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Abstract The behavior of the El Niño–Southern Oscillation (ENSO) has undergone significant changes
since the year 2000. Meanwhile, a notable westward shift and strengthening in the atmosphere‐to‐ocean
Bjerknes feedback were observed. We find that this shift can be primarily attributed to a weakened relationship
between the zonal gradient of precipitation anomaly and that of sea surface temperature (SST) anomaly since
2000.This weakened relationship is a comprehensive manifestation of reduced El Niño‐related precipitation
anomalies in the central‐eastern tropical Pacific and increased anomalies in the western tropical Pacific. These
changes are connected to the mean state change in the tropical Pacific after 2000, where the cooler background
SSTs in the central‐eastern tropical Pacific suppress upward motion, and the warmer background SSTs in the
western tropical Pacific promote upward motion in the overlying atmosphere. Our findings offer a potential
explanation for the westward shift and strengthening in the atmosphere‐to‐ocean Bjerknes feedback since 2000.

Plain Language Summary The El Niño–Southern Oscillation (ENSO) is a climate phenomenon that
plays a major role in global weather and climate systems. The development of ENSO is mainly attributed to a
positive feedback known as the Bjerknes feedback, which represents the atmospheric response to the oceanic
forcing and vice versa. It is noted that ENSO has behaved differently since the year 2000. Concurrently, a
pronounced westward movement and strengthening in the atmosphere‐to‐ocean Bjerknes feedback have also
been observed. Analyses show that changes in the Bjerknes positive feedback are largely due to a weakened
relationship between anomalous rainfall patterns and sea surface temperatures (SSTs). This implies that during
El Niño events, there is less rainfall in the central and eastern parts of the tropical Pacific, and more rainfall in the
western tropical Pacific. These changes are linked to a cooling of background SSTs in the central‐eastern
tropical Pacific, which reduces the upward air movement and rainfall in that region, and a warming of
background SSTs in the western Pacific, which promotes the upward air movement and rainfall.

1. Introduction
The El Niño–Southern Oscillation (ENSO), which is the dominant mode of variability in the coupled ocean‐
atmosphere system in the tropical Pacific, has wide‐ranging effects on the global climate and ecosystems (e.g.,
Alexander et al., 2002; Larkin & Harrison, 2005; Liu & Alexander, 2007; Plisnier et al., 2000). In the past few
decades, there has been extensive research on the theory for the ENSO phenomenon (e.g., Bjerknes, 1969;
Cane, 1992; Cane & Zebiak, 1985; Jin, 1997a, 1997b; Timmermann et al., 2018). Bjerknes (1969) first proposed
that the development of ENSO events depends on a positive feedback loop between the equatorial ocean and the
overlying atmosphere, which is known as Bjerknes positive feedback. The positive feedback loop can be initiated
by a positive (negative) sea surface temperature (SST) anomaly in the eastern equatorial Pacific. This positive
(negative) SST anomaly diminishes (enhances) the background SST gradient, resulting in weakened (strength-
ened) trade winds over the equatorial Pacific, which in turn reinforces the initial SST anomaly.

Recent studies have noted that the Bjerknes positive feedback exhibits variations on interdecadal timescales (e.g.,
Lübbecke & Mcphaden, 2014; Xiang et al., 2013; Zheng et al., 2016). Hu et al. (2017) reported a westward
displacement and intensification of the atmosphere‐to‐ocean Bjerknes feedback in the tropical Pacific since 2000.
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This shift has been thought to be one of the reasons for the reduction in ENSO variability and the shortening of the
ENSO cycle, as well as the breakdown of the relationship between warm water volume and ENSO SST anomalies
after 2000 (e.g., Bunge & Clarke, 2014; Horii et al., 2012; Hu et al., 2013, 2017; McPhaden, 2012). These changes
have sparked considerable interests within the scientific community, as they not only alter the characteristics of
ENSO events but also present challenge to the ENSO prediction (Barnston et al., 2012; Kumar et al., 2015; Wang
et al., 2010; Xue et al., 2013). However, the underlying mechanisms responsible for the recent changes in the
atmosphere‐to‐ocean Bjerknes feedback after 2000 remain unclear.

In the present study, we utilize a combination of observational data and model simulations to perform a quan-
titative comparison of the atmospheric subprocesses involved in the Bjerknes feedback, before and after the year
2000. Our results show that the westward shift and strengthening of the atmosphere‐to‐ocean Bjerknes feedback
post‐2000 is primarily caused by a weakened response of the zonal precipitation anomaly gradient to the SST
anomaly gradient. Through this research, we provide a potential insight into the complex interactions that drive
recent changes in the atmosphere‐to‐ocean Bjerknes feedback, highlighting the critical role of interdecadal shift in
the tropical Pacific background state.

2. Data Sets and Methods
2.1. Data Sets

In our observational analyses, the monthly mean SST data used is from the Hadley Centre global sea ice and sea
surface temperature (HadISST; Rayner et al., 2003), with a horizontal resolution of 1° × 1°. For monthly mean
atmospheric fields, we utilize sea level pressure (SLP), vertical velocity (Omega) and surface momentum flux
data from the National Centers for Environmental Prediction–National Center for Atmospheric Research (NCEP–
NCAR) reanalysis (Kalnay et al., 1996), as well as precipitation data from the Climate Prediction Center Merged
Analysis of Precipitation (CMAP; Xie & Arkin, 1997). The SLP, vertical velocity and precipitation have a
horizontal resolution of 2.5° × 2.5°, while the surface momentum flux is on a Gaussian grid. Due to random
observational errors and systematic errors, the gridded data sets may exhibit significant uncertainties (Ken-
nedy, 2014). The uncertainties in HadISST data are relatively large in the late 19th and early 20th centuries due to
sparse observations and diverse measurement methods (Rayner et al., 2003). The uncertainties in CMAP data
primarily arise from insufficient observational coverage and biases in the merging process, especially around
1979 (Xie & Arkin, 1997). The NCEP reanalysis data uncertainties stem from changes in the observing systems
and the limited availability of early data, particularly before 1957 (Kalnay et al., 1996). In this study, all the
observational and reanalysis data are for the period 1979–2021.

For Atmospheric Model Intercomparison Project (AMIP) simulations, we use outputs of 33 climate models
participating in the Coupled Model Intercomparison Project Phase 6 (CMIP6; Eyring et al., 2016) for the period
1979–2014. Due to the varying grid spacings and simulation lengths of different models, all the model outputs are
bilinearly interpolated to a 2.5° × 2.5° grid. Details about the models used in this study are summarized in Table
S1 of Supporting Information S1. In this paper, the monthly anomalies of observed and simulated data are derived
by removing the long‐term trend and climatological monthly means from each calendar month. The long‐term
trend is calculated by fitting a linear regression model of each variable against time. For the observational
data, the long‐term trend and climatological monthly means are calculated over the period 1979–2021, while for
the simulated data, they are calculated over the period 1979–2014.

2.2. Methods

Linear regression technique is utilized to examine the relationships between two different variables. The strength
of atmosphere‐to‐ocean Bjerknes feedback is quantified by the regression of zonal wind stress (τx) onto the zonal
gradient of SST (dSST/dx) (Hu et al., 2017, 2020; Li et al., 2019; Zheng et al., 2014). The zonal gradients in this
study are defined as the differences between the area‐averaged anomalies over the regions in the eastern tropical
Pacific (140°–110°W, 5°S–5°N) and western tropical Pacific (130°− 160°E, 5°S–5°N). In these regions, the most
significant changes in mean SST anomalies have been observed since the year 2000 (see Figure S1 in Supporting
Information S1).
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3. Results
Figure 1a illustrates the spatial distributions of the atmosphere‐to‐ocean Bjerknes feedback in the tropical Pacific
before and after the year 2000. As can be seen, differences in the strength and position of the atmosphere‐to‐ocean
Bjerknes feedback between two periods are evident. Specifically, during 1979–1999, strong positive feedback is
mainly situated in the central–eastern tropical Pacific, with its largest amplitudes located south of the equator
between 180° and 150°W (contours, Figure 1a). Compared to 1979–1999, the atmosphere‐to‐ocean Bjerknes
feedback after 2000 exhibits a westward shift, with a significant enhancement in the western equatorial Pacific
and northwestern Pacific, as well as a reduction in the central–eastern equatorial Pacific (shadings, Figure 1a).
These changes are further evidenced by the zonal distribution of the atmosphere‐to‐ocean Bjerknes feedback
within the equatorial Pacific (5°S–5°N) (Figure 1c), confirming the substantial westward shift of air‐sea coupling
in the tropical Pacific after 2000 (Bunge & Clarke, 2014; Hu et al., 2017, 2020; Li et al., 2019).

To investigate the key factor potentially driving the westward shift of the atmosphere‐to‐ocean Bjerknes feedback
since 2000, we employed the approach used by Zheng et al. (2014). This approach enables us to examine the
changes in the atmospheric subprocesses associated with the Bjerknes positive feedback, as identified by
Bjerknes (1969) and further elaborated by Lin (2007):

dSST
dx

̅̅̅̅̅̅̅̅→
Subprocess1 dQ

dx
≈

dPrecip
dx

̅̅̅̅̅̅̅̅→
Subprocess2 dSLP

dx
̅̅̅̅̅̅̅̅→
Subprocess3

τx

These subprocesses include the response of zonal gradient in diabatic heating (Q) to the zonal gradient of SST
(dSST/dx→ dQ/dx; Subprocess1), the response of zonal gradient in SLP to the zonal gradient of diabatic heating
(dQ/dx → dSLP/dx; Subprocess2), the impact of the SLP gradient on the zonal wind stress (dSLP/dx → τx;
Subprocess3) (Zheng et al., 2014, 2016). As pointed out by Zheng et al. (2014), diabatic heating is commonly
approximated by latent heating associated with precipitation (Q ≈ Precip), based on the assumption that the

Figure 1. (a) Regression pattern of anomalous zonal wind stress onto the zonal gradient of sea surface temperature (SST) in
observations, which denotes the strength of the so‐called atmosphere‐to‐ocean Bjerknes feedback. Contours and shadings
represent the periods of 1979–1999 and 2000–2021, respectively. The unit is (N/m2)/(°C/km) and the contour interval is 30.
(b) As in panel (a) but for results in the Atmospheric Model Intercomparison Project (AMIP) multi‐model ensemble (MME).
Contours and shadings are for the periods of 1979–1999 and 2000–2014, respectively. (c) Regression of anomalous zonal
wind stress onto the zonal gradient of SST, averaged between 5°S and 5°N, along with the corresponding error bars (shaded,
95% confidence for a Student's t test). Black and red lines represent periods of 1979–1999 and 2000–2021, respectively.
(d) As in panel (c), but for the AMIP MME, with black and red lines representing 1979–1999 and 2000–2014, respectively.
Pink and gray shadings indicate the interquartile range of regression coefficients in the AMIP simulations, corresponding to
the two periods.
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contribution from cloud radiative heating is negligible (Lin, 2007). Therefore,
in subsequent analyses, the zonal gradient in diabatic heating anomaly is
approximated by the corresponding gradient in precipitation anomaly (dQ/
dx ≈ dPrecip/dx). It should be noted that the methodology used here primarily
focuses on the changes in dPrecip/dx driven by changes in dSST/dx, the
changes in dSLP/dx caused by changes in dPrecip/dx, and the changes in τx
resulting from changes in dSLP/dx, while other processes have not been
considered.

First, we contrasted the Subprocess1 (dSST/dx → dPrecip/dx) of the
atmosphere‐to‐ocean Bjerknes feedback between the periods before and after
the year 2000. As illustrated in Figure 2a, the sensitivities of zonal gradients
of precipitation to zonal gradients of SST exhibit significantly disparities
between two periods. Specifically, during the period of 1979–1999, the slope
is measured at 1.72 ± 0.27 (mm/day/°C), while for 2000–2021, it reduces to
0.66 ± 0.27 (mm/day/°C). This change indicates that a given value of zonal
SST gradient during the period of 2000–2021 can lead to a smaller precipi-
tation gradient compared to that during 1979–1999. We then investigated the
changes in two other subprocesses within the atmosphere‐to‐ocean Bjerknes
feedback after the year 2000. The Subprocess2 (dPrecip/dx → dSLP/dx) of
the atmosphere‐to‐ocean Bjerknes feedback experiences a slight change after
2000, but this change is not statistically significant, with the slopes of the two
periods showing no significant difference at a 95% confidence level
(Figure 2b). Lastly, the relationship between the zonal gradient of SLP and the
area‐averaged (160°E− 140°W, 5°S–5°N) zonal wind stress anomalies
(Subprocess3) also remains relatively stable across both periods (Figure 2c),
with a slope of − 0.65 ± 0.05 (N/m2)/(hPa/deg) for 1979–1999 and a slope of
− 0.70 ± 0.08 (N/m2)/(hPa/deg) for 2000–2021, respectively. Given the
negligible differences in the latter two components between two periods, the
westward shift and strengthening of the atmosphere‐to‐ocean Bjerknes
feedback since 2000 can primarily be attributed to the reduced sensitivity of
the precipitation heating gradient to the anomalous SST associated with El
Niño events.

The spatial patterns of precipitation and vertical velocity (Omega) anomalies
associated with El Niño for the two periods offer a potential insight into the
weakened response of the precipitation gradient to the SST gradient. Negative
values of Omega anomalies signify upward vertical movement of the atmo-
sphere and correspond to positive precipitation anomalies during the El Niño
events (Huang & Xie, 2015). Figure 3a shows that the centers of anomalous
vertical velocity at 500‐hPa pressure level are mainly situated in the central
tropical Pacific in both periods. However, notable differences are evident in
the strength and location of maximum values between the two periods, as
illustrated in Figures 3a and 3b. From 1979 to 1999, the maximum values of
vertical velocity anomalies, ranging between − 0.018 and − 0.024 (hPa/s), are
centered at approximately 150°W (contours, Figure 3a). In contrast, during

the period of 2000–2021, strong vertical velocity anomalies reach as low as − 0.024 (hPa/s) with a westward shift
to around 180° (shadings, Figure 3a). This shift is likely to stem from the interdecadal shift in the background
conditions of the tropical Pacific (Hu et al., 2013), which represents an aspect of westward shift in tropical Pacific
climate variability since 2000 (Li et al., 2019). Specifically, the cooler SST background in the central–eastern
tropical Pacific since 2000 suppresses the upward movement and precipitation in the overlying atmosphere
induced by the warm SST anomalies associated with El Niño. On the other hand, a warmer warm pool since 2000
promotes stronger upward motion and precipitation in the western tropical Pacific compared to previous years
(shadings, Figure 3b). Consequently, the weakening in the response of zonal precipitation gradient to zonal SST

Figure 2. Scatter plots for the (a) zonal gradients of sea surface temperature
and precipitation, (b) zonal gradients of precipitation and sea level pressure
(SLP), and (c) zonal SLP gradients and area‐averaged zonal wind stress
anomalies during the period of 1979–1999 (black) and 2000–2021 (red). The
solid lines represent the least squares best fit lines, with their slope values
and 95% confidence intervals for a Student's t test indicated next to them.
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gradient is actually a comprehensive reflection of the decrease in precipitation
anomalies in the central–eastern tropical Pacific as well as the increase in
precipitation anomalies in the western tropical Pacific (Figure 2a).

Furthermore, we employed the AMIP simulations to validate the influence of
SST background changes on the westward shift of the atmosphere‐to‐ocean
Bjerkens feedback in the tropical Pacific. The phenomenon of the west-
ward shift and strengthening of the atmosphere‐to‐ocean Bjerknes feedback
since 2000 can be well captured by all 33 AMIP runs (see Figure S2 in
Supporting Information S1) and the multi‐model ensemble (MME)
(Figure 1b). The zonal structure of the strength of the atmosphere‐to‐ocean
Bjerknes feedback in the AMIP runs experiences similar changes to the
observation after 2000 (lines in Figure 1d), with an increase of approximately
40 (N/m2)/(°C/km) in the MME of AMIP runs. However, there is a more
westward shift of the zonal position of the strongest feedback strength after
2000 in simulations compared to the observations (red line in Figure 1c). This
difference may be due to the AMIP simulations running only until 2014,
thereby excluding the strong eastern Pacific El Niño event of 2015–2016.

Given that the westward shift and strengthening of the atmosphere‐to‐ocean
Bjerknes feedback since 2000 can be well replicated in the AMIP simula-
tions, we proceeded to examine the influence of changes in the SST back-
ground state on the response of the zonal precipitation gradient to the SST
gradient based on the AMIP simulations. Under the imposed SST boundary
conditions during 1979–2014, nearly all (32 out of 33) of the AMIP simu-
lations exhibit atmospheric changes similar to those in observation since
2000. These changes are characterized by reduced anomalous upward motion
and precipitation in the eastern portion of the tropical Pacific, as well as
increased upward motion and precipitation anomalies in the central–western
portion (see Figures 4a and 4b for the MME and Figures S3–S4 in Supporting
Information S1 for each individual model). These changes are linked with a
weakened response of the zonal precipitation gradient to the SST gradient in
the Subprocess1 of the atmosphere‐to‐ocean Bjerknes feedback (Figure 4c),

confirming that the interdecadal shift in the tropical Pacific background state is the primary driver behind the
westward shift and strengthening of the atmosphere‐to‐ocean Bjerknes feedback since 2000.

4. Summary and Discussion
This study focuses on the profound changes observed in the atmosphere‐to‐ocean Bjerknes feedback within the
tropical Pacific since the year 2000. By investigating three atmospheric subprocesses within the Bjerknes
feedback, our findings show that a weaker response of the zonal precipitation gradient to the zonal SST gradient is
a major contributor to the westward shift and strengthening of the atmosphere‐to‐ocean Bjerknes feedback since
2000. This weakened relationship is a comprehensive reflection of decreased precipitation anomalies induced by
El Niño‐related SST anomalies in the central–eastern tropical Pacific and increased precipitation anomalies in the
western tropical Pacific. Further analysis confirms that such changes in the context of ENSO result from the mean
state change in the tropical Pacific, where the cooler background SSTs in the central–eastern equatorial Pacific are
unfavorable for upward motion and precipitation in the overlaying atmosphere. Conversely, in the western
equatorial Pacific, the warmer background SSTs promote enhanced upward motion and precipitation. Different
from the research by Zheng et al. (2016), which focused on the overall changes in the strength of the atmosphere‐
to‐ocean Bjerknes positive feedback across the equatorial Pacific, the present study focuses more on the syn-
chronous changes in the position and intensity of the atmosphere‐to‐ocean Bjerknes positive feedback since 2000.
Consequently, the mechanism proposed here provides a distinct perspective on the connection between the
interdecadal shift in the atmosphere‐to‐ocean Bjerknes feedback and the tropical Pacific background state.

The present study primarily focuses on the atmospheric subprocesses in the Bjerknes positive feedback, which is
characterized by the atmospheric response to the tropical oceans. Meanwhile, as documented in previous studies,

Figure 3. Regression patterns of anomalous (a) Omega at 500‐hPa pressure,
(b) precipitation and onto the normalized zonal gradient of sea surface
temperature. Contours and shadings are for the periods of 1979–1999 and
2000–2021, respectively. The units are 10− 2 Pa/s and mm/day for
anomalous Omega and precipitation, and the corresponding contour
intervals are 0.6 and 0.5, respectively.
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the changes in oceanic response to wind stress anomalies since 2000 are also significant. For example, Lübbecke
and Mcphaden (2014) noted that the weakening of the thermocline feedback after 2000 can be attributed to the
reduced response of the thermocline slope to the zonal anomalous wind stress along the equator. However, as
pointed out by Wittenberg (2009), historical records can be substantially influenced by sampling variability.
Thus, a relatively short observational record may not fully capture the natural characteristics of ENSO. While our
findings suggest significant changes in ENSO behavior over recent decades, it is important to consider that some
of these observed changes may be influenced by sampling variability rather than solely reflecting changes in the
underlying dynamics in the tropics (Martinez‐Villalobos et al., 2019). Moreover, an increasing number of studies
are recognizing the significant impact of extratropical climate variability on ENSO‐related variability in the
tropics (e.g., Amaya, 2019; Chang et al., 2007; Ding et al., 2014, 2017, 2022; Fan et al., 2021; Min et al., 2017;
Vimont, Battisti, & Hirst, 2003; Vimont, Wallace, & Battisti, 2003; Yu&Kim, 2011; Yu et al., 2010). However, a
comprehensive understanding of their influence on the Bjerknes positive feedback remains elusive, highlighting
the need for further investigation in this area.
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Data Availability Statement
The SST data is available at https://www.metoffice.gov.uk/hadobs/hadisst/ (Rayner et al., 2003). The monthly
mean atmospheric fields from NCEP‐NCAR Reanalysis can be download at https://psl.noaa.gov/data/gridded/
data.ncep.reanalysis.html (Kalnay et al., 1996). The CMAP precipitation data is available at https://psl.noaa.gov/

Figure 4. Regression patterns of anomalous (a) Omega at 500‐hPa pressure, (b) precipitation and onto the normalized zonal
gradient of sea surface temperature (SST) in the Atmospheric Model Intercomparison Project (AMIP) multi‐model ensemble
(MME). Contours and shadings are for the periods of 1979–1999 and 2000–2014, respectively. The units are 10− 2 Pa/s and
mm/day for anomalous Omega and precipitation, and the corresponding contour intervals are 0.6 and 0.5, respectively.
(c) Regression coefficients of the zonal precipitation gradients onto the SST gradients in the AMIP simulations during 1979–
1999 (blue) and 2000–2014 (red). The last two bars denote the AMIP MME. The unit is mm/day/°C. The error bars in the
MME denote one standard deviation of the regression coefficients from all models.
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data/gridded/data.cmap.html (Xie & Arkin, 1997). The CMIP6 data is available at https://aims2.llnl.gov/search/?
project=CMIP6/ (Eyring et al., 2016).
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