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Abstract While the prominent influence of El Nifio-Southern Oscillation (ENSO) on the Indian Ocean
Oscillation (IOD) is widely recognized, intricate relationships between them are often invoked that introduce
challenges into seasonal predictions. Previous studies have shown that different flavors of El Nifio exhibit
distinct associations with the IOD. In this study, we demonstrate that La Nifia's teleconnection to the IOD is
primarily controlled by its longitudinal position. Westward-displaced La Nifia events tend to produce stronger
negative convection anomalies in the central Pacific and more pronounced Walk Circulation anomalies, thereby
triggering strong negative IOD events. In contrast, eastward-displaced La Nifia events are usually accompanied
by feeble convection response due to the excessively cold conditions in the cold tongue, yielding insignificant
IOD response. The pivotal role of La Nifia's longitudinal position on the IOD's response is realistically
reproduced by targeted pacemaker experiments, providing new insights into inter-basin climate connections.

Plain Language Summary The tropical Indian Ocean usually witnesses a dipolar pattern of sea
surface temperature (SST) anomalies, which is commonly referred to as the Indian Ocean Dipole (IOD). The
IOD phenomenon has received much attention due to its profound global impacts, yet its seasonal prediction
remains a large challenge for the climate community. The year-to-year variability of IOD has usually been
linked to the El Nifio-Southern Oscillation (ENSO), the predominant interannual climate variability in the
tropical Pacific. The relationship between El Nifio (i.e., warm phase of ENSO) and the intensity of IOD has been
demonstrated in previous studies, which is shown to be dependent on the different El Nifio flavors. In this study,
we show that the longitudinal position of negative SST anomalies during La Nifia events (i.e., cold phase of
ENSO) in shaping their connection with IOD. Different from westward-displaced La Nifia events that can drive
robust negative IOD events, eastward-displaced La Nifia events do not yield significant IOD anomalies due to
the excessively cold conditions prevalent in the eastern Pacific cold tongue region. We highlight the importance
of La Nifia's longitudinal position in its teleconnection to other ocean basins and the associated regional climate
anomalies.

1. Introduction

A dipole pattern of sea surface temperature (SST) anomalies usually emerges in the tropical Indian Ocean (10),
which is commonly referred to as the Indian Ocean Dipole (IOD) (Saji et al., 1999; Webster et al., 1999). A
positive IOD event is characterized by cooling SST along the Java-Sumatra coast and accompanied by simul-
taneous warming SST in the western tropical 1O. The typical IOD develops in boreal summer, matures in autumn,
and rapidly decays in the following seasons. The IOD has aroused widespread concerns in the scientific com-
munity due to its far-reaching global effects, affecting regions such as East Africa (Saji et al., 1999), the Asian-
Australian monsoon zone (e.g., Ashok et al., 2001; Cai & Cowan, 2008; Zhang et al., 2021).

The IOD events are frequently observed to co-occur with the El Nifio-Southern Oscillation (ENSO) conditions in
the tropical Pacific. Specifically, positive IOD events are typically accompanied by El Nifio events, while
negative IOD events are commonly linked to La Nifia events (e.g., Allan et al., 2001; Annamalai et al., 2003;
Baquero-Bernal et al., 2002; Xie et al., 2002). As the predominant interannual climate variability, the ENSO can
drive climate anomalies that extend beyond the tropical Pacific, affecting global climate through atmospheric and
oceanic teleconnections (e.g., Alexander et al., 2002; Klein et al., 1999; Lau & Nath, 2003). ENSO has long been
considered as an important external forcing for the IOD SST variability (Fan et al., 2017; Li et al., 2003; Scott
et al., 2009; Stuecker et al., 2017; Wang et al., 2019), while some earlier studies argued that the IOD might be an
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internal mode (Saji et al., 1999; Webster et al., 1999). Despite that the exact nature of the IOD dynamics remains
open to debate, ENSO serves as the primary predictability source of IOD on the seasonal to interannual timescales
(e.g., Liu et al., 2022; Zhao et al., 2020).

Over the last two decades, a new type of El Nifio has become frequent in the central tropical Pacific (referred to as
central Pacific El Nifio, CP El Nifio), which is distinctly different from the traditional El Nifio type with its SST
anomaly center located in the eastern tropical Pacific (known as eastern Pacific El Nifio, EP El Nifio) (e.g., Ashok
et al., 2007; Kao & Yu, 2009; Kug et al., 2009; Larkin & Harrison, 2005). These two flavors of El Nifio exhibit
different associations with IOD, as highlighted in the prior research (Zhang, Wang, Jin, et al., 2015; Zhang, Wang,
Xiang, et al., 2015). EP El Nifio events display a robust relationship with the IOD dependent on their intensity,
whereas the connection between CP El Nifio events and the IOD is primarily determined by the longitudinal
position of the El Nifio-related positive SST anomalies rather than the magnitude.

In contrast to the ENSO warm phase, the SST anomalies during the cold phase (i.e., La Nifia) are typically
displaced westward, considering the outcropping thermocline nonlinearity due to the shallow background ther-
mocline in the Pacific cold tongue region. At present, the classification of La Nifia into different flavors and
identification of key factors governing its climate impacts remain subjects of debate (e.g., Cai & Cowan, 2009;
Kug & Ham, 2011; Ren & Jin, 2011; Zhang, Wang, Jin, et al., 2015; Zhang, Wang, Xiang, et al., 2015). In the
study, we investigate the complicated connection of La Nifia with the IOD and we found that the teleconnection of
La Nifa to IOD is primarily determined by the longitudinal positioning of SST anomalies.

2. Methods

Our analyses cover the period of 1960-2022 for all data sets, except for the data set from GODAS only available
from 1980 to 2022. All data sets are linearly detrended to avoid the potential impact of global warming. We
conducted all statistical significance tests using the two-tailed Student's #-test.

We further examined the outputs from ensembles of tropical Pacific Pacemaker experiments (comprising 10
members) using the National Center for Atmospheric Research Community Earth System Model version 2
(NCAR CESM2) (Danabasoglu et al., 2020), evidencing the main conclusion based on the observation. In these
simulations, the SST anomalies related to ENSO in the central and eastern Pacific were fully nudged toward
observations within the 15°S—15°N latitude range during 1880-2019. The region outside the nudging area is
allowed to evolve freely. To focus on the impacts of tropical Pacific ENSO and eliminate the possible influence
from the internal process in the tropical 10, our analyses were built upon the ensemble mean in the period (1960—
2019).

ENSO intensity is measured using the Nifio3.4 index, computed as the average SST anomalies within the 5°S-5°
N and 120°-170°W region. The intensity of IOD is described as the dipole mode index (DMI), representing the
SST anomaly zonal gradient between the western equatorial (10°S—10°N and 50°-70°E) and southeastern
equatorial Indian Ocean (10°S—-0° and 90°-110°E) (Saji et al., 1999). The La Nifia events are chosen when the 3-
month running mean Nifio3.4 index falls below —0.3°C in summer (June—July—August) and —0.5°C in autumn
(September—October—November). We here identify 18 La Nifia events (1964, 1970, 1971, 1973, 1974, 1975,
1985, 1988, 1998, 1999, 2000, 2007, 2010, 2011, 2016, 2020, 2021, 2022). For the CESM2 pacemaker exper-
iment, 15 La Nifia events are analyzed due to the available simulation before 2019.

To understand the relative role of dynamic and thermodynamic processes in regulating the IOD development, the
ocean mixed layer heat budget is investigated (e.g., Jin et al., 2003), which can be expressed as:
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In the given equations, the overbar and prime denote the climatological mean and corresponding anomaly,
respectively. T denotes potential temperature; # and v represent zonal and meridional ocean current velocities,
respectively; and w indicates the vertical ocean current velocity. The term Q, ., represents the net surface heat flux,
which includes surface shortwave radiation, surface longwave radiation, latent heat fluxes, and sensible heat
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Figure 1. (a) Sea surface temperature (SST) anomaly (°C) profiles averaged over 5°S—5°N during La Nifia autumns (September—October—November). Box and whisker
plots (black for observation and blue for experiment) for the distribution of intensity (vertical) and zonal location (horizontal) of La Nifia. Boxes extend from 25th to
75th percentile and whiskers range from minimum to maximum values. Green star and line in the box indicate the mean and median value, respectively. Longitudinal
position of La Nifa is defined as the longitude with the minimum value of SST anomalies averaged over 5°S—5°N. (b) Composite of SST anomalies during La Nifia
autumns. Black dots indicate SST anomalies that are statistically significant at the 0.05 significance level. (c) Scatterplot of the autumn Nifio3.4 index against the
simultaneous DMI during La Nifia events. Correlation coefficient is shown in the upper left corner. (d, €) The same as (b, c) but for the pacemaker experiments.

fluxes. The constant p corresponds to the density of water (=10° kg m™>), and ¢, represents the specific heat of
water (=4,000 J kg~' K™'). The parameter H denotes the mixed layer depth, and R indicates the residual term in
the equation.

3. Results

3.1. Connection Between La Nifia SST Anomaly Longitudinal Position and IOD

First, Figure 1b shows the composited SST anomaly pattern in the tropical IO during La Nifia autumn
(September—October—November). Typically, La Nifia events are accompanied by negative IOD-related SST
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anomalies in the tropical IO, manifesting negative SST anomalies in the tropical western 10 and positive SST
anomalies along the Java-Sumatra coast, consistent with previous studies (e.g., Baquero-Bernal et al., 2002).
However, we can observe a moderate correlation between the intensity of IOD and that of La Nifia (r = 0.34,
insignificant at the 0.05 significance level) (Figure 1c). We extend our analysis to the pacemaker experiment
(Figures 1d and le), yielding a similar conclusion that the La Nifia amplitude is not a key factor in regulating its
relationship with the IOD. It suggests that a stronger La Nifia event does not necessarily lead to a significantly
stronger negative IOD event. This intricate linkage introduces challenges for the seasonal prediction of the 10D,
even when the SST anomaly amplitude in the tropical Pacific is precisely anticipated.

As shown in Figure 1a, La Nifia shows large diversity in its longitudinal position during autumn. On average, the
La Nifia SST anomalies tend to peak in the central Pacific near 150°W, as evident from the mean and median
value in the box plot. The zonal extent of the SST anomaly center during La Nifia events ranges roughly from 180°
E in the west to 100°W in the east. For instance, the recent triple-dip La Nifia events spanning 2020-2022 dis-
played notably distinct zonal SST anomaly structures during three consecutive autumns. In autumn 2020 and
2021, the SST anomaly centers were situated near 125°W and 135°W respectively, whereas in autumn 2022, a
conspicuous westward displacement was observed toward 180°E. These 3 years witnessed distinct SST anomalies
across the tropical 10. Intriguingly, during the westmost La Nifia of 2022, the corresponding 10D was signifi-
cantly stronger compared to the other two years. We further examine the relationship of the IOD with the lon-
gitudinal position of La Nifia-related SST anomalies. As shown in Figure 2a, there is a significant correlation
between the intensity of IOD and the longitudinal position of La Nifia (» = 0.63, significant at the 0.05 signif-
icance level). Here the longitudinal position of La Nifia is defined as the longitude of the maximum negative SST
anomalies in the equatorial Pacific averaged at 5°S—5°N. The westward-displaced La Nifia events tend to
accompany the stronger IOD events, while the eastward-displaced La Nifia events correspond to the weak IOD
conditions. Based on the linear fitting (Figure 2a), we are able to offer a rough estimation of the threshold of La
Nifa's zonal location (~140°W) for a significant IOD (defined as a deviation below —0.5 standard deviation).

The positive relationship is also evident in the 10-member ensemble mean of targeted pacemaker experiments.
These pacemaker experiments exclusively prescribed observed tropical Pacific forcing, enabling the rest of the
coupled climate system to evolve independently. The simulations employing the nudge scheme (https://www.
cesm.ucar.edu/working-groups/climate/simulations/cesm2-pacific-pacemaker) can realistically reproduce the
Pacific SST conditions, although not in exact consistency with observations (Figure S1 in Supporting Infor-
mation S1). Consequently, the ensemble mean of the simulated equatorial 10 variability can serve as an
approximation of the ENSO-driven IOD variability. We extend our investigation by using longer-term obser-
vation during 1880-2022 and pacemaker experiments during 1880-2019 and the qualitative result of the rela-
tionship between La Nifia and IOD remains unchanged (Figure S2 in Supporting Information S1).

The remarkable consistency of the relationship of IOD with the La Nifia longitudinal location between the ex-
periments and observation underscores the prominent influence of the remote ENSO effects on the year-to-year
IOD variability (Figures 2a and 2b). The key role of the zonal location of La Niifia in the IOD variability is
basically independent of that of the La Nifia amplitude in a linear view. As shown in Figures 2c and 2d, no
significant relationship between the La Nifia amplitude and longitudinal location can be detected in the obser-
vation and pacemaker experiments. Previous studies have shown that the ENSO's intensity can be characterized
by considering the varying ENSO's longitudinal location (Xie et al., 2020; Zhang et al., 2019). We also measured
La Nifia's intensity as the average SST anomalies extending from 25° west to 25° east of its longitudinal position.
Using this definition, the qualitative conclusion remains the same. It needs to be clarified that we are not sug-
gesting that the La Nifia's intensity plays no role in its teleconnection to the IOD. The difference in correlation
coefficients of IOD with the zonal location and intensity of La Nifia is significant in the pacemaker experiments;
however, it is not the case in the observation. It suggests that La Nifia's intensity could also play some role in its
connection with the IOD (Figure S3a in Supporting Information S1). We also examined the difference in cor-
relation coefficients of IOD with the zonal location and intensity of La Nifia in the output of the pi-control
simulations from 47 CMIP6 climate models. The observed relationship between La Nifia and IOD appears
blurred in the majority of models (Figure S4 in Supporting Information S1), potentially attributed to bias in
simulating a background equatorial Pacific cold tongue (e.g., Davey et al., 2002). In addition, in Figure 2b, we
display the uncertainty of the IOD variability among the 10 members, which shows that the internal variability in
the tropical IO cannot be neglected, consistent with the previous studies (Cai et al., 2009; Saji & Yamagata, 2003;
Wang et al., 2023; Yamagata et al., 2004; Zhang et al., 2018).
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Figure 2. (a) Scatterplot of longitudinal position of La Nifia against DMI during autumn. Correlation coefficient is shown in the bottom right corner. (b) The same as
(a) but for pacemaker experiments. The linear fits (gray line) in (a, b) are displayed together with the correlation coefficients R. (c) Scatterplot of longitudinal position of
La Nifia against and its amplitude described as Nifio3.4 index. (d) The same as (c) but for pacemaker experiments. The error bars for the ensemble mean in (b, d)

correspond to 0.5 standard deviations.

3.2. Physical Mechanism for Impact of La Nifia With Different Longitudinal Positions on IOD

As demonstrated in Section 3.1, La Niiia's teleconnection to the 10D is largely associated with its longitudinal
position of SST anomalies, rather than its intensity. Here, we employ a composite analysis to investigate potential
physical mechanisms driving this La Nifia-IOD relationship. Based on the SST anomaly longitudinal location of
La Nifia, we choose six westmost La Nifia events (1971, 1974, 1975, 2000, 2010, 2016) and five eastmost La Nifia
events (1970, 1985, 1999, 2007, 2011). The west group of La Nifia events is averagely located around 170°W,
approximately 30 degrees of longitude farther westward compared to the east group (Figures 3a and 3b). These
two La Nifia groups exhibit a comparable intensity in SST anomaly center (Figure S5 in Supporting Informa-
tion S1), suggesting that the intensity might play a minor role in driving the differences in their atmospheric
responses. For the westward-displaced La Nifia events, we observe significant convection suppression in the
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Figure 3. (a) Composites of zonal wind and vertical pressure velocity (vector; m/s) and precipitation anomalies (green; mm/day) averaged over 5°S—5°N, and sea surface
temperature anomalies (shading; °C) and surface wind anomalies (vector; m/s) for westward-displaced La Nifia events. The vertical velocity anomalies are multiplied by
a factor of —100 for the vectors and multiplied by a factor of —30 shown in shading (only shown when vertical velocity anomalies are significant at the 0.05 significance
level). Dots and bold profiles indicate the composites that are statistically significant at the 0.05 significance level. (b) The same as (a) but for eastward-displaced La
Nifia events. (c, d) The same as (a, b) but for pacemaker experiments.

central Pacific and remarkable enhancement in the western Pacific (Figure 3a). Concurrently, the Walker Cir-
culation in the Indo-Pacific region strengthens, characterized by anomalous descending motion near the dateline
and anomalous ascending motion over the western Pacific. Accompanied by the anomalous ascending motion, a
robust anomalous convergence occurs over the Indo-Pacific region in the lower troposphere. Surface westerly
anomalies can effectively transport the warm water eastward along the equatorial IO, facilitating the occurrence
of warm water in the eastern 10 (Figure 4a). The tropical IO SST anomalies can further enhance the surface
westerly anomalies through a positive Bjerknes feedback loop, fostering the IOD's development and maintenance.
In comparison, the east group of La Nifia shows a weak atmospheric response over the tropical Pacific
(Figure 3b). Consequently, we find much weaker ascending motion over the western Pacific and an absence of
significant westerly anomalies over the tropical 10, which are insufficient to initiate the negative IOD event. We
can also classify the La Nifia events based on the intensity of IOD, and similarly a stronger negative IOD event
tends to correspond with a westward-displaced La Nifia event (Figures S6a and S6c¢ in Supporting Informa-
tion S1). Similar conclusion can be drawn in the pacemaker experiments with the tropical Pacific SST forcing
(Figures 3c and 3d; Figures S6b and S6d in Supporting Information S1), again confirming the importance of the
La Nifia longitudinal position in its impact on the IOD development.

The subsequent scientific question that requires understanding is the mechanism responsible for the substantial
variation in IOD variability among La Nifia events with distinct longitudinal locations. The La Nifia's tele-
connection to the IOD is closely linked to the initiation of the local convection. It has been shown in previous
studies that convection anomalies in the tropics exhibit a nonlinear relationship with the underlying SST, with a
convection threshold near 27.5°C (Gadgil et al., 1984; Graham & Barnett, 1987). That being said, the convection
is sensitive to the SST change when the total SST remains above the threshold, whereas a weak response appears
when the SST falls below it. For the westward-displaced La Nifia events, the relatively strong negative SST
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aTemperature anomaly for Westward La Nifia

bTemperature anomaly for Eastward La Nifia
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Figure 4. (a) Composite of upper 200m temperature anomalies (°C) averaged over 10°S to 10°N for westward-displaced La Niia events. (b) The same as (a) but for
eastward-displaced La Nifla events. (c) Heat budget terms averaged over the eastern tropical 10 (10°S—0° and 105°E—125°E). Slash indicates the values that are
statistically significant at the 0.05 significance level. (d, €) Difference in the two main terms (—UdT’/ox', —WdT’/0z') in (c) between the westward-displaced and
eastward-displaced La Nifia events. Dots indicate the anomalies that are statistically significant at the 0.05 significance level.

anomalies extend into the central Pacific, where the background SSTs surpass the convection threshold
(Figure 3a). Therefore, the convection is significantly inhibited in the central Pacific. When the La Nifia-related
SST anomaly center shifts to the eastern equatorial Pacific, it cannot effectively initiate convection anomalies
considering that the background SSTs in the cold tongue region are already below the convection threshold
(Figure 3b).

We extend our investigation through a heat budget analysis of SST anomalies within the tropical 10 region. Here,
the analyses are conducted in the July—August—September—October (leading the IOD mature phase by about
2 months) to detect dynamical and thermodynamical contributions shaping the IOD development. Here, our focus
is on the eastern tropical 1O for the heat budget analysis, since the SST difference emerges mainly in the eastern
tropical IO between the westward-displaced and eastward-displaced La Nifia events (Figure S7 in Supporting
Information S1). Following the previous study (Du et al., 2005), we adopt a mixed layer depth of 40 m. In the
eastern 10O, two dominant terms linked to the IOD development (i.e., zonal advection and thermocline feedback)
exhibit obvious differences. In general, the contribution of zonal advection term is larger than that of thermocline
feedback term. For the westward-displaced La Nifia events, these two terms are notably significant and robust
(Figures 4c and 4d), whereas for the eastward-displaced ones, they are considerably weak (Figure 4c). The
difference in the zonal advection term between the westward-displaced and eastward-displaced La Nifia events is
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pronounced, covering most part of the southeastern tropical 10 (Figure 4d). In contrast, the difference in the
thermocline feedback term is relatively weak and is confined in the region along the Java-Sumatra coast.

4. Conclusions and Discussion

The present study investigates the complicated connection between La Nifia and IOD and finds that the La Nifia's
teleconnection to the IOD is significantly associated with its longitudinal position both in the observation and the
pacemaker experiments. For the westward-displaced La Nifia events, the negative SST anomaly center is located
in the central Pacific, near the eastern edge of the Pacific warm pool, which produces significant convection
depression. The corresponding enhanced Walker Circulation is accompanied by the westerly wind anomalies in
the tropical IO, thereby facilitating the negative IOD development. For the eastward-displaced La Nifia events, the
negative SST anomalies are primarily shifted to the eastern Pacific into the Pacific cold tongue region. Owing to
the nonlinear relationship between SST and convection, these negative SST anomalies fail to trigger remarkable
convection anomalies as the background SST falls below the convection threshold. Consequently, the eastward-
displaced La Nifia events bring about weak change in the Walker Circulation and thus no significant SST
anomalies in the tropical I1O.

It is noted that the ENSO exhibits pronounced asymmetry in its impact on the IOD. Our previous study has shown
that the different flavors of El Nifio (i.e., EP and CP EI Nifio) exhibit distinct relationships with the IOD (Zhang,
Wang, Jin, et al., 2015; Zhang, Wang, Xiang, et al., 2015). In contrast, the observed La Nifia's teleconnection to
the IOD is mainly linked to its longitudinal position. The intensity of the eastward-displaced La Nifia events has
no significant correlation with the IOD amplitude, unlike the eastward-displaced El Nifio events that show a high
correlation between its intensity and that of IOD. This discrepancy can be comprehended by the nonlinear SST-
convection relationship in the tropics. Positive SST anomalies superimposed on a background cold tongue SST
can potentially lead to obvious convection changes when the total SST is above the convection threshold.
However, negative SST anomalies result in feeble convection response due to the excessively cold conditions in
the cold tongue. The complicated relationship between ENSO and IOD makes it challenging to achieve a skillful
seasonal prediction in the tropical Indian Ocean region by utilizing the tropical Pacific information. How to
translate the identified physical linkages between climate modes into operational forecast skill deserves future
investigation.

Data Availability Statement

The global SST analysis from the Extended Reconstructed SST V5 data set (ERSST V5) provided by the National
Oceanic and Atmospheric Administration (NOAA) at https://psl.noaa.gov/data/gridded/data.noaa.ersst.vS.html
(Huang et al., 2017) is used in this study. Horizontal wind, vertical velocity and precipitation are derived from the
fifth major global reanalysis produced by the European Centre for Medium-Range Weather Forecasts (ECMWEF)
(ERAS; Hersbach et al., 2023a, 2023b). The ocean temperature and horizontal currents and net downward heat
flux (Q,) were investigated by using the ECMWF Ocean Reanalysis System 5 (ORASS5) (Copernicus Climate
Change Service, Climate Data Store, 2021). In subsurface ocean, the geometric vertical velocity is employed
based on National Centers for Environmental Prediction (NCEP) Global Ocean Data Assimilation System
(GODAS) (https://www.psl.noaa.gov/data/gridded/data.godas.html) (Behringer et al., 1998). To evidence the
main conclusion based on the observation, we further examined the outputs from ensembles of tropical Pacific
Pacemaker experiments (comprising 10 members) using the National Center for Atmospheric Research Com-
munity Earth System Model version 2 (NCAR CESM2) (Nan et al., 2022). The CMIP6 model data sets are
available at the Earth System Grid Federation (ESGF) at https://esgf-node.llnl.gov/search/cmip6/.
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