weakening (strengthening) of easterlies is observed in the eastern
(western) Pacific in GFDL. A strengthening of easterlies is observed in ORAS4 except for the Nifo3.4 region
and its vicinity. However, a relatively weak strengthening of zonal easterlies is observed in GECCO2 which is
confined to the western Pacific. Therefore, the ODs of the reanalysis products evaluated and their respective
forcings like wind stresses and HFs qualitatively support the inferences drawn from the ML heat budget ana-
lysis. This underscores the lack of agreement between the trends in Nifio3.4 SST, AgwSST, and ODs in these
products. Hence, evaluation of climate models just by comparing trends of these simple indices could result
in wrong inferences of their dynamics and reliability.

In this study, we have shown that the monthly zonal SST gradient trends of the equatorial Pacific Ocean
reproduced in two reanalysis products from 1961 to 2010 are similar (ORAS4 and GFDL) albeit supported
by different trends in ODs. This suggests that when the accuracy in forcing fluxes of models is compromised,
data assimilation and other constraints such as flux corrections could guide the model dynamics through
unnatural pathways such that the observed trends and climatology are captured for the wrong reasons.
Hence, accurate forcing fluxes maybe the most critically needed quantities to improve ocean reanalyses
where there are potentially multiple pathways by which observed trends can be generated in the complex
atmosphere-ocean dynamics system. Ocean dynamical processes also must be accurately represented in rea-
nalyses if they are to serve as reliable validation products for climate models and for advancing process
understanding of physical mechanisms. The inconsistencies identified here suggest that taking an ensemble
average of reanalysis products as a proxy for past climate may result in misleading conclusions. Further,
ocean reanalysis products must make available all forcings, variables, and diffusivities so that rigorous eva-
luations of them can be carried out.

Data Availability Statement

The ocean reanalysis data sets (GECCO2, ORAS4, and GFDL) and respective wind data sets are downloaded
from links available from the University of Hamburg website (https://icdc.cen.uni-hamburg.de/daten.html).
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