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Abstract

El Nifio-Southern Oscillation (ENSO), the most energetic source of inter-annual climate variability,
affects not only the regional climate in its tropical Pacific origin but also the global climate.
During El Nifio events, elevated sea surface temperatures (SSTs) in the eastern equatorial Pacific
release excess heat into the atmosphere, leading to a delayed warming of the global mean surface
temperature (GMST). In the context of a warming climate with increasing GMST, ENSO is
expected to change, but the exact nature of this change remains uncertain. To capture the
bidirectional relationship of ENSO and GMST, we developed a simple full-field model for GMST
and coupled it to an existing conceptual model for ENSO through SSTs and radiative-convective
equilibrium (RCE) temperature. Our model shows a reduced frequency of El Nifio events but
stronger individual occurrences in a warmer climate. The response of GMST to ENSO remains
approximately constant at around 0.12 °C per degree of Nifio 3.4 index with a lag of about four
months. Contrary to projections from most general circulation models (GCM) that simulate
a weakened zonal SST gradient and trade winds in a warming climate, our results indicate an
increasing zonal SST gradient and stronger westerlies sustained by cool eastern Pacific subsurface
temperatures; findings that are generally supported by reanalysis data from recent decades. By
leveraging the conceptual nature of our ENSO-GMST model, we explore the physical mechanisms
behind this behavior, offering an intra-tropical Pacific view on these mean state changes.
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1 Introduction

El Nino-Southern Oscillation (ENSO) is the most energetic source of inter-annual climate variability
(Singh, 2012), and only the seasonal cycle is more important for short-term climate variability (Goddard
& Dilley, 2005). ENSO refers to a quasiperiodic oscillation of the climate, occurring with a period of
approximately 2-8 years (Torrence & Compo, 1998). Its origins lie in the equatorial Pacific, whose mean
state is characterized by a strong zonal gradient in sea surface temperature (SST), with a “warm pool”
in the west and a “cold tongue” in the east. During El Nino, SSTs in the cold tongue are higher than
average, while La Nina describes a state of lower than usual SSTs in that region (Dijkstra, 2013). By
averaging SST anomalies in the Nino 3.4 region defined by 5°S-5°N and 170°W-120°W, this variability
can be monitored, quantifying the oceanic component of ENSO. In the equatorial Pacific, atmospheric
pressure and surface winds are closely connected to the SST (Dijkstra, 2013), creating atmospheric
interannual variability - the Southern Oscillation. These winds have a strong influence on the ocean,
creating a feedback loop first described by Bjerknes (1969). Consequently, the atmospheric Southern
Oscillation and oceanic El Nino are closely linked, together forming the coupled ocean-atmosphere
phenomenon known as ENSO.

Impacts of ENSO are significant and far-reaching: rain-patterns over the equatorial Pacific shift
eastward during El Nino, promoting droughts and forest fires at the western boundary of the equatorial
Pacific but rainfall and floods in the east (W. Cai et al., 2021). Due to its influence extending into the
stratosphere, ENSO is associated with world-wide climatic changes such as higher surface temperatures
over western Canada and Alaska, cooling in parts of the Middle East, North Africa and northern India,
or increased precipitation over the United States of America through long-distance teleconnections
(Alizadeh, 2024). On the one hand, ENSO extremes therefore drive devastating events with significant
consequences, while on the other hand increasing seasonal predictability (Tang et al., 2018) offering
potential for targeted vulnerability reduction (Goddard & Dilley, 2005).

Global mean surface temperature (GMST) increases in the order of ~ 0.1°C in response to an El
Nifio event (Trenberth et al., 2002). This feedback depends on the strength of the event, reaching
beyond 0.2 °C after an exceptionally strong El Nino, as was the case during the event in 1997 — 1998
(Foster & Rahmstorf, 2011). In consequence, record-breaking surface temperatures are more likely to
occur in a year with a strong El Nifio (Su et al., 2017) - a trend that is expected to strengthen in
a high-emission scenario (Hsu & Yin, 2019). From simple scale analysis it is clear that the GMST
response to ENSO is one order of magnitude stronger than could be expected from the area of SST
variability associated with ENSO (Hu & Fedorov, 2017). Consequently, it is indispensable to consider
atmospheric heating mechanisms in order to understand and model atmospheric temperature responses
to ENSQO. Previous studies have exploited idealized models to connect observed SST anomalies to mean
temperature anomalies in the tropics (Yulaeva & Wallace, 1994) and globally (Hu & Fedorov, 2017;
Thompson et al., 2009), or used statistical techniques like regression to factor out the ENSO signal
from regional (Chen et al., 2008) and global temperatures (Trenberth et al., 2002; Wigley, 2000), or
employed other statistical techniques as listed in Thompson et al. (2009).

The relationship of ENSO and GMST is however not unidirectional. In a changing climate characterized
by rising GMST, ENSO is expected to change (W. Cai et al., 2021). Emerging model consensus
combined with paleoclimatic evidence points towards increased ENSO-related SST variability in the
future, lifting the probability for intense El Nifio and La Nina events (W. Cai et al., 2021). However,
model biases and contradicting observational evidence complicate the picture and reduce confidence
in these projections (W. Cai et al., 2021). For example, most general circulation models (GCMs)
project a decreased equatorial Pacific SST gradient accompanied by a weakening of the Pacific Walker
circulation (W. Cai et al., 2021), an atmospheric overturning cell with the easterly trade winds as its
surface manifestation. However, reanalysis data reveals opposite trends in recent decades (Alizadeh,
2024; W. Cai et al., 2021). Paleoproxy data suggests that the recent amplification of the Pacific Walker
circulation is not unprecedented in the context of the last millennium (Falster et al., 2023), and previous



studies indicate that internal variability (Zhao & Allen, 2019) and inter-basin interaction - for example
with the Atlantic (McGregor et al., 2014) - may be the main drivers of this strengthening, potentially
making this trend transient (W. Cai et al., 2021). The analysis of these underlying mechanisms is
however complicated by discrepancies between reanalysis and satellite data (Chung et al., 2019), as
well as by the dependence on the selected time period (Kosovelj & Zaplotnik, 2023). Furthermore, a
changing background climate might not only influence ENSO itself, but also alter the impact of ENSO
on the global climate system (Alizadeh, 2024).

In this work, we revisit the dynamic interplay of ENSO and GMST. By using a full-field conceptual
coupled ENSO-GMST model, we capture the holistic bidirectional connection between the two, which
was unavailable in previous studies of the GMST response to ENSO from Hu and Fedorov (2017) or
Thompson et al. (2009). This allows us to investigate how ENSO responds to a changing climate
characterized by GMST. Additionally, we explore the impact of tropical Pacific SST variability on
GMST, and analyze the state dependency of this feedback. Conceptual models like the one used in this
work are more easily interpretable than complex GCMs (Dijkstra, 2024; Dijkstra & Burgers, 2002),
while also being vastly cheaper to operate. By leveraging the simple model structure, we can unravel
some of the underlying mechanisms behind the changes of ENSO and therefore offer an intra-tropical
Pacific view on the influence of climate change.

This thesis is structured as follows: in Section 2 we present the data used and preprocessing steps
applied. Section 3 introduces the ENSO-GMST model by describing each component and the coupling
in detail. Section 4 describes the methodology to generate the model results presented in Section
5, which includes an analysis of model mean state, ENSO characteristics, and GMST response for
changing radiative forcing through CO,. Lastly, Section 6 summarizes the findings and discusses their
implications.

2 Data

This section gives an overview of data sources and preprocessing steps before they were applied to train
our model or used in further analysis. All data used in this study has a time resolution of one month
and covers the period from 1980-2023, representing the largest common time period of the datasets.
This period does not only benefit from the available satellite data improving reanalysis products (Foster
& Rahmstorf, 2011) but also represents the current ENSO conditions well, as it starts just after the
cold-to-warm shift of equatorial SST in 1976/77 associated with the Pacific Decadal Oscillation (PDO)
(Jacques-Coper & Garreaud, 2015). An overview of the time series of the data used is given in Figure 1.
In the following paragraphs, we present all data sources and processing steps in more detail.

For carbon dioxide concentrations, monthly trends of globally averaged marine surface concentrations
from the National Oceanic and Atmospheric Administration (NOAA) (Lan et al., 2023) were used. The
global mean of aerosol optical depth (AOD) is a latitude-weighted average of data from MERRA-2
(Global Modeling And Assimilation Office (GMAO), 2015). AOD was transformed into anomalies by
subtracting the average value for each month individually, i.e., removing the period’s climatology.

Further data originates from the ERAS5 global reanalysis product (Hersbach et al., 2023), which contains
monthly averages of important climate variables on a 0.25° grid. For GMST, the 2 meter air temperature
was averaged globally. SST was readily available from ERAS5. It is used for shading in Figure 2, where
the standard deviation was calculated point-wise without any other processing. Additionally, in order
to obtain regional means, SST was averaged in the Nino 3.4 region as well as within the specified region
in the western (WP), central (CP) and eastern (EP) equatorial Pacific, respectively (Fang et al., 2024).
The WP, CP and EP regions are meridionally confined by £5°N and span the Pacific Ocean from
120°E - 170°E, 170°E - 140°W and 140°W - 80 °W, respectively.
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Figure 1: Time series of data used in this study. (a) Mean trend of global average marine surface COs
concentrations. (b) Global mean aerosol optical depth (AOD) anomaly. (c-e) Deseasonalized energy
flux convergence (Q into the atmosphere taking into account short- and long-wave radiation at the top of
the atmosphere and the surface, as well as sensible and latent heat fluxes (Equation (1)). @ is defined
positive into the atmosphere and is averaged over the western (Qw), central (Q¢) and eastern (Qg)
Pacific. (f) Deseasonalized global mean surface temperature (GMST). (g) Deseasonalized sea surface
temperatures in the Nino 3.4 region. (h-j) Deseasonalized sea surface temperatures in the western
(Tw), central (T¢) and eastern (Tg) Pacific. The red line in (f, h) is a linear fit used to model the
dependence of T, on GMST in Equation (8). The linear expression can be found at the bottom right of
the respective plot, where x represents the time in years A.D and y is the resulting temperature in °C.



For outgoing long-wave radiation, the net top of atmosphere long-wave radiation flux was averaged
globally. For the net flux convergence into the atmosphere @, the net top of atmosphere (TOA) and
surface (S) long- (LW) and short-wave (SW) radiation fluxes as well as sensible (SHF) and latent (LHF)
heat fluxes were considered:

Qi = SHF, + LHF; + (SWF 9% — sW?) + (LW 94 — 1w?). (1)

Here, i denotes the regions WP, CP and EP. The signs were chosen such that @ is positive for fluxes
into the atmosphere, whereas the used fluxes from ERAS5 are defined as positive towards the surface. All
ERAS data averages are latitude-weighted and were deseasonalized by removing the period’s climatology
but keeping the mean. For an estimate of ocean surface areas of the different regions, the area of
available SST grids was considered.

For analysis of GMST response to Nino 3.4 from observations in Section 5.3, the SST in the Nino 3.4
region and GMST was converted to anomalies by subtracting a running mean of 30 years for Nino
3.4 and 15 years for GMST. The chosen periods are intended to be long enough to represent the
climate well, but short enough to remove long-term trends, especially present in GMST (see Figure 1f).
Subsequently, both time series were filtered using a 5-month running mean to remove high-frequency
variability.

For calculating the heat capacity’s equivalent ocean depth in Section 3.2, we assumed a specific heat
capacity of 1004 J/kg/K for the atmosphere and 4184 J/kg/K for water (Thermtest, n.d.). To calculate
the atmosphere area density, we applied a gravitational acceleration of ¢ = 9.81 ms~2 and a standard
atmosphere pressure of p = 10° Pa. The density of surface ocean water was assumed to be 1025 kg/m?.

3 A Conceptual Full-Field Coupled ENSO-GMST Model

To capture the two-way interaction between ENSO and GMST, a comprehensive model representing
both components is required. In this work, this is achieved by coupling a model for ENSO with a model
for GMST. For the former, we build on a previously developed conceptual ENSO model from Fang
et al. (2024) which is outlined in the next subsection. Thereafter, a simple energy-balance model for
GMST is introduced, and the two models are coupled through key variables. A schematic overview of
the coupled model is given in Figure 2.

3.1 A Three-Box ENSO Model

Theoretical ENSO frameworks aiming to explain the quasi-periodic behavior of the phenomenon
are typically grouped into two approaches. One views the oscillation as a stable mode excited by
high-frequency external forcing. Possible sources for this are the atmosphere through westerly wind
bursts and the Madden—Julian oscillation (MJO) or the ocean by the means of tropical instability
waves. The competing approach is the idea of ENSO as a self-sustaining oscillator that has a positive
ocean-atmosphere coupling in form of the Bjerknes feedback and different proposed negative feedback
mechanisms (Wang, 2018). The latter approach has the advantage that it does not rely on statistical
noise and is hence completely deterministic. Nevertheless, through nonlinearities, these models are
capable of reproducing complex dynamical features of ENSO. For example, Timmermann et al. (2003)
were able to reproduce El Nifio bursting behavior with a simple two-box model based on the model
from Zebiak and Cane (1987) and the recharge oscillator paradigm (Jin, 1997).

The conceptual ENSO model from Fang et al. (2024) used in this study is a derivative of this idea and
features three regions, representing the western, eastern and - as an extension to Timmermann et al.
(2003) - the central Pacific (Figure 2b). The complete equation set features four equations for four
prognostic variables with respect to time t. These variables are the SSTs Ty, Tc and Tg in the three
regions WP, CP and EP, respectively and the thermocline depth hw in the WP:
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Figure 2: Schematic overview of the coupled ENSO-GMST model. (a) GMST model developed in this
study with GMST (7,) as the prognostic variable. (b) ENSO model from Fang et al. (2024). The three
Pacific regions are marked, with their zonal extent of 120 °E - 170°E and 170°E - 150°W, 140 °W
- 80°W for the western Pacific, central Pacific and eastern Pacific, respectively. The corresponding
prognostic variables are western (T ), central (T¢) and eastern (Tg) Pacific SSTs, and the thermocline
depth anomaly in the western Pacific (hy). The subsurface temperatures in the central (7.,) and
eastern (T:flb) Pacific are diagnostic variables. The models are connected through a coupling of key
variables. The GMST model takes the SSTs of the three equatorial Pacific regions as input (top right
arrow). GMST governs the radiative-convective equilibrium temperature T, of the ENSO model (top
left arrow). The sea surface shading indicates SST variability. Modified and extended from Fang et al.
(2024).



In (2a) - (2¢), the first term on the right-hand side (RHS) of the equations is a linear relaxation towards
the radiative-convective equilibrium (RCE) temperature T, with a thermal damping timescale of a1
This is referred to as Newtonian cooling and represents processes like horizontal mixing and energy
fluxes to the atmosphere (Dijkstra, 2005).

Important ENSO-related feedbacks of zonal advection, upwelling and the thermocline are controlled
by SST gradient-related wind stresses representing the Walker circulation. Consequently, various SST
differences appear in the respective terms of the equations in connection with the dynamical coupling
coefficient p that measures the ability of SST differences to drive the wind stress.

The second term on the RHS of Equations (2a) and (2b) represents the advection feedback, which is
proportional to the above-mentioned wind stress and the heat transported. The latter is itself linear in
the temperature gradient, leading to the quadratic formulation. This feedback is governed by the zonal
advection efficiency e which is assumed to be 80 % lower in the central-western Pacific (Equation (2a))
due to the weaker coupling in this region (Fang et al., 2024).

Similarly, the third term on the RHS of (2b) and the second term of (2c) represent the upwelling
feedback. As this feedback originates from Ekman pumping, the corresponding vertical velocity is
controlled by the zonal wind stress which, as before, is driven by the temperature difference between
the boxes. Since no downwelling is considered in this model, the Heaviside function H is included,
which translates any negative Ekman pumping effects of westerly winds to zero. The upwelling heat
transport is governed by the vertical upwelling efficiency ¢ and is linear in the temperature difference
between the surface and the subsurface as advective heat fluxes are assumed to dominate over diffusive
processes (Dijkstra, 2005). The corresponding subsurface temperatures for the central and eastern

Pacific, Ts?lb and Ts%b’ respectively, are formulated as diagnostic equations

T, T, H+he —
TS, =Ty — 22210 (1 — tanh | - FHCZ20)) (3a)
2 I
T, T, H+ hg —
Th, =T - == (1 — tanh (TZO)) . (3b)

It is evident that the subsurface temperatures are governed by the RCE temperature 7, and the
characteristic temperature at the thermocline depth T;g. At the same time, the equations represent
the strong non-linear dependence of a typical vertical temperature profile in the tropical Pacific on
the thermocline depth (Jin, 1996). This mimics the canonical thermocline feedback where a shallow
(deep) thermocline implies cooler (warmer) subsurface temperatures. In Equation (3), zo represents
the depth at which the vertical velocity takes its characteristic value, h* parametrizes the sharpness of
the thermocline and H is the reference depth of the EP thermocline. Deviations from the latter are
measured by the thermocline depth anomalies hyw, hc and hg in the WP, CP and EP, respectively.
An equation for former is part of the prognostic set of equations in (2d) with a formulation equivalent
to that in Jin (1997). Here, the dynamical adjustment timescale r~! controls damping due to mixing
and meridional energy loss, as well as the basin-wide wind-driven Sverdrup transport characterized by
n = ubL/B. In the latter, b is the wind efficiency in driving the thermocline tilt, L is the basin width
and g is the latitudinal derivative of the Coriolis parameter describing the beta plane. It is through
this Equation (2d) that the model discharges and recharges heat that is available in the subsurface and
thus provides negative feedback to the model. The thermocline in the CP and EP are a result of the
assumption of a linear thermocline along the equator where the west-minus-east thermocline contrast is
determined by the pressure gradient accompanying the equatorial winds (Timmermann et al., 2003),
and hc is the average between hw and hg



he = hw + g (Tg — Tw), (4a)
hg = hw +n (TE — Tw) . (4b)

Equations (2d) and (4) demonstrate that a stronger easterly wind induces a deeper thermocline depth
in the WP but also leads to a steeper thermocline slope affecting the CP and EP.

In summary, the ENSO model used in this study is a three box self-sustained non-linear conceptual
model from Fang et al. (2024) that reproduces some of the rich dynamical behavior of ENSO without
any external forcing required. The set of equations in (2), (3) and (4) include important positive
ENSO feedbacks, namely the zonal advection, upwelling as well as the thermocline feedback, and the
recharge-discharge paradigm from Jin (1997). A more comprehensive model description can be found
in Fang et al. (2024).

In this study, unless otherwise noted, we use the following parameter values where, for T, = 29°C, the
model shows limit-cycle oscillations in an “observed regime” (Fang et al., 2024): Ty = 20°C,a~! =
180day,r~* = 400day, H = 100m, zp = 75m, h* = 62m, p = 0.0026K-'day ™', n = 22mK™1,
e=10.6, ( =1.85.

3.2 A Simple Model for Pacific Influence on GMST

This section presents the simple full-field GMST model developed in this work. We begin by outlining
the basic model structure, followed by a detailed explanation of the model parameters and their
quantification. The section concludes with a discussion on parameter estimation, comparing the results
to existing literature and observational data.

3.2.1 Model Formulation

Motivated by previous work from Hu and Fedorov (2017), Thompson et al. (2009) and Yulaeva and
Wallace (1994), who developed simple anomaly models for the atmospheric response to ENSO, we
propose a full-field GMST model tailored to the previously discussed ENSO model from Fang et al.
(2024). The GMST model represents a 1-layer atmosphere. It is based on a global energy balance and
is able to dynamically adjust to SST changes in the three equatorial Pacific regions, the WP, CP and
EP. The model is formulated as a first-order differential equation for GMST, which is denoted as T, as
it describes the mean atmospheric temperature in our model. It incorporating the primary factors that
influence it from a perspective of thermodynamics:

dT, B Sw Sc Se Sp =
Cﬁ = Hoa (STW + ?TC + ?TE — STa) + OLR(Ta, COQ) + F(I) (5)

Here, C is the effective model heat capacity per unit area, S;/S are the surface areas of the western
(1t = W), central (i = C) and eastern (i = E) Pacific and whole tropical Pacific (i = P with
Sp = Sw + Sc + Sg), respectively, relative to the earth’s total surface S. The first term of the RHS
of Equation (5) represents the dynamic energy flux between the atmosphere and the tropical Pacific.
This process is assumed to be linear in the temperature difference between the atmosphere and the sea
surface, and is governed by the Pacific ocean-atmosphere exchange coefficient pi,,. The system loses
energy through outgoing long-wave radiation (OLR), which is a function of 7}, and CO5 concentration.
Energy is supplied to the atmosphere globally by F'(I), where I represents long-term means of absorbed
incoming short-wave radiation, surface-atmosphere fluxes outside the tropical Pacific region and a
reference energy exchange in the tropical Pacific region at zero temperature difference between sea
surface and atmosphere.



Supported by multiple studies (e.g., Koll and Cronin (2018) and M. Cai et al. (2023)), OLR is assumed
to be linear with GMST

OLR(T,,COs) = mT, +n — alog, %, (6)
2,ref

where m is the slope and n is the y-intercept of the linear relationship. To explicitly resolve the
influence of anthropogenic climate change, the rightmost term on the RHS of Equation (6) models
the radiative forcing (RF) from changing COs concentration with respect to pre-industrial levels of
COg2rer = 280ppm (NOAA, 2022), reducing the total OLR. Consequently, a governs the RF per
doubling of COs concentration. In the following, the methods and results of choosing appropriate
values for the introduced parameters are presented.

3.2.2 Model Parameter Estimation

As dynamic heat exchange is only modelled between ocean and atmosphere in the tropical Pacific, the
surface areas Sw, Sc and Sg represent the respective area covered by ocean. Estimates of these areas
are gained by relating the ocean grid area from SST data within a region to earth’s surface area, which
yields the values summarized at the top of Table 1.

Employing reanalysis data for OLR, T, and COs, the parameters in Equation (6) can be found by
minimizing the root-mean-square error (RMSE) to 0.46 W m~2. The resulting parameters including
their uncertainty from the fit are available in Table 1.

With the parameterization of OLR concluded, the missing parameters from Equation (5), namely the
heat capacity C, the equatorial Pacific ocean-atmosphere coupling coefficient p,, and the fixed net
energy influx I can be found by again minimizing RMSE with respect to observations. To account
for radiative effects from major volcanic eruptions such as El Chichén in 1982 or Pinatubo in 1991
(Global Volcanism Program, 2024), we use a term proportional to the AOD anomaly, similar to Hu and
Fedorov (2017), during the fitting process

(7)

D) = {I +bAOD for fitting,

1 for model use.
Evidently, this AOD term is omitted when the model is used later on, assuming a climate without major
eruptions. For the fitting, data of T, CO5, AOD, and SST in the three Pacific regions was used. The
model was integrated using the Euler method with a time-step of one month, and GMST of January
1980 as initial condition. Optimized model parameters are found in Table 1. The given uncertainty
represents the combined uncertainty originating from the standard error of the fit and the uncertainty
from the parameterization of OLR (Equation (6)). The latter was estimated by employing a Monte
Carlo simulation with 500 samples assuming a multivariate normal distribution for the uncertainty
of parameters in Equation (6). Including this uncertainty propagation roughly doubled each value in
the covariance matrix of the parameters with respect to the covariance matrix from the fit, implying
high sensitivity on the OLR parameters. In fact, strong correlations exist. For instance, a higher slope
m of OLR increases the ocean-atmosphere coupling i,, as the system needs to compensate for the
increased energy loss.

The optimized model is able to reproduce general features of GMST variability with a RMSE of 0.12°C
which can be seen in Figure 3. The RMSE is significantly bigger than in Hu and Fedorov (2017),
largely due to the fact that the employed monthly instead of annual data includes strong high frequency
variability of the atmosphere not captured by our model.



Table 1: Optimized parameters for the GMST model Equation (5) with OLR from Equation (6). Note
that F'(I) during fitting is different from F'(I) during model use, where b = 0 as no volcanic influence
is assumed (see Equation (7)). The relative ocean surface area S;/S is assumed to have negligible
uncertainty compared to other parameters. The uncertainty of m, n and a are the uncertainties of the
fit. The uncertainties for a, C, poa, I and b result from both the fit’s uncertainty and the uncertainty
in the OLR parameterization, estimated using a Monte Carlo simulation with 500 samples.

Parameter Unit Description Value
Sw/S % Relative ocean surface area WP 1.10

Sc/S % Relative ocean surface area CP 1.21

Se/S % Relative ocean surface area EP 1.45

m Wm2K™! Slope of OLR 1.59+ 0.14
n Wm—?2 Offset of OLR —212.40 + 38.80
a Wm? RF per CO;3 doubling 4.59+ 0.44
C 10"Jm~2K~! Effective model heat capacity 2.394+ 0.40
Loa Wm2K™! Equatorial Pacific ocean-atmosphere coupling 9.79+ 1.26
I Wm—?2 Constant energy influx 237.62 £ 0.62
b Wm2 Slope for AOD influence, only used for fitting —4.34 + 0.64

3.2.3 Model Parameter Validation

Our GMST model resembles the model from Hu and Fedorov (2017) with some notable differences.
Setting aside the disparities in zonal extent of the Pacific regions and the shorter timescale of our model,
the biggest difference lies in the physical interpretability. Our model offers a full-field representation
of GMST responses to ENSO by employing explicit parameterization of OLR, the equatorial Pacific
ocean-atmosphere coupling through ., and the delayed atmosphere response due to the effective heat
capacity C'. This allows us to explicitly compare the parameters to literature and assess physical validity
which is discussed thoroughly in the following paragraphs.

The linear fit for the OLR radiation yields similar values as used in North (1975), but a weaker slope
than that found in Koll and Cronin (2018) and M. Cai et al. (2023). The discrepancy is likely caused by
the explicit parameterization of carbon dioxide RF, and the fact that we use globally averaged surface
temperature data instead of local surface temperatures as in Koll and Cronin (2018) and M. Cai et al.
(2023).

The RF per doubling of CO, a = (4.59 + 0.44) Wm ™2, is in agreement with estimates from CO,
doubling experiments that find an effective radiative forcing (ERF) of (3.93+0.48) Wm ™2 (Smith et al.,
2018; TPCC, 2023, Table 7.2), if uncertainties are taken into account. Similarly, Weaver et al. (2001) use
a specified radiative forcing of 4 W m~2 for their earth system model. Other greenhouse gases such as
methane and nitrous oxide that are not explicitly considered in our model and have therefore possibly
contributed to the higher estimate of a. When equatorial Pacific SSTs are held at their historic mean,
this translates to a model climate sensitivity of 2.3 °C, which is close to the sensitivity of the model
from Hu and Fedorov (2017). As our model is trained on a transitional period with increasing COq
concentration, its climate sensitivity can be compared to the transient climate sensitivity, for which the
Intergovernmental Panel on Climate Change (IPCC) assesses a very likely range of 1.2°C to 2.4°C
(IPCC, 2023, Table 7.14).

The model’s effective heat capacity C' is equivalent to that of the atmosphere combined with the
uppermost ~ 3.8 m of the ocean, implying that ENSO related changes of GMST also impact the ocean
surface layer. This is somewhere between the values found in Thompson et al. (2009) (~ 2m) and
Yulaeva and Wallace (1994) (~ 10m), who conducted similar experiments.
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Figure 3: Time series for GMST from reanalysis (gray) and GMST model output (black) with
optimized parameters from Table 1. The modeled GMST spread induced by the parameter uncertainty
is indicated by the gray ribbon which marks the standard deviation from a Monte Carlo simulation
with 500 samples. However, due to the small spread, the gray ribbon aligns closely with the black line.
The RMSE of the fit is 0.12°C.

Although not describing the exact same quantity, the constant energy influx I = (237.540.7) Wm~?
into the atmosphere can be compared to the global energy influx into the atmosphere per unit area.
The IPCC estimates this flux to be 239 W m~2 for the climatic conditions of the 21st century (IPCC,
2023, Fig. 7.2), which is very close to the value of I used in our model.

For the ocean-atmosphere exchange coefficient po, = (9.8 +£ 1.3) Wm~=2K™!, there exists a wide
parameter range in literature. Our value agrees very well with that used in Thompson et al. (2009)
(10 Wm~2K~1!) but is much lower than that in Yulaeva and Wallace (1994) (25 W m~2 K~1). Reanalysis
flux data implies a coupling of jios = (17.5+£0.2) Wm~2K~! across the equatorial Pacific basin (Figure
4), right in the middle of the literature range. A possible explanation for the discrepancy is that g, in
our model is sensitive to other model parameters and measures global net energy exchange while pi,
derived from flux data only takes into account local energy fluxes.

With the GMST model set up and the required parameters defined, the next step is the coupling of the
ENSO model to the GMST model, described in the following section.
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temperature difference between local SSTs and GMST. Following Equation (1), @ includes net short-
and long-wave radiation as well as sensible and latent heat fluxes. SSTs were averaged in the western
(WP, black), central (CP, blue) and eastern (EP, orange) Pacific separately. The expression for the
linear fit (red) can be found on the bottom right where y represents the flux convergence @ in W m =2
and x is the temperature difference in °C. The slope of the linear fit is (17.45 + 0.20) Wm 2 K™,
where the uncertainty is the standard error of the fit.

3.3 Two-Way Model Coupling

To gain a comprehensive understanding of the interdependence of GMST and ENSO, the ENSO model
and the GMST model are coupled in two directions. Coupling GMST to respond to ENSO is achieved
by using the SST output of the WP, CP and EP from the ENSO model as input for the GMST model.

Quantifying the influence GMST has on ENSO is much less straight-forward and ENSO responses
to anthropogenic climate change are not fully understood (W. Cai et al., 2021). Furthermore, some
projected changes such as the weakening of the trade winds and the enhanced warming of the eastern
Pacific are not yet supported by observations, potentially due to masking by low frequency variability
(W. Cai et al., 2015). Other mechanisms such as the faster warming of the surface than the deep ocean
and the shoaling thermocline (Collins et al., 2010) are more certain, but it is difficult to pinpoint the
causality. Consequently, numerous parameters in the ENSO model in Equations (2), (3) and (4) are
potentially influenced by GMST. In this study we limit ourselves to the adjustment of RCE temperature
T:. RCE is a simple paradigm usually used for the atmosphere (Jakob et al., 2019) that describes a
balance between radiation and surface heat fluxes and has been applied to the equatorial Pacific in the
ENSO model. Typically, due to its strong regulation (Sun, 2000) and the vast energy required for a
perturbation (Newell, 1986; Newell & Dopplick, 1979), this temperature is fixed at approximately 29 —
29.5°C (Fang et al., 2024; Sun, 2000; Timmermann et al., 2003). However, with significant greenhouse
gas forcing, the supplied energy may be sufficient to change RCE and, as a first order approximation,
we assume a linear response of T, to GMST

T, = AT, + B. (8)
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To find the parameters A and B, we assume that SSTs in the warm pool - with its high average
temperatures of around 29.5°C (Figure 1h) and low variability (Figure 2b) - is a useful proxy for 7;.
This is also consistent with our ENSO model, where the western Pacific temperature Ty is dominated
by T: as the advection is very weak (see Equation (2a)). To extract only long-term trends in the
relationship of Tw and GMST, a linear model was first fit to both GMST and Ty time series (orange
line in Figure 1fh). From that, A = (0.85 4+ 0.05) KK~! and B = (56.7 + 13.1) K can be found by
eliminating the time-dependence. The uncertainty was estimated by propagating the uncertainties from
the two linear fits.

This 2-step linear fitting procedure extracts the long-term relationship between GMST and Ty, while
allowing an estimation of uncertainty from the fit. Alternatively, the parameters can also be found
through a direct linear fit between GMST and Tyy. To remove variability up to interannual timescales,
4th order Butterworth 8 years low-pass filter was applied to both GMST and Ty before the fit. This
results in a correlation of over 0.97 with a slope of A = 0.86 K K~! when minimizing the RMSE in
Ty direction to 0.05°C. A similar result of A = 0.88 KK ™! is found when a Deeming regression with
an assumed uncertainty of 0.1 °C is applied. This underpins the robustness of the linear relationship
between GMST and Tw found before. However, as the low-pass filter removes information important
for uncertainty estimation, we stick to the results of the 2-step linear fitting procedure of the previous
paragraph for the following analysis.

With that, we have constructed a full-field two-way coupled conceptual ENSO-GMST model. In the
next section, we will explore how this model was used to investigate the interplay between ENSO and
GMST.

4 Methodology

With the coupled ENSO-GMST Model set up and model parameters found, the model can be used
to investigate its behavior in a changing climate, i.e., under different COs concentrations. For our
simulation, we integrated the model over 400 years with a time step of 1day employing a 4th order
Runge-Kutta method. The numerical integration was performed in Julia (Bezanson et al., 2017)
using DifferentialEquations.jl (Rackauckas & Nie, 2017). Bifurcation analysis was carried out utilizing
Bifurcationkit.jl (Veltz, 2020). As initial conditions, observational mean values of GMST = 14.31°C,
Tw = 29.29°C, Tc = 28.05°C and Ty = 25.60 °C are used. For the WP thermocline depth anomaly,
we use hyw = 30m initially. An analysis with randomized initial conditions revealed that the solution
characteristics are however not sensitive to the exact initial conditions chosen. Only once the initial
conditions deviate too far from physically realistic values, the oscillation seizes, and the solution stays
constant in time. The first 100 years of the solution were omitted in the subsequent analysis to ensure
the model has fully spun up. The integration procedure was repeated for CO5 concentrations between
100 ppmv and 800 ppmv. Using best estimate (BE) parameters from Table 1, the model was integrated
repeatedly, each time increasing COs concentration in steps of 1ppmv. For a more comprehensive
analysis that also takes the parameter uncertainty into account, we also employed a Monte Carlo (MC)
simulation with 500 samples and COq steps of 5 ppmv. In the MC approach, parameters were drawn
randomly from a multivariate normal distribution generated by the covariance matrix of the parameters.
The projected distribution is depicted in Figure 5.

To obtain the model mean state in Subsection 5.1, at each COs level, the time series of each prognostic
variable was averaged over the available period. For periodic orbits, this introduces a slight error as
the averaging period is not necessarily an integer of full periods. However, this error is expected to be
negligible due to the long averaging period with respect to the typical ENSO period. Advantageously,
this method stays well-defined even for chaotic model behavior, which the coupled model inherits
from the ENSO model and is briefly discussed in Subsection 5.2. The averaging was repeated for each
individual MC simulation yielding N simulation means (sim-means). The MC mean and its uncertainty
are then calculated as the mean and standard deviation of these sim-means.
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To characterize El Nino in Subsection 5.2, the SST anomaly in the Nifio 3.4 region, reflecting the
Nifio 3.4 index (Trenberth, 1997), is used. As the model does not directly simulate the temperature
in this region, we used a weighted average of the SST in the CP and EP as a proxy. Anomalies were
then calculated by subtracting the mean SST of that region. In each MC simulation at each COq
concentration, local maxima are identified using Peaks.jl. Following the definition of Trenberth (1997)
for an El Nino, only the local maxima with a SST anomaly of > 0.4 °C are considered in the subsequent
analysis. Note that the exact value of this threshold is arbitrary and does not significantly affect the
results. The filtered local maxima of each MC simulation are used to calculate the mean (sim-mean)
and maximum (sim-max) of the time series. Then, those values are used to get the MC mean by
averaging all sim-means and the MC max by averaging all sim-maxs. To assess the uncertainty of MC
mean and MC max, the standard deviation of the sim-means and sim-maxs, respectively, is used. An
analogous procedure was employed to assess the period of ENSO. To extract the MC mean period, the
time between two filtered local maxima is calculated and averaged, first over the time series of each
MC simulation, then over all MC simulations. Additionally, to visualize the qualitative model behavior
for one set of parameters, we also employ an orbit diagram (Strogatz, 2015) in Figure 10a. Here, for
BE parameters, the identified local extrema are neither filtered nor averaged, but directly visualized in
a scatter plot. Here, each point in the orbit diagram represents a local maximum and, consequently,
negative values are also possible.

To quantify the response of GMST to ENSO in Subsection 5.3, we again exploit the Nifio 3.4 index
as a measure for ENSO. Assuming a linear relationship between Nifio 3.4 index and GMST, we fit a
regression line to the model data and extract the slope. Beforehand, the GMST time series was shifted
in time such that the correlation between Nifio 3.4 index and GMST is maximized. This accounts for
the delayed response of GMST as a result of the model heat capacity C. The obtained time lag is
what we refer to as the delay between ENSO and GMST. As before, the MC mean and its uncertainty
are calculated by calculating the mean and standard deviation of the slopes of the individual MC
simulations at each available COs concentration. However, the regression line and the delay were
only considered in the MC mean if the the respective MC simulation was in an oscillatory regime as
determined by bifurcation analysis.

5 Model Results

This section presents an in-depth analysis of the model behavior across different climates, focusing on
the mean state, the characteristics of ENSO and the response of GMST to ENSO.

5.1 Mean States in a Changing Climate

One of the key advantages of employing a full-field model is the ability to investigate changes in the
mean state. Figure 6 shows the mean state of all prognostic variables in the coupled model, i.e., T,
Tw, Tc, Tg and hw, as a function of COs concentrations. Slight deviations of the MC mean (solid)
and the equilibrium found by collocation (dash-dotted) are visible above 400 ppmv COs concentrations,
which presumably originate from secondary bifurcations, as discussed in Fang et al. (2024).

Our coupled model shows increasing GMST (green) which is a direct consequence of the radiative
forcing term in Equation (6) controlled by the parameter a. With GMST, following Equation (8), RCE
temperature T, (dashed black) rises, too, albeit at a slower pace, as A < 1. With this, the WP SST
experiences a similar increase, and the corresponding thermocline (dark blue) deepens. However, the
other Pacific regions experience a weaker SST increase, and after around 450 ppmv even a decrease.
This is counterintuitive as one might expect a stronger warming of the colder regions in the CP and
EP as seen in GCMs (W. Cai et al., 2021). Therefore, leveraging the conceptual nature of our model,
we investigate the physical mechanisms behind this behavior in the following paragraphs.
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Figure 6: Mean states of prognostic variables of the coupled model, i.e., western (Ty), central (T¢)
and eastern (Tg) Pacific SSTs, western thermocline depth anomaly (hyw) and GMST, as a function
of CO3 concentrations. The solid line represents the mean of the MC samples and the shaded band
represents the corresponding standard deviation. The dash-dotted line is the equilibrium state of the
model as determined by orthogonal collocation for BE parameters. The mean radiative convective
equilibrium temperature T is represented by the black short dash line. The vertical dashed lines in
gray indicate Hopf bifurcations for BE parameters, enclosing the gray shaded area where the model
shows oscillatory behavior.
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To understand CO5 induced changes of the ENSO mean state, it is imperative to understand the
dominating mechanisms acting on it. When a long-term average is applied to the variables in Equation
(2), the time derivatives vanish which simplifies the expression for the WP thermocline anomaly and
with that the thermocline anomalies in the CP and EP (Equation (4)), too, yielding

(hw) = =3 ((Ts) = (Tw)) (9)
(hc) =0, (9Db)
(i) = (). (9)

Here, () denotes time-averaging over a long period relative to oscillation period, which is implicitly
understood throughout the following discussion. Consequently, the trade winds now deepen the WP
thermocline and the EP thermocline is lifted by the same amount, with the CP thermocline remaining
constant. This has direct consequences on the positive feedback loop of the ENSO model that acts to
increase the zonal SST gradient in the mean state, with the working principle explored in Figure 7a.
Ultimately, this feedback loop is constrained by a minimum subsurface temperature (7o) such that a
balance with the Newtonian cooling term can be found.

Tracking the impacts on the zonal SST gradients in Figure 7a, a possible mechanism for its observed
increase in a warmer climate is the subsurface temperature in the EP. In the following, we argue how
increasing RCE temperature 7T initially cools the subsurface, acting as an entry point to the feedback
mechanism.

The system of Equations (2) - (4) for the ENSO model exhibits translational invariance in temperature,
which is a result of the fact that all temperature-related terms are expressed as differences. This implies
that a constant shift AT in all temperature variables does not change the model dynamics. In fact, one
can quickly verify that AT would cancel out in the equations. As a side effect, this also implies that
the model works both in Kelvin and Celsius. As only the two parameters T,g and T, govern the unit of
the temperature variables, translating them (for instance by adding AT) equates to a change in the
frame of reference. Note that it is technically necessary that initial conditions are also adjusted with
these two parameters. However, as the model is allowed to reach its dynamical equilibrium within the
100 years spin-up phase, this is not required as long as the changes are not too large. This change of
reference helps to reformulate what it means to increase T, in the model.

Let us assume a reference state with T,o = T3 and T, = T? (Figure 7b). Let AT, be the induced
change on T} as a result of an increased GMST, such that 7/ = T° + AT, is the parameter after it’s
adjustment to a warmer climate. Next, performing a coordinate transformation by subtracting AT;
from T/ and T, yields

i

=10, (10a)

T =TS — AT, (10Db)

T

Here, T, and T} define a new state after the impact of climate change and the coordinate transformation.
This shows that a change of T} is equivalent to the opposite change of T,¢ (Figure 7b). Exploiting
this symmetry, we can investigate the effect of an increasing 7, in Equations (2) - (4) by analyzing
the impact of a decreasing T;9. Under this perturbation, Equation (2) does not change directly, but
is only affected by changes in the subsurface temperatures described in Equation (3). Here, as the
hyperbolical tangent function is bounded by (—1, 1), the subsurface temperatures would decrease as Tyo
is decreasing. This yields the key result: increasing T, is dynamically equivalent to keeping T, constant
but lowering T,9 which acts to reduce the initial subsurface temperatures.
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Figure 7: (a) Simplified positive feedback mechanism of the ENSO model mean state. A relative
decrease of EP subsurface temperature 7.2, (mid right), caused for example by faster initial warming
of the sea surface than the subsurface, cools down the EP SST Ty through upwelling. Due to the weak
advection coupling of WP and EP, the WP SST Ty decreases, too, but at a lower magnitude (top
right). This increases the zonal SST difference ASST (top left), which in turn strengthens the trade
winds (bottom left). Following Equations (9), this increases the thermocline slope and consequently
lowers the EP thermocline depth anomaly hy. Through the thermocline feedback, T, is further
decreased, closing the loop. This feedback eventually diminishes due to the non-linear nature of the
thermocline feedback as a deeper thermocline only marginally decreases the subsurface temperature.
The direct wind feedback (center) connects the trade winds to the strength of upwelling and advection.
This creates a second feedback loop that also amplifies the zonal SST gradient. Both feedbacks are
eventually stopped by a lower limit for TSEfJb. (b) Visualization of the coordinate transformation of T,
and Ty to reformulate the effect of climate change induced 7T increase. Exploiting the temperature
translation invariance of the system, an increase of AT, in T} is equivalent to a decrease of AT; in Tyq,
as formulated in Equation (10).

The previous result has significant consequences as it marks an entry point to the feedback mechanism
in Figure 7a. As the initial temperature difference between surface and subsurface increases, the model
provides a larger cooling effect on the EP surface. This leads to a new mean state with an increased
zonal SST difference (Figure 8a). Through Equation (9), this has a direct effect on the thermocline
depths, with the WP thermocline deepening and the EP thermocline lifting, while the thermocline in
the CP remains constant (Figure 8b). Since the working principle of this mechanism is qualitatively
independent on the precise parameter values like € and ¢ in the ENSO model, this analysis is also
qualitatively robust for different parameter sets than the one specified in Section 3.1, as long as the
advection coupling between the WP and EP stays weak.
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Figure 8: Mean states of selected variables for best estimate parameters as a function of COs
concentration. (a) Zonal temperature differences proportional to the wind stress over the central-
western (black) and central (blue) Pacific. Positive values imply easterly winds. (b) Thermocline depth
anomaly in the WP (hw) as a direct output of the model, and in the CP (h¢) and EP (hg) according
to Equation (4). Equivalently, all mean thermocline depth anomalies can be calculated using Equation
(9). (c) Subsurface temperatures following Equation (3) in the central (7., , blue) and eastern (T2, ,
orange) Pacific.

With the stagnating thermocline in the CP, the corresponding subsurface temperature in Equation (3a)
increases directly proportional to T, (Figure 8c). Through that same mechanism, the EP subsurface
temperature increases, too. However, linked to the shallowing thermocline hg, the competing mechanism
of the thermocline feedback that cools the subsurface plays a role here. Due to its non-linear nature,
the thermocline feedback initially slows down the T} related increase of T, (Equation (3b)), before it
eventually surpasses the impact of Ty, leading to a decrease in Tslib after around 400 ppmv.

Through upwelling, changes in subsurface temperatures are reflected in the SST, leading to the similar
shape of Tg and T, . However, this is not true for the CP due to the advection feedback in Equation
(2b), which brings cool waters from the EP to the CP, decreasing T¢. This leads to a peculiar model
behavior where the CP subsurface temperature surpasses the CP SST such that upwelling in that
region now effectively warms the SST. This is evident in Figure 9b, where upwelling (gray) induces a
net positive temperature flux in the CP. Only through the strong advection from the EP (dark blue),
the shape of T is similar to that in the EP. As vertical temperature profiles in the tropical Pacific
typically decrease with depth (Tsonis et al., 2003), this behavior seems unrealistic and must be deemed
a model limitation that requires further improvement. However, the overall conclusions on the mean
state are robust, as the feedback loop in Figure 7a only requires a weak coupling between the WP
and EP which would also be given for a cooler CP with EP-like temperatures. In fact, the argument
does not change even if a 2-box model without the CP, like the one from Timmermann et al. (2003), is
considered.

Summarizing, in our model we observe an increasing zonal SST gradient for higher CO5 concentrations
which translates to strengthened trade winds and a steeper thermocline slope. Our analysis shows
that the origin of this behavior lies in an initial cooling of the subsurface temperatures as a result of a
climate change induced parameter shift. In other words, a warmer climate is directly impacting the
subsurface by cooling it relative to the surface. The increased vertical temperature gradient then kicks
off a positive feedback loop that increases the zonal SST gradient and defines a new mean state of the
model.
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Figure 9: Mean state temperature fluxes in the WP (a), CP (b) and EP (c¢) for best estimate
parameters as a function of COy concentration. The equilibrium total flux of zero (dashed black) is
separated into fluxes of advection (dark blue), upwelling (gray), and Newtonian cooling (red).

This opposes results from GCMs that generally project a lower zonal SST gradient due to the enhanced
warming in the EP, and a weakening of the trade winds (W. Cai et al., 2021). However, ocean-
atmosphere reanalysis recorded the opposite trend since 1980, which includes cooling of the eastern
Pacific and a strengthening of the easterly winds (Alizadeh, 2024; W. Cai et al., 2021). While our
model only shows a cooling of the EP from 450 ppm onwards, the zonal contrast and with that the
easterlies exhibit a monotonic increase matching reanalysis.

Furthermore, a cooling trend of the EP subsurface is also observed in reanalysis data from 1979 to 2014
(Chung et al., 2019). Similarly, the 10 % of ensemble members from the Community Earth System
Model (CESM) Large Ensemble Project that exhibit the most significant increase in Walker circulation
also display a similar trend during that period, though at a smaller magnitude (Chung et al., 2019).
Our analysis emphasizes the significance of EP subsurface temperatures response to climate change for
the mean state of ENSO. The identified model mechanism, albeit highly parameterized, could provide
a physical explanation of the observed strengthened Walker circulation that does not rely on internal
variability or influences from outside the Pacific.

5.2 Characteristics of El Nino in a Changing Climate

With increasing CO4 concentrations, the characteristics of El Nifio in our model change significantly.
Figure 10 shows the evolution of key features of El Nino in the Nifio 3.4 region: (a) amplitude, (a)
period and (c¢) variance. Panel (a) shows that both the maximum amplitude (gray) and the mean
amplitude (blue) of an El Nino event rise significantly in a warmer climate, with maximum amplitudes
of over 4°C. The black dots in Figure 10a create an orbit diagram (Strogatz, 2015) of the coupled
model that visualize the its oscillatory behavior. The Hopf bifurcations that are bounding the region
of oscillatory model behavior for BE parameters are indicated by vertical dashed lines. The precise
location of these bifurcation points is a function of the model parameters which explains the possibility
of non-zero amplitudes of the MC mean outside of the region of periodic orbits. With increasing
CO4 concentrations, we can identify period doubling bifurcations in the orbit diagram, which are
accompanied by short windows of chaotic behavior. The maximum amplitude increases step-wise with
each bifurcation - a behavior that is smoothed out for the MC lines in gray and blue. At around
650 ppmv, this trend collapses and the system transfers back to periodic orbits with significantly lower
amplitudes. The amplitudes then keep decreasing up to the Hopf bifurcation where the oscillation
finally ceases.
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Figure 10: Key characteristics for the model Nifio 3.4 index as a function of COs concentrations.
Vertical dashed lines indicate Hopf bifurcations for the best estimate parameter set. (a) Amplitudes
of El Nino events defined as anomalies > 0.4°C. In gray, the maximum amplitude averaged over all
MC simulations is shown, with the standard deviation indicated by the shaded ribbon. The same is
shown for the mean amplitude of an El Nifio event in blue. The black dots represent local maxima of
simulation runs with best estimate parameters. As no prior filtering was applied, amplitudes < 0.4°C
or even in the negative regime are possible. (b) Average time between two El Nifio events for the MC
simulations in blue and the best estimate parameters in black. (c¢) Variance of the Nino 3.4 index for
best estimate parameters.
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At the same time, our model also shows a significant increase in the time between two El Nifio events for
higher CO2 concentrations (Figure 10b). This implies that, while individual El Nifio events become more
extreme, they occur much less frequently. This leads to a rising variance until around 480 ppmv CO,
after which it decreases again (Figure 10c). This is only partly in line with W. Cai et al. (2021), who
find an overall inter-model consensus on increasing SST variability with increasing COy concentrations.
In summary, while we do not observe more frequent extreme El Nifio events as in W. Cai et al. (2021),
we do find that the events that occur in our model become more extreme in a warmer climate.

The changes in our model’s ENSO characteristics might also affect how GMST responds to ENSO.
This is discussed in the following section.

5.3 The Response of GMST to ENSO in a Changing Climate

As SSTs in the central and eastern Pacific rise during an El Nifio event, energy fluxes into the atmosphere
increase, thus increasing GMST in our coupled model. The response of GMST to anomalies in the
Nifio 3.4 region, i.e., the slope of the regression between Nino 3.4 index and delayed GMST stays
fairly constant around 0.12°C per degree of Nino 3.4 index for a large range of COy concentrations
(Figure 11a). Related to the chaotic windows discussed in the previous Subsection 5.2 the GMST
response line for BE parameters is smooth for low COs concentration, but shows discontinuities at
higher concentrations, before collapsing at around 650 ppmv. The latter is connected to reduced Nino
3.4 amplitudes in this regime as visible in Figure 10, but the exact origin of this relationship requires
further investigation.

The delay between ENSO and GMST, i.e., the time lag at maximum cross-correlation, is shown in
Figure 11b. With increasing COs concentrations, the lag time decreases, implying a faster response of
GMST to ENSO. However, this decrease is very slow for current and future COs concentrations and
stays at a delay of about 4 months.

To put these findings into perspective, we turn to to literature and available reanalysis data. For the
period 1950 to 1998, Trenberth et al. (2002) found a delay of 3 months between the Nifio 3.4 index
and GMST, slightly lower than our model results. They also quantified the GMST response and found
regression coefficients of 0.11 °C per degree of Nino 3.4 index for the period of 1950-1978 and a weaker
0.08°C°C~! for the period of 1979-1998. The drop in the slope was accompanied by a reduction of the
correlation coefficient from 0.65 to about 0.43, which they attributed to either volcanic activity in the
period of 1979-1998, the climate shift 1976/1977, or both.

Motivated by these results, based on reanalysis data we analyze the cross-correlation between the Nino
3.4 index and GMST in two periods: 1980-1998 and 1999-2023, respectively (Figure 12). Last century’s
period shows much lower peak correlation of 0.44 than the second period 1999-2023 which has a peak
correlation of 0.69. This is in line with the findings of Trenberth et al. (2002), strongly suggesting that
the two major eruptions at the end of the 20th century obscure the relationship. Both eruptions, El
Chichén and Pinatubo, occurred during the onset of an El Nifio event, weakening its perceived impact
on GMST (Wigley, 2000). To circumvent this masking, we focus on the period of 1999-2023 where we
find a regression coeflicient of (0.11 £ 0.01) °C of GMST warming per degree of Niflo 3.4 index. This is
consistent with what was found in Trenberth et al. (2002) for the period of 1950-1978 and close to the
1.3°C°C™! found in Wigley (2000). For reasons not yet fully understood, the regression coefficient
of 0.6°C°C™! for 1980-1998 found in our analysis is significantly lower than that of Trenberth et al.
(2002) for the period of 1979-1998. This discrepancy might be due to the different time period and
dataset considered, and depends on the exact definition of the Nifio 3.4 index, the data processing and
the implementation of the regression analysis.
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Figure 11: Key characteristics of GMST response to ENSO. Vertical dashed lines indicate Hopf
bifurcations for the best estimate parameter set. (a) Regression coefficient of delayed GMST to Nino
3.4 index from the coupled model for different COs concentrations. The blue line represents the mean
of the MC samples with their standard deviation shaded. The black line is the result for best estimate
parameters. (b) Time lag between Nino 3.4 index and GMST with maximum cross-correlation for
different CO; concentrations that is used to delay GMST in the top panel. Colors are the same as in
the top panel.
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Figure 12: Cross-correlation between the Nifio 3.4 index and GMST from reanalysis data for different
periods. Positive lags indicate that Nino 3.4 index leads GMST. Depiction inspired by Trenberth et al.
(2002).

In Figure 12, we find the peak correlation of the period 1999-2023 at a lag of only two months, lower
than the 3 months found by Trenberth et al. (2002) for the period of 1950-1978. Note, however, that
this does not necessarily support the trend of decreasing delay with increasing CO5 concentrations
found in our model as the peak both in Figure 12 and in the equivalent Figure 2 from Trenberth et al.
(2002) is broad enough to support a delay range of between 2-3 months.

In summary, we find a linear GMST response to Nino 3.4 index of around 0.12°C across a wide range
of CO5 concentrations in our model. This is supported by observations in our analysis, where we find
(0.11 £ 0.01) °C for the period of 1999-2023 with low volcanic activity. Furthermore, Trenberth et al.
(2002) finds a similar regression coefficient for 1950-1978, a period with similarly low volcanic activity.
Hence, observational analysis does not contradict the relatively stable GMST response under changing
CO; concentrations found in our model. In relation to the delay between Nifio 3.4 index and GMST,
our observational analysis and Trenberth et al. (2002) suggest a shorter delay than we find in our model,
while Wigley (2000) uses a delay of 6-7 months. As Trenberth et al. (2002) points out, this could be a
result of different methods to correct for the volcanic influence on GMST.
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6 Conclusion and Discussion

In this research, we developed a full-field conceptual GMST model that responds to changes in
CO; concentrations and SST variability in the tropical Pacific. Its physical formulation allows for
interpretation and parameter verification against existing literature. Model parameters were optimized
using observational data from 1980-2023. The model was coupled with a pre-existing ENSO model
from Fang et al. (2024), which reproduces typical interannual SST variability in the western, central,
and eastern Pacific. The achieved coupling is bidirectional: the GMST model takes SSTs from the
ENSO model as input, allowing GMST to respond to temperature changes in the three Pacific boxes.
In turn, the ENSO model is influenced by the GMST model through a key variable, the radiative-
convective equilibrium temperature T;. Assuming that the western Pacific SSTs are approximately
in this equilibrium, 7; was linearly parameterized as a function of GMST. The coupled model is
cost-effective to operate and allows for a detailed analysis of the interplay between ENSO and GMST.

Subsequently, the model’s bidirectional relationship between ENSO and GMST was analyzed by
exploring model solutions for different CO5 concentrations between 100 and 800 ppmv. In the mean
state, increased CO; concentration leads to a warming of GMST and western Pacific SST. However,
central and eastern Pacific SSTs show a more complex response, initially warming slowly but decreasing
from around 450 ppmv onwards. Exploiting the model’s interpretable nature, we can separate the effect
of climate change on the Pacific and its intra-basin dynamics. Our analysis shows that the observed
behavior is a result of a warming GMST acting to decrease subsurface temperatures relative to the
surface. This subsequently fuels a feedback loop constrained by bounding parameters and a new mean
state with an enhanced zonal SST gradient is found. ENSO itself, as measured by the area-weighted
Nino 3.4 index in our model, also changes in response to increased CO concentration. In a warmer
climate, El Nifio events occur less frequently but are significantly stronger. The response of GMST
to ENSO variability, however, stays approximately constant at around 0.12 °C per degree of Nifio 3.4
index. This implies that larger excursions of GMST can be expected due to higher ENSO amplitudes,
albeit at a lower frequency. At the same time, the response time of GMST to the Nino 3.4 index
decreases with rising CO5 concentrations. Nevertheless, the observed decrease is very low for current to
future CO2 concentrations and the delay remains close to 4 months.

While the simple structure of the coupled ENSO-GMST model allows for a cost-effective, isolated and
interpretable exploration of the relationship between ENSO and GMST, the conceptual nature of both
model components has its limitations. Many aspects of the GMST model drastically simplify the earth
system and its internal feedback mechanisms. For instance, the model uses a single combined heat
capacity for all individual forcing mechanisms (ENSO, CO3, and AOD), which oversimplifies their
distinct thermal dynamics. Additionally, for the response to Pacific variability, a linear relationship
based on the difference between GMST and local SST difference was employed, an assumption that
might not be universally valid. In particular, latent heat fluxes that dominate the heat exchange over
the tropical oceans (Hoffert et al., 1983) are typically formulated to be dependent on humidity (e.g.
Weaver et al. (2001)) - a variable not included in our model. Furthermore, particularly net radiation
fluxes between ocean and atmosphere are heavily dependent on local cloud cover (Hartmann et al.,
2001), but convection is not explicitly included in the model. Lastly, while the fitting of GMST model
parameters to observations ensures a good representation of the current climate, it is unclear to what
extent the model can project future climate states.

While the ENSO model incorporates many important feedbacks, it is only intended as a simple analogue
representing the physics of ENSO, and cannot reproduce individual events realistically (Fang et al., 2024).
Reasons for this include its spatial resolution bu also the lack of representation of some feedbacks. For
example, the west-east damping differential leads to stronger regulation of the WP through evaporation
and a greater net negative radiative cloud feedback (W. Cai et al., 2021), both of which are not part
of the ENSO model. Additionally, although the model reveals rich dynamics, it does not capture
effects from seasonal variability or relatively fast atmospheric processes. Possibly as a consequence of
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these shortcomings, though the model can reproduces ENSO bursting behavior, it overestimates the
relative occurrence of strong El Nifio events (Timmermann et al., 2003). Consequently, the analysis
in this study might be skewed towards exceptionally strong El Nino events rather than the average
to weak El Nino event. Additionally, while the heavy parameterization keeps the model simple and
interpretable, the parameterized relationships that are tailored to the current climate might not be
valid for a future, warmer climate. This could lead to unrealistic model artifacts such as the observed
unstable stratification in the CP mean state. Therefore, only adjusting key parameters such as T} to
represent a warmer climate might be insufficient as the parameterization itself might change due to
climate change. Moreover, other parameters such as the sharpness of the thermocline A* or its reference
depth H might be subject to change. In this context, the linear parameterization used for 7, might not
be universally valid, and is currently based solely on observational data.

Despite the model limitations, the coupled ENSO-GMST model developed in this study provides a
valuable tool for understanding the bidirectional relationship between ENSO and GMST. Investigation
of reanalysis data supports the modeled GMST response to ENSO, demonstrating our model’s capability
to capture the coupling from ENSO to GMST. In the opposite coupling direction from GMST to ENSO,
our model shows increasing zonal SST gradients under climate change, a feature that is supported by
reanalysis data but not seen in most projections from the Coupled Model Intercomparison Project
Phase 6 (CMIP6) (W. Cai et al., 2021; Chung et al., 2019). We identified the central and eastern
subsurface temperatures as the key driver of this behavior. Reanalysis suggests that these temperatures
have been cooling in recent decades (Chung et al., 2019). This trend, as well as the decreasing EP sea
surface temperatures can also be observed in our model from an inflection point at around 400 ppmv and
450 ppmv onwards, respectively. As the precise location of this inflection point is likely dependent on
ENSO model parameters and tuning these might shift the inflection point to lower CO4 concentrations,
further improving the model alignment with reanalysis data. Hence, our model might be able to provide
an intra-Pacific mechanism that explains the observed changes.

However, other model results such as the increased amplitude but decreased frequency of El Nino
events in a warmer climate are not fully supported by the literature (W. Cai et al., 2021). This could
be connected to the unstable stratification that developes in the mean state of the WP for higher
COs concentrations. Here, as the SST is lower than the corresponding subsurface, the upwelling
feedback is perturbed, potentially deteriorating the model’s ENSO behavior. Consequently, moving
forward, it is essential to resolve this issue, for instance, by reformulating the subsurface temperature
parameterization. Nevertheless, leveraging the model’s interpretability, future research could explore
the precise mechanisms that drive the observed ENSO trends and assess their validity. Additionally,
this could include an analysis of the model’s La Nina events, which was outside the scope of this work.
Moreover, the current model setup is able to dynamically respond to changing CO5 concentrations.
Therefore, future research could exploit this capability and investigate the model response to transient
COs concentrations. The coupled model could be further used to explore the role of internal variability
that has been proposed as a potential driver of the recent Walker circulation strengthening (W. Cai
et al., 2021). For instance, to mimic the PDO, the advection efficiency € could be varied, an increase of
which would represent a decreasing PDO index (Fang et al., 2024).

In addition, as the GMST model was developed as a separate component of the coupled model, it could
be applied to other ENSO models, in particular those influenced by high-frequency forcing. This could
help assess the implications of different ENSO modeling approaches on the bidirectional relationship of
ENSO and GMST. As part of this effort, the GMST could be further improved by training it using
model data from GCM projections to improve its representation of a future climate. In this regard,
training on models with equilibrated climates would also be possible and would expand the model’s
capabilities to a representation of equilibrated instead of transient climates. It should be noted, however,
that both approaches bear the risk of inheriting ENSO-related model biases in particular, such as the
cold tongue bias (W. Cai et al., 2021).
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Instead of coupling the GMST with a different ENSO model, improvements to the current ENSO
model could also be a potential way forward. For instance, the addition of noise to the wind stress
terms in the ENSO model could be explored. This could potentially generate unique El Nino events,
spur oscillations outside the regime of periodic orbits and also generate shorter-term variability in the
GMST. Note, however, that this would still not be enough to reproduce the full spectrum of GMST
variability as the global atmospheric variability is dominating these short-term fluctuations. Further
improvement of the ENSO model could aim to resolve the lack of the west-east damping differential. A
potential way of implementing this could be the use of distinct RCE temperatures in each basin with a
unique response to GMST. This has the potential to improve the model’s mean state representation
and could possibly challenge our current results as this mechanism works to reduce the zonal SST
difference (W. Cai et al., 2021). In this regard, the ENSO-to-GMST coupling could also be refined by
introducing unique ocean-atmosphere coupling coefficients for each basin. This could potentially give
insights into whether different ENSO flavors have distinct impacts on GMST.

In conclusion, the coupled ENSO-GMST model developed in this study provides a valuable tool for
understanding the bidirectional relationship between ENSO and GMST. Leveraging its capabilities
revealed a potential intra-Pacific mechanism resembling recent mean state changes of the tropical
Pacific. Further research could validate these insights by further exploring the current model setup,
improving the individual model components, or even coupling the GMST model to other ENSO models.
Ultimately, this could further improve our understanding of the complex relationship between ENSO
and GMST in an uncertain future climate.
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