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Abstract
During 2013–2020, the northern tropical Pacific Ocean (NTPO, 5° N–20° N) experienced a persistent surface warming 
of over 0.5 °C. This warming was accompanied by a consecutively low surface chlorophyll (SChl). Here, we combined 
observations with ocean general circulation model experiments to determine how the interplays between the North Pacific 
meridional mode (NPMM) and multi-year El Niño events jointly led to this persistent surface warming. The warm phase of 
NPMM (+) excited an anticyclonic circulation in the NTPO, which caused surface warming and enhanced the upper-ocean 
stratification in the western sector (160° E–150° W) and also deepened the thermocline in the eastern sector (150° W–110° 
W), resulting in a widespread decline in SChl. The NPMM (+) also triggered El Niño events during the subsequent winter, 
further decreasing the negative SChl anomalies by weakening the surface ocean current. Subsequently, two persistent El 
Niño events happened in succession (2014–2016 and 2018–2020), which acted to accelerate the decline in SChl by 2020. 
These results help to illustrate the effects of extratropical-tropical interactions on the compound physical-biological extremes 
under the global warming scenario.

1  Introduction

The global ocean has experienced substantial warming since 
the 1950s at least, exerting a far-reaching influence on the 
earth’s climate and marine ecosystems (Doney et al. 2012; 
Smale et al. 2019; Cheng et al. 2022; Duan et al. 2023). 
Concurrent with long-term persistent warming, extreme 
weather, and biogeochemical events frequently occur in 
many parts of the world, such as extreme El Niño events, 
Indian Ocean Dipole, marine heatwaves (MHWs), and so 
on (Cai et al. 2014, 2021; Gruber et al. 2021). A series of 

high-impact MHWs have been recorded in the global oceans 
and attract much more attention in the scientific commu-
nity (e.g., Northeastern Pacific during 2013–2014 (Di Lor-
enzo and Mantua 2016), Tasman Sea (Oliver et al. 2017) 
and tropical Indian Ocean during 2015–2016 (Zhan et al. 
2023), and North Pacific in 2019 (Amaya et al. 2020)). 
These MHWs event exerts a series of chain reactions and 
profound influences on the marine ecosystem, such as harm-
ful algal bloom, rapid dieback of kelp forests, coral bleach-
ing and mortality (Smith et al. 2023).

For example, during 2013–2014 and 2019, two MHWs 
events (also called Blob 1.0 and 2.0) occurred in the north-
east Pacific, with maximum warm anomaly exceeding 2.5 °C 
relative to climatology mean (Di Lorenzo and Mantua 2016; 
Schmeisser et al. 2019; Amaya et al. 2020; Chen et al. 2023). 
These two Blob events were followed by a super El Niño 
(Niño 3.4 index > 3.0 °C) during 2015–2016 and a moder-
ate El Niño (Niño 3.4 index > 1.0 °C) during 2018–2019 
in the central-eastern equatorial Pacific (Ding et al. 2022; 
Guan et al. 2023). Concurrent with these extremely warm 
events in the Pacific (Liu et al. 2023), the northern tropical 
Pacific (NTPO, 5°–20° N) also exhibited persistent warm-
ing from 2013 to 2020, which was not well recognized, and 
the related physical mechanism and ecosystem responses 
remained unclear (Fig. 1a). For instance, surface chlorophyll 
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(SChl) exhibited a remarkably decreasing trend in the NTPO 
associated with persistent SST warming during 2013–2020 
(Fig. 1b, c). Given that the NTPO is located between the 
subtropical North Pacific and the equatorial Pacific, its per-
sistent warming and decreasing SChl events may be related 
to the interactions between the extra-tropics and tropical 
oceans with their combined effect on the marine ecosystem.

In the equatorial Pacific, interannual variability in SChl 
is dominated by ENSO, which exerts significant dynamical 
and thermodynamic effects, consequently controlling the 
three-dimensional distribution of nutrients (Chavez et al. 
1998). During El Niño, for example, the deepening of the 
thermocline in the eastern equatorial Pacific weakens the 
subsurface cold water entrained into the mixed layer and 
contributes to surface warming. Correspondingly, subsurface 
nutrient-rich water is hardly transported into the euphotic 
zone due to the deepening of nitracline (analogous to the 

thermocline) (Murtugudde et  al. 1999). In the central-
western equatorial Pacific, the zonal migration of the warm 
pool leads to remarkable changes in temperature, salin-
ity, nutrients, and chlorophyll (Maes 2000; Christian et al. 
2001). Thus, the zonal advection is widely recognized as 
the primary driver for interannual variability in SChl (Turk 
et al. 2011; Radenac et al. 2012; Messié and Chavez 2013; 
Shi and Wang 2014; Lee et al. 2014). In the western sector 
of the NTPO, enhanced eastward countercurrents (NECC) 
drive the advection of oligotrophic warm pool waters within 
8–10° N and subsequently results in negative anomalies in 
SChl (Radenac et al. 2012). Additionally, the persistently 
negative chlorophyll anomalies can be associated with 
the decay phase of El Niño when the SChl quickly recov-
ers from negative anomalies in the equatorial Pacific (Park 
et al. 2011). Messié and Chavez (2013) also noted that the 
spatial pattern of the second mode in SChl derived from 
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Fig. 1   a Time series of monthly-mean SST anomalies averaged over 
the NTPO. b Linear trend in surface chlorophyll and c SST (shaded) 
and surface wind (vector) during 1998–2020, respectively. Statis-
tically significant trends at the 90% level are indicated by stippling 
in b, c (only shown for SST). Red dots in a denote two Blob events, 

as Amaya (2019) indicated. Black rectangles in b, c show the NTPO 
area (160° E–110° W, 5° N–20° N), WNTPO area (160° E–150° 
W, 5° N–20° N), and ENTPO area (150° W–110° W, 5° N–20° N), 
respectively. The SST data are from the NOAA ERSSTv5 and SChl 
data are from the GlobColor project
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empirical orthogonal function (EOF) was also associated 
with the North Pacific Gyre Oscillation (NPGO). Therefore, 
SChl anomalies in the NTPO can be induced by the extra-
tropical climate modes, like NPGO, PDO, or North Pacific 
Meridional Mode (NPMM).

In the North Pacific, NPMM is a dominant mode of 
the coupled ocean–atmosphere variability, and its associated 
SST anomalies (SSTAs) usually precedes El Niño and La 
Niña events. NPMM is mainly initiated by the atmospheric 
variability in the North Pacific, with positive subtropical 
SSTAs being maintained by southwesterly surface wind 
anomalies associated with negative sea level pressure in 
the subtropical Pacific. This warm SSTA signature extends 
southwestwards towards the equator via a wind–evapora-
tion–SST (WES) feedback during the boreal spring. Sub-
sequently, the NPMM-related spatial pattern exhibits warm 
SSTAs in the subtropical Pacific and cold SSTAs in the 
eastern tropical Pacific, which induces surface westerly 
wind anomalies in the western-central tropical Pacific. Con-
sequently, an El Niño event gradually develops under the 
westerly wind anomalies forcing (Vimont et al. 2003; Chang 
et al. 2007; Amaya 2019; Jia et al. 2021).

So far, the interactions between the tropical and extra-
tropical oceans have been well investigated (Ding et al. 
2022). However, as a transitional zone for the interaction, 
the dynamics of the NTPO and its biogeochemical signature 
still need to be clarified. Inspired by the persistent warming 
and low chlorophyll in the NTPO during 2013–2020 (Figs. 1 
and 2a), we further examine the dynamical mechanism of 
persistent warming and its biological effects during this spe-
cial period and investigate the remote impact on the tropical 
Pacific from the North Pacific warm blob events.

This paper is organized as follows. Section 2 introduces 
the data used, model experiments, and methods. Section 3 
presents observed characteristics in the NTPO during the 
persistent period (2013–2020). Dynamical processes and cli-
mate modes responsible for persistent anomalies are shown 
in Sect. 4 and 5, respectively. Discussions and summaries 
are given in Sects. 6 and 7, respectively.

2 � Data and Method

2.1 � Data

In this study, we adopt a series of observational and rea-
nalysis products from various monthly mean physical and 
biological fields during 1998–2020. The seasonal cycle is 
removed from all fields and time series to focus on interan-
nual anomalies. SChl fields are from merged ocean color 
data supplied by the GlobColor Project, with the horizontal 
resolution being 100 km (Maritorena et al. 2010). SST data 
are obtained from ERSSTv5 provided by the NOAA/NCEI 

(Huang et al. 2017). Sea surface height (SSH) and geos-
trophic current fields are taken from the CMEMS. Surface 
wind data are from ECMWF/ERA5 (Hersbach et al. 2020). 
In addition, potential temperature and salinity are from Met 
Office EN4 objective analysis (Good et al. 2013). Available 
net primary production (NPP) data during 2003–2020 are 
obtained from the Ocean Productivity at Oregon State Uni-
versity website. To further analyze the specific mechanisms, 
we perform heat budget analysis by adopting the Global 
Ocean Data Assimilation System (GODAS) developed at 
the National Centers for Environmental Prediction (NCEP) 
reanalysis data (Behringer 2007), The GODAS is based on 
a quasi-global configuration of the GFDL MOM.v3. The 
model domain extends from 75° S to 65° N and has a reso-
lution of 1° by 1° and enhances to 1/3° in the meridional 
direction within 10° of the equator. The GODAS assimilates 
temperature profiles and, as another new feature, assimilates 
synthetic salinity profiles as well.

The Copernicus Marine Environment Monitoring Ser-
vice (CMEMS) biogeochemical hindcast data are adopted 
to elucidate the responses of nutrients to persistent warming 
events. The CMEMS biogeochemical hindcast simulation is 
produced by the Mercator-Ocean (Toulouse. France), which 
is based on the PISCES biogeochemical model (Aumont 
et al. 2015; Aumont and Bopp 2006) and is available at the 
CMEMS website. Given that this product is an offline simu-
lation under the PISCES model, the physical variables for 
the driven PISCES model are the output from GLORYS2V4-
FREE output, which is based on the NEMO3.6 ocean model 
without data assimilation (Madec 2014). The ocean model 
configurations are the 1/4 degree and at 75 vertical levels 
and cover the period 1993–2020. The GLORYS2V4-FREE 
is forced by the ERA-Interim atmospheric field. As for the 
biogeochemical model, the PISCES model has 24 prognostic 
variables and simulates biogeochemical cycles of oxygen, 
carbon, and the main nutrients controlling phytoplankton 
growth (nitrate, ammonium, phosphate, silicic acid, and 
iron) (Coralie et al. 2019). All of the anomaly fields in 
this study are relative to the climatological monthly mean 
during 1998–2020.

2.2 � Method

2.2.1 � ENSO, NPMM, and NTPO indices

The ENSO index is defined as the normalized SST anoma-
lies averaged over the Niño 3.4 region (5° S‒5° N and 170° 
W‒120° W). The NPMM index is defined as the normalized 
SST anomalies averaged over the subtropical northeastern 
Pacific (15°‒25° N and 150°‒120° W) after subtracting the 
anomalies regressed on the Niño 3.4 index (representing the 
influence of the ENSO) (Amaya 2019; Ding et al. 2022). The 
NTPO region of interest is defined here as 5°–20° N and 
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Fig. 2   a Time series of standardized Niño3.4 index (El Niño/La Niña 
conditions are shown by blue/pink shading), CHL (black curve) and 
SST (red curve) anomalies in the NTPO, and NPMM index (blue 
curve). The time series is low-pass filtered with a cutoff period of 
2  years. Gray shading denotes the persistent warm period in NTPO 
(2013–2020). b, c Interannual SST (shaded), SLP (contour), and wind 

field (vector) anomalies during March–April–May (MAM) 2015 and 
2019, respectively. d, e are the same as b, c but for SChl (shaded) and 
wind speed (contour), respectively. The SST data are from the NOAA 
ERSSTv5; SChl data are from the GlobColor project; Surface wind 
and SLP are from ECMWF ERA5 reanalysis data
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160° E–110° W; the western (eastern) sector of the NTPO 
is defined as 160° E (150° W) to 150° W (110° W), named 
by WNTPO (ENTPO); the NTPO SST and SChl index are 
defined the same as the NPMM index, respectively.

2.2.2 � Decomposition contributions of density change 
by temperature and salinity

To examine the potential effects of upper ocean density vari-
ability on the SChl concentration, we compute the squared 
buoyancy frequency as stratification: N2 = −

g

�

��

�z
 , where ρ 

and g denote seawater density and gravity acceleration, 
respectively. N represents the Brunt–Väisälä frequency. 
MLD and isothermal layer depth (ILD) are calculated as the 
depth where the density is higher than that at the 10 m depth 
by Δρ (ΔT), here Δρ = −

(
�ρ

�T

)
ΔT , ΔT = 0.2◦C . Corre-

spondingly, barrier layer thickness denotes the difference 
between MLD and the isothermal layer depth (ILD).

We also adopt a decomposition method to analyze the 
potential temperature and salinity's contributions to vari-
ous fields (Zheng and Zhang 2012; Zhi et al. 2019; Zhang 
et al. 2022). For example, the individual contributions from 
potential temperature or salinity to density are calculated 
as follows:

where Tempinter and Saliinter represent interannually vary-
ing potential temperature and salinity fields, respectively; 
Tempclim and Saliclim represent climatological potential tem-
perature and salinity fields during 1998–2020, respectively. 
For example,�temp−inter ( �sali−inter ) is meant to represent the 
contributions of interannual temperature (salinity) anomalies 
to the density variability.

2.2.3 � Mixed layer heat budget

Following Cronin et al. (2015), the mixed layer heat budget 
can be calculated as follows using GODAS output:

where h denotes the MLD, T and u are the vertical mean 
temperature and horizontal velocity within the ML; Q0 is 
the net surface heat flux into the ocean, and Qpen is the solar 
radiation penetrated out of the bottom of ML according to 
shortwave penetration scheme (Murtugudde et al. 2002); 

(1)
�temp−inter = �

(
Tempinter, Saliinter

)
− �

(
Tempclim, Saliinter

)

(2)�salt−inter = �
(
Tempinter, Saliinter

)
− �

(
Tempinter, Saliclim

)

(3)
h
�T

�t
=

Q0 − Qpen|z=−h
�0Cp

− hu ⋅ ∇T

−
(
W−h +

dh

dt

)(
T − T−h

)
+

(
k
�T

�z

)

z=−h

;

W−h ( T−h ) is the vertical velocity (temperature) at the base 
of the mixed layer; k is vertical diffusion coefficient; the 
third and fourth terms on the right-hand side of Eq. 3 denote 
the entrainment-detrainment and vertical diffusion at the ML 
base, which is treated as residuals.

2.2.4 � Ocean General Circulation Model (OGCM) 
experiments

We employ the Regional Ocean Modeling System (ROMS) 
to examine the related dynamical mechanism responsible for 
this persistent warming event. The ROMS is a free-surface, 
hydrostatic ocean model solving the primitive equations on 
topography-following coordinates (Shchepetkin and McWil-
liams 2005). The model domain covers the entire tropical 
Pacific and North Pacific (40° S–65° N, 110° E–70° W), 
with the horizontal resolution being 1/3° × 1/3° to suffi-
ciently resolve the current structure in the equatorial region 
and 50 s-coordinate levels in the vertical direction. The 
model is initialized by the WOA09 fields and then spin-up 
30 years of forced NCEP/NCAR climatological fields (i.e., 
wind stress, net heat flux, and freshwater flux). Then, the 
6-h atmospheric forcing data for NCEP/NCAR used in this 
study are adopted to calculate the flux field through the flux 
bulk formula.

The model is integrated from 1979 to 2022 with a 6-day 
output for analysis (i.e., control experiment). In the sensitiv-
ity experiments, the wind field is prescribed as its climato-
logical field during 1979–2022 to represent the impacts of 
heat flux and freshwater flux on the Pacific (Wind-clim). The 
differences between the control and sensitivity experiments 
represent the wind impacts. Because precipitation effects 
on the ocean dynamics at the interannual timescale are rela-
tively weak (figure not shown), the interannual signals in the 
Wind-clim can be attributed to the variation due to heat flux 
forcing (i.e., humidity, air temperature) under the climato-
logical wind speed.

3 � Observed physical‑biogeochemical 
characteristics in the NTPO

3.1 � Persistent warming in the NTPO

During 2013–2020, prominent warm SST anomalies were 
observed in the NTPO (Fig. 1a), which were tightly linked 
to the two remarkable MHW or Blob events (Amaya et al. 
2020). The two Blob events exhibited the observed most sig-
nificant SST anomalies emerging in March 2015 and March 
2019, respectively. These extreme events further led to a 
warming trend in the NTPO (Fig. 1c) associated with an 
observed decreasing SChl trend from 1998 to 2020 (Fig. 1b). 
Therefore, the persistent warming during 2013–2020 in the 
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NTPO significantly affected the recent trend in the marine 
physical environment and ecosystem.

The persistent warming in the NTPO tended to be main-
tained by the ENSO and the northern Pacific atmospheric 
circulation anomalies. This persistent warming can be seen 
to originate from the 2014–2015 North Pacific marine heat-
wave, which gradually developed from the Gulf of Alaska 
to the Pacific coastal boundary of North America. Then, it 
emerged in the NTPO (Fig. 2b), leading to record-high SST 
anomalies during the boreal spring of 2015 (Fig. 2a). The 
warm SST anomalies along the Baja California can excite 
anomalous cyclonic circulation in association with low 
sea level pressure (SLP) center in the eastern sector of the 
NTPO; thus, the anomalous westerly winds superimposed 
on the background trade winds, reducing the wind speed and 
upward latent flux, subsequently warming the underlying 
ocean (Fig. 2b). A similar condition occurred in March 2019 
but with a relatively weaker amplitude in SST (Fig. 2c). With 
the southwestward development of warm SST anomalies, an 
El Niño-like structure formed during boreal summer and fall 
in 2015 and 2019; the equatorial westerly winds were seen to 
develop through a positive Bjerknes feedback through warm 
SST, weakened easterly trade winds, and a deepening ther-
mocline (Figs. 2a and S1). Additionally, remote SST forcing 
from the central equatorial Pacific excited atmospheric tele-
connections in the extratropics that reenergized the northern 
Pacific atmospheric variability (e.g., NPO) and sustained the 
persistent warming (Ding et al. 2022). Thus, the two persis-
tent El Niño events (2014–2016 and 2018–2020) happened 
in succession (Figs. 2a, S2, and S3).

3.2 � Consecutively low SChl in the NTPO

The consecutive low SChl anomalies emerged in the selected 
period (2013–2020), which was closely related to persis-
tent warming and low surface wind speed. The extremely 
low anomalies in SChl exceeding one standard deviation 
occurred in 2015, 2016, 2018, 2019, and 2020 (Figs. 2a 
and 3). The correlation between SChl and SST anomalies 
attained − 0.68 at the 99% significance level, indicating that 
the responses of SChl in the NTPO was closely related to 
the surface temperature condition. During the boreal spring 
of 2015, for example, anomalous SChl emerged in the entire 
NTPO, with a maximum value (< − 0.05 mg m−3) being in 
the eastern sector of NTPO (Fig. 2d), in association with 
the spatial pattern of low wind speed. In contrast, during the 
boreal spring of 2019, anomalous SChl only concentrated 
in the ENTPO, accompanied by local SST warm anomalies 
but with relatively weak change in wind speed (Fig. 2e). The 
SST anomalies in the NTPO further facilitated the develop-
ment of El Niño during wintertime, and subsequently led 
to negative SChl anomalies in the NTPO by anomalously 
eastward current (Figures S1 and S3), similar to other El 

Niño events reported by Radenac et al. (2012). Furthermore, 
two consecutive El Niño sustained the negative anomalies 
in SChl during 2013–2020. The net primary production also 
exhibited a persistent decline during this warming period, 
reflecting consistent ecosystem responses in the NTPO (Fig-
ure S4).

4 � Dynamical processes responsible for SST 
and SChl anomalies

4.1 � An overview of oceanic process changes 
in the NTPO

The oceanic processes responsible for the persistent warm-
ing and low SChl were distinct in the western (WNTPO) 
and eastern (ENTPO) sectors of the NTPO. The increase in 
density stratification was the dominant factor that led to per-
sistent warming and low SChl in the WNTPO, while down-
welling played a crucial role in controlling these anomalies 
in the ENTPO. In particular, the persistent warming mainly 
emerged in 150° E–100° W in association with low SChl 
that was mainly located between 180° and 100° W (Fig. 3). 
Still, sea level anomalies (SLA) exhibited out-of-phase 
evolution in the ENTPO and WNTPO near 150° W during 
2015–2016 and 2019–2020 (Fig. 3c). In the ENTPO, the 
persistent positive SLA anomalies can be seen, which cor-
responded to a suppression of the thermocline. In contrast, in 
the equatorial ocean, El Niño and La Niña events appeared 
alternately (Fig. 3d–f).

In the WNTPO (west of 150° W), the vertical structure of 
density anomalies exhibited opposite changes in the mixed 
layer and upper limb of the thermocline from EN4 data 
(Fig. 4b), indicating that the enhanced stratification acted 
to dominate the decline in SChl. For example, an increase 
in sea surface temperature (SST) firstly induced anomalous 
westerlies in the western sector of the NTPO, which acted to 
reduce wind speed and subsequently enhanced upper ocean 
stratification (Fig. 4a, d), consequently leading to a decrease 
in surface nitrate (a dominantly limit factor to the nutrient) 
and SChl. Meanwhile, the positive wind stress curl in the 
subsurface layer induced a positive Ekman pumping and 
subsurface cooling (Fig. 2c, d, 4b). As shown in Fig. 4d, 
the stabilized vertical structure (Fig. 4d) overwhelmed the 
upwelling due to Ekman pumping, and consequently led to a 
slight decrease in SChl, especially in 2015, 2019, and 2020, 
which was mainly attributed to the surface warming and 
freshening (Fig. 4a–c).

In the ENTPO (east of 150° W), suppression of the thermo-
cline/nutricline due to negative wind stress curl led to a reduc-
tion in nutrients and subsequent decreased SChl (Fig. 3b). The 
anomalous easterlies due to the positive phase of NPMM 
induced an anomalous anticyclone (Fig. 2c) and subsequently 
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led to positive SLA signals propagating westward as Rossby 
waves (Fig. 3c). The downwelling processes can be seen in 
the time-depth evolution of temperature-salinity in Fig. 5b, 
c; the subsurface warming (freshening) further propagated 
downward, accompanying the depressing of the thermocline 
starting from spring in 2015 and 2018, respectively (Fig. 5b). 
In addition, the contribution of temperature to the density was 
more dominant in the subsurface layer (Fig. 5e). In contrast, 

the contribution from salinity to the mixed layer was compa-
rable with that from temperature (Fig. 5c–f). Synchronous 
correlation analysis also revealed the barrier layer change was 
not remarkable (Figure S5). Given the prominent role of sur-
face warming in the NTPO environment, the related mecha-
nisms were further investigated using heat budget analysis and 
numerical experiments as follows.

(a) (b) (c)

(d) (e) (f)
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Fig. 3   Longitude-time Hovmoller diagrams for equatorial anomalies 
in SST (a, d), SChl (b, e), and SLA (c, f) for the period of 2013–
2020. The upper (lower) panel displays the meridional average in 

corresponding variables over 2° S–2° N (5° N–20° N). SST fields are 
from the NOAA ERSSTv5; SChl fields are from the GlobColor pro-
ject, SLA fields are from the CMEMS altimeter satellite gridded data
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4.2 � Mixed layer heat budget analysis

The mixed layer heat budget analysis derived from GODAS 
reanalysis revealed that the net surface heat flux acted to 
dominate the NTPO persistent warming in 2014–2016, but 
the vertical mixing and entrainment efficiently affected the 
SST warming in 2018–2020, especially in the WNTPO 
(Fig. 6a). In contrast, the contribution from the horizontal 
advection was relatively weak.

During the 2014–2016 warming (pink shading in Fig. 6), 
an increase in net surface heat flux tended to maintain the 
positive SST anomalies in the NTPO. The positive SST 
anomalies emerged in the spring of 2014 over the NTPO and 
peaked in the fall of 2015 by 1.5 °C in the ENTPO, where 
the net surface heat flux reached 0.6 °C/month, which can 
be compensated for by the enhanced cooling due to vertical 
mixing and entrainment, and the cooling effect was more 
prominent in the WNTPO. In contrast, the horizontal advec-
tion was relatively weak in the period.

During 2018–2020 (blue shading in Fig. 6), the net 
surface heat flux exhibited a net cooling impact on the 

SST in the WNTPO, while the weakened vertical mix-
ing and entrainment dominated the surface warming. The 
subsurface warming exceeded the mixed layer warming 
in the WNTPO (Figs. 4, 5); subsequently, the enhanced 
Ekman pumping velocity can transport warmer water into 
the mixed layer and led to SST warming. In contrast, the 
enhanced Ekman suction (downwelling processes) sus-
tained the weakened vertical mixing in the ENTPO. This 
distinct response in the vertical temperature structure fur-
ther confirmed the previous hypothesis, i.e., the NPMM-
induced anomalous cyclonic (anti-cyclonic) circulation 
over the WNTPO (ENTPO) led to the consistent warming 
in the NTPO.

Different from the dominant role of net surface heat flux 
on the SST in the NTPO, the surface warming in the equa-
torial ocean was mainly attributed to dynamical process 
changes (Fig. 6b); i.e., the horizontal advection (vertical 
mixing and advection) was dominant in the Niño4 (Niño3) 
region during 2013–2020, respectively.
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Fig. 4   Time-depth (0–200  m) section for density-related variable 
anomalies averaged over the WNTPO (5° N–20° N, 160° E–150° 
W) from January 2013 through December 2020; a squared buoyancy 
frequency (N2), b potential temperature, c salinity, d potential den-
sity, e potential density change due to temperature variation, f poten-

tial density change due to salinity variation. Green (black) contours 
in a–d represent the depths of the barrier layer and mixed layer, and 
white lines in b–f show 23, 24, and 25  kg  m−3 isopycnal surfaces. 
The potential temperature and salinity data are from the EN4 at Met 
Office Hadley Centre observations datasets
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4.3 � OGCM simulations

Given the key role of surface wind and heat flux in determin-
ing surface warming in the NTPO, we performed two sets of 
experiments to isolate the impacts of surface wind and heat 
flux on the SST anomalies. Model results demonstrated that 
the decreased latent heat flux due to weakened surface wind 
dominated the surface warming during 2013–2020. Under 
the forcing from the NCEP/NCAR atmospheric field, the 
ROMS can reasonably well simulate the SST anomalies in 
the NTPO during two peak periods (boreal spring of 2015 
and 2019).

During March–April–May (MAM) 2015, the positive 
SST anomalies extended from the northwestern coast of 
North America to the central equatorial Pacific; the ROMS 
can reasonably simulate the coastal warming but overesti-
mated the central Pacific warming (Fig. 7a, b). When the 
wind field was fixed as the climatological field, the surface 
warming in the northeastern coast of the Pacific was slightly 
weakened, indicating that the surface heat flux related to 
atmospheric humidity and air temperature tended to domi-
nate the SST warming (Fig. 7c), which was also reported in 
a recent study by Chen et al. (2023). In the NTPO, the SST 
warming tended to be determined by the combined effect 
of wind and heat flux; quantitatively, the wind anomalies 

contributed to SST variation by 35%, while other atmos-
pheric forcings (e.g., humidity) contributed about 65%. On 
the contrary, in the equatorial Pacific, the wind anomalies 
dominated the SST change, contributing to 68% variation 
during MAM 2015.

Another warming peak occurred in MAM 2019 when 
SST anomalies exhibited a typical NPMM pattern (Fig. 8a, 
b). The ROMS can reasonably simulate the distribution 
of SST, with two cores of positive SST anomalies being 
reproduced (Fig. 8b). When the wind effect was removed, 
the warm SST anomalies were still retained in the ENTPO 
(Fig. 8c), indicating that the atmospheric humidity and air 
temperature played a predominant role. On the contrary, a 
slight cooling was seen in the WNTPO, which can be attrib-
uted to the combined effects of wind and heat flux (Fig. 8c, 
d), similar to the results from heat budget analysis.

4.4 � Biogeochemical responses to the dynamical 
change: a hindcast simulation

Persistent warming in the NTPO was closely related to 
unusual biogeochemical responses by affecting the redis-
tribution of nutrients and temperature-light conditions. 
The NTPO is located between the subtropical gyre and equa-
torial Pacific, where the iron and nitrate can jointly limit 
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Fig. 5   The same as in Fig. 6 but for in the ENTPO (5° N–20° N, 150° W–110° W)
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the phytoplankton growth (Arteaga et al. 2014; Nakamura 
and Oka 2019; Browning and Moore 2023; Browning et al. 
2023). Therefore, the responses of subsurface nutrients to 
persistent warming were further investigated in detail.

The related biogeochemical response was analyzed using 
a hindcast biogeochemical modeling output from CMEMS. 
The CMEMS model well captured the evolution of SChl 
in the NTPO and equatorial Pacific; the persistent decreas-
ing SChl in the NTPO was comparable with the satellite 

observation (Fig. 9a); in the equatorial Pacific, the fluc-
tuations in SChl in association with ENSO were also well 
reproduced (Fig. 9b). The vertical structure of nutrients fur-
ther demonstrated that the enhanced stratification dominated 
the reduction in the WNTPO, but the negative wind stress 
curl-induced downwelling acted to reduce the nutrient sup-
ply within the mixed layer. The correlation map revealed 
that the anomalies in SChl were highly dependent on the 
nitrate in the NTPO, while the contribution from iron was 

(a) Heat budget: NTPO (b) Heat budget: Equatorial Pacific

Fig. 6   Mixed layer heat budget estimated in GODAS reanalysis in the 
NTPO (a) and the equatorial ocean (b) during 2013–2020. The solid 
(dash) line denotes the estimation in the WNTPO (ENTPO) in a and 
Niño3 (Niño4) regions. Budget terms include tendency term (blue 

lines), total surface heat flux (red lines), zonal advection (yellow 
lines), meridional advection (green lines), and entrainment/residual 
(purple lines)
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negative (Fig. 10). A recent observational study suggested 
that nitrate was so low that the supply of nitrogen stimu-
lated small phytoplankton increases in the NTPO (Brown-
ing and Moore 2023; Browning et al. 2023). Meanwhile, 
more in-situ experiments suggested that the combined sup-
ply from nitrogen and iron can further boost phytoplankton 
pigment biomass accumulation in comparison to nitrogen 
alone (Browning and Moore 2023; Browning et al. 2023). 
Therefore, the CMEMS model can partially reproduce the 
limited condition of nutrients. In contrast, the correlation 
between SChl and iron was highly positive in the eastern 
tropical Pacific (Fig. 10b), where the phytoplankton growth 
was iron-limited. In addition, silicon and phosphorus also 
contributed to the SChl variability in the equatorial ocean 
(Fig. 10c, d).

In the WNTPO, the vertical structure of nutrient anoma-
lies exhibited a consistent “two-layer” distribution, with a 
negative anomaly in the upper mixed layer and a positive 
anomaly in the subsurface layer (Fig. 11b–d). The upper 

positive anomaly in nitrate (or phosphorus) can be attrib-
uted to the enhanced density stratification (Fig. 4), which 
suppressed the subsurface nitrate-rich water transported 
into the mixed layer. Due to the positive Ekman pumping, a 
positive nitrate anomaly was clearly found in the subsurface 
layer (Fig. 11b). This vertical structure further supported  
the previous hypothesis that the NPMM-induced cyclonic 
circulation contributed to the physical and biogeochemical 
changes in the WNTPO (Fig. 11b).

In the ENTPO, vertically consistent negative anomalies 
in nitrate were clearly seen during 2014–2016 (Fig. 11f) and 
relatively weak during 2019–2020, highlighting the key role 
of downwelling processes in redistributing the nutrients. The 
persistent negative anomalies emerged in the upper 200 m 
associated with negative Ekman pumping velocity, similar 
to the upper-temperature structure (Fig. 11e). This uni-
fied vertical structure can also be seen during 2019–2020, 
albeit with relatively weak anomalies. The biogeochemical 
response to this persistent warming effect indicated that the 

MAM 2015

[°C] [°C]

[°C] [°C]

SST anomalies SST anomalies

SST anomalies SST anomalies

Fig. 7   SST anomalies during March–April–May (MAM) 2015 from ERSST-V5 (a); CTRL simulation (b); Wind-clim simulation (c); the inter-
annual wind effect (d); b–d are from ROMS simulations forced by the NCEP/NCAR atmospheric fields
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dynamical processes were different in the western and east-
ern sectors of the NTPO, which was highly dependent on 
the atmospheric circulation induced by the climate modes.

5 � The roles of climate modes 
in the persistent warming

To understand the role of climate modes in driving the 
NTPO persistent warming, we adopted a singular value 
decomposition (SVD) analysis in the tropical and northern 
Pacific for SChl and SST based on the observational data 
(Fig. 12). The results suggested that the NPMM acted to 
dominate the persistent warming and low-SChl in the NTPO, 
while ENSO played a secondary role. The spatial pattern 
of the first mode in SVD showed the typical El Niño-like 
pattern, with the positive SST anomalies located in the 
tropical and subtropical oceans, which further extended into 

the subpolar region along the coast of Northern America 
(Fig. 12a). Meanwhile, negative SChl anomalies emerged 
in the equatorial Pacific and extended to the subtropical 
Pacific (Fig. 12b). The principle components (PC) in the 1st 
mode (PC1) exhibited a tight correlation with the Niño3.4 
index, indicating the 1st mode was dominated by the ENSO 
events, which explained the variation of 65.7% in the Pacific 
(Fig. 12c). The second mode in SVD exhibited an NPGO 
or NPMM-like pattern with positive anomalies in the sub-
tropical oceans and negative SST anomalies in the eastern 
tropical Pacific (Fig. 12d). SChl showed a unified decrease 
in the NTPO (Fig. 12e), similar to the recent persistent SChl 
anomalies (Fig. 2). The PC2 in SST exhibited a tight correla-
tion with the NPMM index but a relatively weak relation-
ship with ENSO (Fig. 12f). Therefore, the similar pattern 
with recent persistent warming suggested that the NPMM 
controls current unusual events. The third mode exhib-
ited an El Niño rebound condition (Fig. 12g), with surface 

MAM 2019

[°C] [°C]
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Fig. 8   SST anomalies during March–April–May (MAM) 2019 from ERSST-V5 (a); CTRL simulation (b); Wind-clim simulation (c); the inter-
annual wind effect (d)
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cooling emerging in the equatorial Pacific, accompanied by 
an increase in SChl as suggested by previous studies (Park 
et al. 2011; Lim et al. 2022).

Similar results were found using the regression method 
to emphasize the contribution of NPMM and ENSO to per-
sistent warming in the NTPO (Fig. 13). Figure 13a showed 
that SST anomalies during MAM were firstly regressed on 
the NPMM index during JFM with retaining the ENSO 
effect, corresponding to the regression map of SChl on the 
NPMM index shown in Fig. 13b. This case indicated that the 
combined impact of ENSO and NPMM on the NTPO was 
remarkable and coincides with the recent surface warming 
and low chlorophyll condition. After removing the ENSO 
effect by subtracting the Niño3.4 index during D(0)JF in the 
original SST and SChl, the sole NPMM effect was shown 
in Fig. 13c, d. The impacts of NPMM were more concen-
trated in the off-equatorial region and subtropical Pacific; 
the SST anomalies in the equatorial Pacific were negligi-
ble. We further extracted the ENSO effects by making the 
difference between the above two conditions (Fig. 13e, f); 
the results suggested that during the boreal spring (MAM), 
the contribution of NPMM to the NTPO was relatively 
dominant, especially in SST. Nonetheless, the ENSO effect 
played an opposite role with NPMM in the SChl evolution in 
NTPO; quantitatively, using the simple regression method, 
the NPMM contribution to the variations of SChl in the 

NTPO during boreal spring was 121%, while the contribu-
tion from ENSO to SChl variation in NTPO was about -21%. 
An El Niño event began to decay during the boreal spring, 
which can be first seen in the subsurface anomalies, includ-
ing thermocline change and the related nutrient change. As 
shown in Fig. 13f, a positive anomaly in SChl emerged in 
the equatorial region when the SST still exhibited a positive 
anomaly (Lim et al. 2022a). In the off-equatorial region, 
the SChl also showed a negative anomaly band, indicating 
that the contribution of El Niño still existed, which mainly 
stemmed from the zonal advection as shown in Radenac 
et al. (2012).

The relationship between NPMM SST during JFM and 
NTPO SChl was examined using scatterplot during MAM 
from satellite observation, which indicated a tight correla-
tion between NPMM and NTPO (R = 0.45, P < 0.01), espe-
cially during the persistent warming period (2013–2020); 
the warm SST anomalies in association with NPMM and 
low SChl in the NTPO were well located in the fourth quad-
rant. Meanwhile, the correlation between Niño3.4 SST dur-
ing DJF and NTPO SChl was also positive with R = 0.45, 
P < 0.05. This close relationship was mainly attributed to 
the consistent response of SChl in NTPO to La Niña events. 
Nonetheless, the recent persistent low SChl corresponded 
to the warm phase of NPMM during 2015, 2017, 2018, and 
2019 (Fig. 14a).

6 � Discussions

6.1 � Potential impacts of decreasing SChl 
on the ocean dynamics

Under persistent warming and decreasing SChl conditions, 
the chlorophyll-induced heating feedback on SST and strati-
fication can not be negligible. Previous studies demonstrated 
that chlorophyll can modulate the tropical Pacific climate 
by affecting the vertical distribution of shortwave radiation 
in the upper ocean. The redistribution of shortwave radia-
tion changes the thermal structure and related stratification, 
which further leads to a change in vertical mixing and ocean 
circulation (Murtugudde et al. 2002; Zhang et al. 2009; 
Gnanadesikan and Anderson 2009; Zhang et al. 2019; Tian 
et al. 2021a). However, the impacts of SChl changes in the 
NTPO on the tropical Pacific climate remain unknown. 
As shown in Figure S8, the spatial pattern of interannual 
variability of SChl exhibited a unique triple-pole structure, 
with a substantial variability center being in the NTPO and 
others being in the equatorial ocean. A series of studies 
found that the variability of interannual SChl anomalies in 
the equatorial region can modulate the ENSO variability 
by affecting the thermocline feedback (Tian et al. 2021b). 
Therefore, due to the substantial effect on the variation of 
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Fig. 9   Validation for SChl from the CMEMS-model (red lines) with 
observation (black lines) during 1998–2020 in the NTPO (a) and the 
equatorial ocean region (b)
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penetration attributed by SChl, the variation of SChl in the 
NTPO can exert feedback on the local ocean dynamics and 
subsequently modulate the interaction between the tropics 
and subtropics, which should be examined in the future.

6.2 � Impacts of persistent warming on the carbon 
cycle and acidifications

The persistent warming and low-SChl can further change the 
carbon cycle in the NTPO. The tropical Pacific is a carbon 
source relative to the global ocean carbon sink (Tian et al. 
2019). Meanwhile, the NTPO is the region where a transi-
tion is seen between the subtropical ocean carbon sink and 
the tropical Pacific carbon source. The biogeochemical pro-
cesses due to locally physical environment change can affect 
the carbon source or sink. A recent study revealed that com-
pound events with surface warming and ocean acidification 
extreme tended to easily occur more than the independent 
single case (Burger et al. 2022). Further analysis found that 
during the persistent warming period of 2013–2020, the phy-
toplankton carbon from CMEMS hindcast simulation tended 

to be continuously decreased (Fig. 15a) and the air-sea CO2 
flux exhibited a negative anomaly with a peak reaching 
0.6 mmol m2 year−1, which further led to enhanced acidifica-
tion in the upper 200 m through the CMEMS hindcast simu-
lations (Fig. 15b). Thus, whether the NTPO has changed 
from a carbon source to a carbon sink with enhanced acidi-
fication under the global warming scenario should be inves-
tigated in the future.

6.3 � Multiple climate modes and their combined 
effects

The combined effect of ENSO and NPMM can jointly lead to 
this persistent warming event. As discussed in the results sec-
tion, NPMM acted to dominate the recent persistent warming 
and low SChl events, while the contribution from ENSO was 
relatively weak. This conclusion was somewhat different from 
previous findings, which indicated that ENSO dominated the 
evolution of the tropical Pacific climate and biogeochemical 
cycles. For example, during the decay phase of ENSO, the tran-
sition from El Niño to La Niña was relatively slow in the NTPO 

correlation coefficients correlation coefficients

correlation coefficients correlation coefficients

Fig. 10   Correlation map between surface chlorophyll and nutrients 
(nitrate in a, iron in b, silicon in c, and phosphorus in d) averaged 
over 0–100 m derived from the CMEMS model during 1998–2020. 

Stippling indicates a region above 90% significance computed from a 
two-tailed t-test
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compared to that in the equatorial region, where the rapid ocean 
subsurface dynamics (e.g., Kelvin waves) terminated the warm-
ing state. In this persistent warming event, SST warming first 
emerged in the northeast subtropical ocean (e.g., NPMM-related 
region) and then gradually extended southwestward by WES 
feedback and peaked in the boreal spring. Therefore, NPMM 
dominated the SST warming during the developing phase of two 
ENSO events (2015–2015 and 2018–2019); subsequently, the 
strong or moderate El Niño sustained the persistent warming in 
the NTPO during its peak and decaying phase.

6.4 � Potential contributions from external forcing 
and internal variability

Persistent warming in the NTPO can be also related to inter-
actions between the external forcing and internal variability. 

Previous studies have demonstrated that greenhouse warm-
ing can strengthen the linkage between the tropical and sub-
tropical oceans through ocean–atmosphere interactions (Jia 
et al. 2021; Ding et al. 2022). However, whether the per-
sistent warming can be attributed to anthropogenic activity 
remained unknown. The potential impacts of global warm-
ing on the relationship above were simply discussed using 
CMIP6 multi-model ensembles (Table S1). In the CMIP6 
output, earth system Model (ESM) well simulated the spatial 
pattern of SChl response in the NTPO to the NPMM (Fig-
ures S6 and S7), and the correlation coefficient reached 0.47 
with P < 0.001 during the historical scenario. In the SSP5-
8.5 scenario, the relationship between the NTPO SChl and 
NPMM was slightly weakened to 0.37 but still exceeded the 
P < 0.001 significance level (Figure S9). On the contrary, the 
correlation between ENSO and SChl in NTPO was relatively 
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Fig. 11   Time-depth (0–200  m) section for nutrients anomalies aver-
aged over the WNTPO and ENTPO from January 2013 through 
December 2020: a, e for Fe, b, f for nitrate, c, g for silicon, d, h for 

phosphorous, respectively. Black contours represent the total fields. 
The nutrients anomalies are obtained from the CMEMS biogeochem-
ical hindcast simulations
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weak during historical scenarios (R = 0.09, P < 0.001). Dur-
ing the global warming scenario, the response of SChl in the 
NTPO to ENSO was insignificant, with R = 0.03 (P = 0.316) 
(Figure S9). Therefore, under the global warming scenario, 
the impact of NPMM on the NTPO SChl was more dominant 
compared with ENSO. A recent study also demonstrated 
that the impacts of NPMM on the ENSO were strengthened 
under global warming, which can be attributed to the back-
ground warming in the northern Pacific (Jia et al. 2021). 
Therefore, the impacts of the North Pacific on the tropical 
ecosystem should be investigated in the future.

In addition, the impact of decade change of the Pacific cli-
mate on this persistent warming cannot be ignored. Persistent 
warming (e.g., 2013–2020) might occasionally occur during 
the transition between the negative phase of the interdecadal 

Pacific Oscillation to its positive phase (Hu and Fedorov 
2017); this transition from cooling condition to warming 
condition can lead to an increasing SST trend. Although 
climate mode analysis from the CMIP6 revealed that the 
recent warming trend in the NTPO can be well explained by 
anthropogenic activity, the model bias can mask the current 
internal variability and lead to the wrong attribution (Seager 
et al. 2019), especially for the biogeochemical components 
which suffered from significant model biases relative to the 
observation (Lim et al. 2018). Therefore, a detailed analysis 
of climate model (or ESMs) simulations and attribution of 
model bias can contribute to revealing greenhouse warming 
effects on the recent persistent warming events.
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Fig. 12   Homogeneous regression map (shaded) against the first sin-
gular value decomposition (SVD1) mode between SST (a) and SChl 
(b). c, d and e, f are the same as a, b, but for the SVD2 and SVD3 
modes, respectively; g–i the associated first three principal com-

ponent time series for 1998–2020. Gray lines in g, h represent the 
Niño3.4 and NPMM indexes, respectively. The SST and SChl used 
for SVD analysis are based on the observational data from NOAA 
ERSSTv5 and GlobColor Project, respectively
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7 � Summary

In this study, we found that during 2013–2020, the NTPO 
experienced persistent surface warming, a low surface chlo-
rophyll (SChl), and a transition from carbon source to sink. 
By analyzing observational data and multi-climate model 
simulations, we found that the interactions between the 
North Pacific meridional mode (NPMM) and multi-year 
El Niño events jointly led to this unusually long-lasting 
compound event (Fig. 16). The warm phase of NPMM first 

excited an anticyclonic circulation in the NTPO, which sub-
sequently induced surface warming in the western sector 
(160° E–150° W) through the wind-evaporation-SST feed-
back and suppressed the thermocline in the eastern sector 
(150° W–110° W) through Ekman suction, corresponding 
to a decrease in SChl. Secondly, the NPMM (+) impacts 
can trigger El Niño events during the subsequent winter, 
which further maintained the negative anomalies in SChl 
by weakening the surface current. By this loop, two persis-
tent El Niño events (2014–2016 and 2018–2020) happened 

[dimensionless unit]

Regression: SChl&NPMM index

Regression: SChl&NPMM index (without ENSO)

SChl due to ENSO effect: (b)-(d)

regression coefficients

Fig. 13   Regression map of SST anomalies (a) and SChl (b) dur-
ing MAM (1) onto the NPMM JFM index with ENSO impact being 
retained. c, d are the same as in a, b, but for the impact of ENSO 
which is removed by subtracting the linear regression map of the 

SST (or SChl) onto Niño34 D(0)JF(1) index. e, f are the same as in 
a, b but for Niño3.4 D(0)JF(1) index. The SST and SChl used for 
regression analysis are based on the observational data from NOAA 
ERSSTv5 and GlobColor Project, respectively
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Fig. 14   Relationship of 
observed SChl anomalies 
in NTPO during MAM and 
NPMM with SST during JFM 
(a) and Niño34 SST during 
D(0)JF from 1998 to 2020 (b); 
red and green dots denote El 
Niño and La Niña years, respec-
tively. The SST and SChl used 
for analysis are based on the 
observational data from NOAA 
ERSSTv5 and GlobColor Pro-
ject, respectively
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in succession and subsequently pulled down the decreas-
ing trend in SChl by 2020. Further heat budget analyses 
and OGCM experiments revealed that the net surface heat 
flux due to the NPMM significantly contributed to persistent 
warming. At the same time, the contribution from changes in 
the wind field was relatively small. These findings can help 
to illustrate the effects of extratropical-tropical interactions 
on the compound physical-biological extremes under the 
global warming scenario.
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