Biogeosciences, 23, 867-879, 2026
https://doi.org/10.5194/bg-23-867-2026

© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

Seasonality of the North Pacific Oligotrophic Gyre area in the past
two decades and a modelling perspective for the 21st century

Siyu Meng'-23, Xun Gong*>, Benjamin G. M. Webber>, Manoj Joshi’, Xiaokun Ding®, Xiang Gong’-%,

Mingliang Gu'-2, and Huiwang Gao'*

!Frontiers Science Center for Deep Ocean Multispheres and Earth System, and Key Laboratory of Marine Environment and
Ecology, Ministry of Education of China, Ocean University of China, Qingdao, China
ZLaboratory for Marine Ecology and Environmental Sciences, Qingdao Marine Science and

Technology Center, Qingdao, China

3Climatic Research Unit, School of Environmental Sciences, University of East Anglia, Norwich, United Kingdom
4State Key Laboratory of Physical Oceanography, Institute of Oceanographic Instrumentation,

Shandong Academy of Sciences, Jinan, China

>Qilu University of Technology (Shandong Academy of Sciences), Jinan, China

6School of Ocean, Yantai University, Yantai, China

7School of Mathematics and Physics, Qingdao University of Science and Technology, Qingdao, China
8Qingdao Innovation Center of Artificial Intelligence Ocean Technology, Qingdao, China

Correspondence: Xun Gong (gongxun@cug.edu.cn) and Huiwang Gao (hwgao@ouc.edu.cn)

Received: 12 January 2025 — Discussion started: 14 March 2025

Revised: 25 November 2025 — Accepted: 21 December 2025 — Published: 2 February 2026

Abstract. As the largest oligotrophic ocean globally, the
North Pacific oligotrophic ocean gyre (NPOG) exhibits pro-
nounced variability on seasonal, decadal, and centennial time
scales. Notably, changes in the seasonality of the NPOG are
thought to have larger effects on marine ecosystems than
changes in its annual mean state. However, the interannual
variability of NPOG seasonality and its response to climate
processes remain unclear. Here, we investigate the amplitude
of the seasonal cycle in NPOG area and its linkage with cli-
mate variability and change. Our results show that the El
Nifio—Southern Oscillation (ENSO) modulated the seasonal
maximum of NPOG area in boreal summer, and thus the am-
plitude of the seasonal cycle during 1998-2021. This is pri-
marily due to ENSO-induced changes in nutrient transport
via equatorial upwelling and thermal stratification, as well as
changes in the chlorophyll-to-carbon ratio in phytoplankton
cells (photoacclimation). Future projections based on Cou-
pled Model Intercomparison Project Phase 5 (CMIPS5) mod-
elling results and an Elman neural network indicate a signif-
icant decrease in the seasonal amplitude of NPOG area by
2100, attributed to the growing seasonal minimum of NPOG
area in winter along the anthropogenic increase in atmo-

spheric CO»,. The findings highlight the importance of con-
sidering seasonal differences in future research on the inter-
annual variability of oligotrophic gyres and underscore the
need for models to distinguish between the effects of climate
variability and change.

1 Introduction

Oligotrophic  gyres, characterised by low surface
chlorophyll-a concentrations and phytoplankton biomass,
occupy about 40 % of the global ocean and are predomi-
nantly situated at subtropical latitudes (McClain et al., 2004).
Although phytoplankton biomass is relatively low at the
surface in these regions, their vertically integrated biomass
is not much lower than in other parts of the ocean (Stoer
and Fennel, 2024). Together with the rapid division rates
of phytoplankton cells (Laws, 2013), these characteristics
confer considerable ecological significance.
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As the largest oligotrophic ocean globally, the North Pa-
cific oligotrophic ocean gyre (NPOG) exhibits variability
in area, intensity and location (Meng et al., 2021), coher-
ent with climate dynamics on seasonal (Signorini et al.,
2015), decadal (Signorini and McClain, 2012) and centennial
(Boyce et al., 2014) time scales. Studies have suggested that
the variations of the seasonal cycle in chlorophyll concentra-
tions and phytoplankton biomass may have a larger impact
on the survival of marine species, and hence the oceanic food
web and the ocean carbon cycle, than changes in their annual
mean quantities (Lutz et al., 2007; Muiiiz et al., 2021), sug-
gesting a need to better quantify any changes in the seasonal
cycle of the NPOG.

In previous studies, the NPOG has been quantified by
its area and intensity, i.e. spatially averaged surface chloro-
phyll concentration, on the basis of satellite-derived ocean
colour datasets (Leonelli et al., 2022; Meng et al., 2021;
Wilson and Qiu, 2008), in situ data (Gregg and Rousseaux,
2014), and research cruise observations (Raes et al., 2022).
Using satellite observations, McClain et al. (2004) have
suggested synchronous variations between NPOG intensity
and area on seasonal and interannual time scales, indicat-
ing that increased NPOG intensity (i.e., lower surface chloro-
phyll concentration) usually corresponds to expanded NPOG
area. However, extended periods of satellite observation have
prompted numerous studies to propose a more pronounced
increase in NPOG area than intensity in response to climate
processes (Irwin and Oliver, 2009; Meng et al., 2021). There-
fore, this study primarily focuses on variations in the NPOG
area, which are driven by changes in surface chlorophyll con-
centrations.

In particular, the seasonal cycle of NPOG area has been
linked to nutrient availability in the surface ocean (Behren-
feld et al., 2006; Henson et al., 2013; Kwiatkowski et al.,
2017). In boreal summer, higher sea surface temperatures
(SSTs) inhibit the mixing between surface water and the sub-
surface nutrient-rich water, by enhancing vertical stratifica-
tion and shoaling the mixed layer depth (MLD) (Signorini
et al., 2015). As a result, the reduced availability of nutri-
ents limits the growth of phytoplankton in the surface wa-
ters, leading to lower surface chlorophyll concentrations and
NPOG area expansion in summer. Conversely, in winter, the
mixed layer deepens due to relatively low SSTs, entraining
nutrient-rich water and leading to increased surface chloro-
phyll and NPOG area contraction (Mao et al., 2020).

In addition, changes in light availability can also in-
fluence chlorophyll concentrations through phytoplankton
photoacclimation. Even if nutrient supply and phytoplank-
ton biomass remain unchanged, a shallower mixed layer or
higher surface irradiance is expected to decrease chlorophyll
concentration, as phytoplankton lower their pigment content
in response to higher average light levels within the mixed
layer (Behrenfeld et al., 2005, 2016), and vice versa when
the mixed layer deepens.
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Studies have suggested that the variation of chlorophyll
concentration in subtropical ocean is also linked with basin-
wide climate processes. For example, the El Niflo—Southern
Oscillation (ENSO), characterized by the variability over
2-7 years, can regulate the nutrient transfer to the upper
ocean via changes in ocean horizontal advection and up-
welling (Racault et al., 2017). Over longer timescales, cli-
mate warming has been shown to intensify thermal strati-
fication and nutrient limitation in the upper ocean, and to
alter phytoplankton pigment content through photoacclima-
tion, consequently leading to NPOG expansion on a time
scale of several decades (Behrenfeld et al., 2016; Henson
et al., 2010; Lewandowska et al., 2014; Meng et al., 2021).
Hence, to achieve a comprehensive understanding of how
NPOG seasonality, driven by changes in surface properties,
responds to the dual influences of interannual climate vari-
ability and long-term climate change, it is crucial to investi-
gate the NPOG seasonality across different time scales.

While previous research has acknowledged the potential
effects of chlorophyll and phytoplankton seasonality on ma-
rine ecosystems and the carbon cycle, the variation in the
seasonality of NPOG, the ocean with the lowest chlorophyll
level globally, and its response to climate processes remain
unclear. In this study, we aim to better understand and quan-
tify the variation in the amplitude of the seasonal cycle (i.e.
the difference between maximum and minimum in the an-
nual cycle) in NPOG area. To do this, we use satellite chloro-
phyll data during 1998-2021 and project future changes for
the 21st century based on an Elman Neural Network (ENN)
model and model output from the Coupled Model Intercom-
parison Project Phase 5 (CMIPS5) (Taylor et al., 2012).

2 Data and Methods
2.1 Data
2.1.1 Chlorophyll-a observations

In this study, the NPOG is defined as the region within
which the ocean surface chlorophyll concentration is less
than 0.07mgm™>, following McClain et al. (2004) and
Polovina et al. (2008). We obtain surface chlorophyll con-
centration data from Sea-viewing Wide Field-of-View Sen-
sor (SeaWiFS) and Moderate Resolution Imaging Spectrora-
diometer (MODIS/Aqua) ocean colour observations (NASA
OBPG, 2022). Here, a 13 d running-mean and 11-grids spa-
tial smoothing are utilized to fill in the missing values of
chlorophyll data due to cloud coverage (Cole et al., 2012).
Then, the SeaWiFS dataset from 1998-2007 and MODIS
dataset from 2003-2021 are merged to form a continuous
dataset of monthly chlorophyll observation at 9km spa-
tial resolution from 1998-2021. To achieve this, a cross-
calibration is performed at each grid point based on the over-
lapping period in the SeaWiFS and MODIS-Aqua datasets
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(Fig. S1 in the Supplement). Overall, there are 1719 140
pairs of concurrent chlorophyll concentration data in NPOG
region over the 5 years overlapping period, and the two
datasets present an R? coefficient of 0.78 with an offset of
0.0025, suggesting a strong coherence between the SeaWiFS
and the MODIS datasets (Fig. S1). The merged database has
been validated and used to analyse decadal variability of the
NPOG in Meng et al. (2021).

2.1.2 Physical datasets

All observational and reanalysis data used in this study are
listed in Table S1 in the Supplement. Specifically, the Op-
timum Interpolation SST data from National Oceanic and
Atmospheric Administration (NOAA) (Reynolds, 1988), sea
surface height data from Global Ocean Data Assimilation
System (GODAS) provided by NOAA Physical Sciences Di-
vision, MLD data from the Simple Ocean Data Assimila-
tion version 3 (SODA3) reanalysis dataset (Carton et al.,
2018), downward solar radiation and precipitation rate data
from European Centre for Medium Range Weather Forecast-
ing (ECMWF) ERAS reanalysis (Hersbach et al., 2023), and
wind stress data from ECMWF ORASS (Zuo et al., 2019)
are used to explore the response of NPOG seasonality to
physical climate variability. Wind stress curl is calculated
from the ORASS wind stress to investigate the role of wind-
driven downwelling in the NPOG. Furthermore, ocean hor-
izontal velocity components, temperature and salinity data
from the SODA3 reanalysis data from 1998-2015 are used
to force a one-dimensional K -profile parameterization (KPP)
ocean model (Large et al., 1994) to evaluate ocean vertical
mixing process at each grid point in the NPOG area. Nu-
trient concentration data (nitrate 4 phosphate) from World
Ocean Atlas 2005 (Levitus and U.S. National Oceanographic
Data Center, 2013) is combined with KPP analysis to calcu-
late nutrient fluxes across 10 m depth into the surface ocean
(Sect. S1). The ENSO signal is represented by the Nifio 3.4
index, which is obtained from NOAA Physical Sciences Lab-
oratory (Rayner et al., 2003) and calculated by using the
HadISST1 dataset.

2.1.3 Phytoplankton biomass and light conditions
within mixed layer

In this study, we emphasise that surface chlorophyll concen-
tration should not be interpreted as phytoplankton biomass
and is even less indicative of primary productivity. Chloro-
phyll concentration can vary not only through changes in
phytoplankton biomass but also through changes in intracel-
lular pigment content in response to light conditions (pho-
toacclimation). To investigate these effects, we incorporated
two additional datasets. First, we use particulate organic car-
bon (POC) data from MODIS and calculate phytoplankton
carbon to estimate phytoplankton biomass following the ap-
proach of Behrenfeld et al. (2005), from which we also de-
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rive chlorophyll-to-carbon ratios (Chl : C). Second, we calcu-
late mixed layer light availability, defined as the median pho-
tosynthetically available radiation (PAR) within the mixed
layer, following Behrenfeld et al. (2005). This metric rep-
resents the light environment experienced by phytoplankton
in the upper ocean and is a key driver of photoacclimation.
Together, these datasets allow us to distinguish changes in
chlorophyll concentration driven by phytoplankton biomass
concentrations from those resulting from changes in the
Chl : C ratio induced by light conditions.

2.1.4 Climate model output

For the projections of the NPOG area in the 21st century, we
apply the ENN machine learning model to 7 CMIPS5 simula-
tions (Table S2 in the Supplement) based on the Representa-
tive Concentration Pathway 8.5 (RCP 8.5) scenario (Taylor
etal., 2012). RCP 8.5 experiment simulates a climate change
scenario which is forced by prescribed greenhouse gas and
other natural forcings, and the radiative forcing value is pro-
jected to reach 8.5Wm~2 by 2100. It provides an insight
into the climate impacts of high-end greenhouse gas emis-
sion pathways (Moss et al., 2010; Schwalm et al., 2020).
The CMIPS5 modelling outputs provide data at monthly res-
olution from 2006-2100. These outputs are standardized by
converting them to Z-scores before being input into the ENN
model. Further description of the CMIP5 data is provided in
Sect. S2.

2.2 Elman Neural Network

A key aim of this study is to project the NPOG area season-
ality in a future climate change scenario. However, the over-
all underestimation of chlorophyll concentration in subtrop-
ical gyres in Earth System Models (ESMs) (Séférian et al.,
2013) precludes using such models to identify the boundary
and area of the NPOG (Fig. S2c in the Supplement). Com-
pared with chlorophyll concentration, the physical properties
of the ocean and atmosphere that are key factors regulating
the NPOG variation, e.g. SST and wind stress curl, are bet-
ter represented in the NPOG region (Fig. S3 in the Supple-
ment). Therefore, an ENN model is combined with physical
variables from CMIP5 modelling outputs (models listed in
Table S2 and more details in Sect. S2) to make projections of
NPOG area over the 21st century. ENN (Elman, 1990) is a
typical recurrent neural network which reuses past informa-
tion as input to predict the next or future states. Compared
to traditional neural networks consisting of input, hidden and
output layers, ENN adds a context layer to pass the informa-
tion from the last network iteration to the current iteration.
Thus, ENN is more suitable to model temporal sequences
especially with strong periodic variations like the seasonal
cycle of NPOG area.

Although ENN is an effective method to predict time se-
ries, when NPOG area variation exhibits a high degree of
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nonstationarity due to the dual effects of climate variability
and change, the accuracy and robustness of ENN may be re-
duced (Stock et al., 2018). Therefore, we use the time se-
ries of SST, wind stress curl and solar radiation in NPOG
region, based on the observation and reanalysis data, as the
input data of ENN, and the time series of NPOG area as
the output data to evaluate the ENN performance. These in-
put variables are selected by a sensitivity test that assesses
ENN performance with different input configurations (Ta-
ble S3 in the Supplement). Here, 69 % of the NPOG area
time series is used for ENN training, and 31 % of the NPOG
area time series is used to validate the difference between the
NPOG areas predicted by ENN and observed by satellite. As
shown in Fig. S4 in the Supplement, the relative error of ENN
prediction is only 7.06 %, indicating the good performance
of ENN in projecting NPOG area (Mean Absolute Error =
1.75 x 100 kmz, Root Mean Square Error = 2.46 x 100 km2,
R? =0.82). Moreover, the ENN results are compared with
the NPOG area simulations by three ESMs, CMCC-CESM,
CNRM-CMS and IPSL-CMS5 A, which are best able to cap-
ture observed chlorophyll distribution among CMIP5 mod-
els (Fu et al., 2022). Although the seasonal cycles of NPOG
area are well simulated in both ESMs and ENN (Figs. S2b
and S4), the systematic biases of NPOG area and location in
ESMs are substantial, with the average simulated NPOG area
being more than double the observed area (Fig. S2a and c).

3 ENSO-induced variation in the NPOG seasonality

3.1 The variation in seasonal cycle of NPOG area as a
response to ENSO

The amplitude of the seasonal cycle in NPOG area dis-
plays interannual variability without a significant trend dur-
ing 1998-2021 (Fig. S5a in the Supplement), strongly cor-
related with ENSO (using the Nifio 3.4 index, Fig. 1a). On
average, the NPOG area seasonal amplitude in El Nifio years
(2002, 2004, 2015, 2016 and 2019) is ~ 16 % larger than for
the La Nifa years (1999, 2000, 2007, 2008 and 2011).
ENSO drives the variation in NPOG area seasonal cy-
cle via its effect on the seasonal maximum of NPOG area
(Fig. 1b), with little impact on the seasonal minimum of
NPOG area (Fig. 1c). Even when we use the Nifio 3.4 in-
dex in January, which corresponds to the month of NPOG
area minimum, its correlation with the seasonal minimum in
NPOG area remains insignificant (Fig. S5b). Geographically,
the enhanced seasonal cycle in NPOG area in El Nifio years is
mainly caused by the NPOG expansion to the southeast and
northeast in boreal summer when the NPOG area reaches its
seasonal maximum (yellow lines in Fig. 2a). Meanwhile, the
NPOG area in boreal winter does not change much between
El Nifio and La Nifia years, with comparably low values in
both ENSO phases (blue lines in Fig. 2a). Therefore, the in-
terannual variation in the seasonal amplitude of NPOG area

Biogeosciences, 23, 867-879, 2026

shows dependence on the maximal area in summer, and this
variation can be linked to ENSO.

Previous studies have reported the fast expansion of
NPOG over the past two decades based on annual mean data
(Boyce et al., 2014; Meng et al., 2021), but our findings show
that the expansion rate is season-dependent. As shown in
Figs. 3 and S6 in the Supplement, the NPOG expansion rate
in summer, 2.7 x 10° km?yr~!, is considerably larger than
either in winter, 0.7 x 10° km?yr~!, or for the annual mean
rate of 1.35 x 10° km?yr~! (Meng et al., 2021). Although
the pronounced NPOG expansion in summer may influence
the NPOG area seasonal cycle, the trend of NPOG area sea-
sonal amplitude from 1998-2021 is not statistically signifi-
cant in the presence of ENSO (Fig. S5a). Therefore, longer
timescales of observations may be needed to detect a signifi-
cant change in NPOG seasonality (Henson et al., 2010; Tian
and Zhang, 2024). Moreover, the interannual variation of the
NPOG area, represented by its standard deviation (Fig. S7 in
the Supplement), is relatively large in summer, which further
explains why the interannual variation of NPOG area sea-
sonal cycle depends on the summer maximal NPOG area.

3.2 ENSO-induced variations in ocean physics and
their impact on NPOG area

To investigate the influence of ENSO on interannual varia-
tions in the summer NPOG area, we define our study region
as the area spanning the range between the interannual max-
imum and minimum extent of the NPOG seasonal maximum
area (between the yellow and blue lines in Fig. 2b). Within
this region, surface chlorophyll variations largely determine
the interannual variations in the NPOG area seasonal maxi-
mum and NPOG area seasonal cycle. We then analyse the co-
herence between the Nifio 3.4 index and a set of physical pa-
rameters, averaged within this region, that represent key pro-
cesses shaping the NPOG area, including SST, MLD, upward
nutrient flux to the surface, and the temperature and density
gradients over 5-55 m depth (Fig. 4). All variables are aver-
aged over the boreal summer half year (April-September),
which has been shown to dominate the interannual variation
of the NPOG area seasonal cycle.

In El Niflo years, higher SSTs and the associated increase
in the vertical temperature gradient between 5 and 55 m lead
to strengthened thermal stratification (Fig. 4a and b). The en-
hanced stratification in the upper ocean shoals the MLD and
inhibits upward nutrient transport (Fig. 4c), leading to con-
current reductions in phytoplankton biomass and chlorophyll
concentrations (Fig. 4d), and the expansion of the NPOG
area during El Nifio years. These ENSO-related SST varia-
tions thus represent an indirect thermal effect on the summer
NPOG area and, consequently, the amplitude of NPOG area
seasonal cycle.

Our results show that chlorophyll and phytoplankton car-
bon are closely related in this region (Fig. 2b), although
variations in surface chlorophyll are not solely driven by
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nutrient-induced changes in biomass. Our estimates of mixed
layer light levels indicate that ENSO can also affect the
MLD and the average light availability within the mixed
layer, inducing the photoacclimation response in phytoplank-
ton that alters Chl: C ratio and thereby surface chlorophyll
concentration (Fig. 4e). Notably, variations in surface chloro-
phyll caused by photoacclimation do not necessarily re-
flect changes in phytoplankton biomass or primary produc-
tion. For example, an increase in light availability within
the mixed layer can reduce Chl: C, leading to lower surface
chlorophyll while biomass and primary production remain
unchanged or even increase. Reduced surface chlorophyll
also lowers the light attenuation coefficient, allowing more
light to penetrate deeper layers (Manizza et al., 2005; Meng
et al., 2024), potentially further supporting higher vertically
integrated phytoplankton biomass and primary production.

Furthermore, ENSO can impact the NPOG area seasonal
maximum locally by regulating equatorial upwelling. In El
Nifio years, suppression of equatorial upwelling and a de-
crease of westward advection of nutrient-rich water result in
chlorophyll decline in the eastern equatorial Pacific (Fig. S8b
and c in the Supplement) and NPOG expansion in its south-
ern region (Fig. 2a). As a result, ENSO signals can only
regulate the interannual variation of NPOG area in summer
when NPOG expands to its seasonal maximum and reaches
the equatorial region (Fig. 2a).

However, this pronounced summer ENSO impact on
NPOG is inconsistent with existing evidence, which shows
that the ENSO signals have the largest impact on ocean
physics in boreal winter and early spring (An and Wang,
2001). Here, one possible reason is that ENSO-induced ther-
mal and physical anomalies persist through the spring and
summer (Jacox et al., 2015; Wu and Kirtman, 2005). This is
combined with the constraint that NPOG area can only ex-
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pand in summer to the central and eastern equatorial Pacific
where there are significant ENSO signals (Fig. 2a).

Notably, chlorophyll concentrations show low interannual
variability in the western and northwestern regions of the
NPOG as a response to ENSO (Fig. 2a). In the western
NPOG, the boundaries of the oligotrophic region are con-
strained by the relatively eutrophic inshore regions along the
western boundary, where chlorophyll distributions exhibit
negligible interannual variations. In the northwestern NPOG,
the interannual variability in oligotrophic gyre boundaries,
especially in summer (Fig. 2a), is governed by the Kuroshio
extension system, characterized by its pronounced eddy ac-
tivity and high chlorophyll concentrations (Itoh et al., 2015).
The ocean dynamics and chlorophyll level of the Kuroshio
extension are predominantly regulated by low-frequency cli-
mate variability such as Pacific Decadal Oscillation (PDO)
(Lin et al., 2014). Therefore, the western and northwestern
NPOG demonstrate insignificant interannual variability in re-
sponse to ENSO signal.

3.3 Impact of ENSO on the Seasonal Peak Timing of
Chlorophyll-a in NPOG

We have also identified a connection between ENSO and
chlorophyll seasonality in the central NPOG region, as a co-
inciding phenomenon along with the variations in NPOG
area seasonality. Here, chlorophyll seasonality is charac-
terized by the timing of its annual peak, which is the
month when chlorophyll reaches its seasonal maximum
value (Fig. 5).

In most NPOG regions, chlorophyll peaks during the win-
ter half year (October—March) (Fig. 5a), consistent with
weaker stratification and deeper mixed layers that enhance
nutrient supply, together with reduced light levels within the
mixed layer that elevate Chl : C. However, in the central area
of the NPOG, chlorophyll peaks in the summer half year
(April-September), more specifically in May—July. After cat-
aloguing chlorophyll seasonal cycles in El Nifio and La Nifia
years, we find that the summer chlorophyll peak in the cen-
tral NPOG only occurs in La Nifia years (Fig. 5c). During
La Nifia conditions, the chlorophyll peak is likely associ-
ated with the deepening of the mixed layer, which reduces
light availability within the mixed layer and thereby ele-
vates the Chl: C ratio (Fig. S9 in the Supplement). A study
has suggested wind-driven mixing should also be consid-
ered when analysing the summer weak nutrient supply in-
duced by enhanced vertical stratification in the subtropical
gyre (Lozier et al., 2011). Here, we show that the northeast-
erly wind anomalies north of the equator in La Nifia years can
also lead to stronger zonal wind stress and wind stress curl
(Fig. S10d in the Supplement) (Chow et al., 2019; Feng et al.,
2020), which can further enhance nutrient supply through
wind-induced mixing and horizontal transport (Toyoda and
Okamoto, 2017; Wilson et al., 2013), potentially providing
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Figure 5. Surface chlorophyll concentration peak time in North
Pacific. (a) NPOG region is categorized to NPOG_WHY (WHY
for Winter Half Year, October—March) and NPOG_SHY (SHY for
Summer Half Year, April-September) based on the climatological
chlorophyll peak time. (b, ¢) Chlorophyll peak time in El Nifio
years (b) and La Nifla years (c). The black contour represents the
multi-year mean NPOG boundary, defined by a surface chlorophyll-
a concentration of 0.07 mg m~3.

a secondary contribution to the observed local chlorophyll
peak (Fig. S10b).

Previous studies have attributed some summertime chloro-
phyll increases in the oligotrophic Pacific to nitrogen fixation
(Villareal et al., 2012; Wilson and Qiu, 2008), but these peaks
were located farther east than those in Fig. 5a, and cruise
observations suggest nitrogen fixation exerts an insignificant
impact on summer chlorophyll in the NPOG (Villareal et al.,
2011). Therefore, nitrogen fixation is unlikely to explain the
summer chlorophyll peak in this region.

4 Projection of the NPOG seasonality during the 21st
century

4.1 Predicting NPOG seasonality with ENN model

To understand the response of the NPOG seasonality to fu-
ture climate change, an ENN model driven by CMIP5 multi-
model mean output is used to predict the amplitude of the
NPOG area seasonal cycle during the 21st century. Based on
a sensitivity test of ENN performance with different input

Biogeosciences, 23, 867-879, 2026
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configurations (Table S3), we select SST, wind stress curl
and solar radiation as the optimal input data to the ENN. The
selection of these variables is also in line with the discussion
in Sect. 3 and the findings of Meng et al. (2021), which em-
phasize the role of SST in modulating ocean vertical stratifi-
cation and the influence of solar radiation on phytoplankton
photoacclimation.

We evaluate the ENN-predicted variations in amplitude of
seasonal cycle in NPOG area, as well as the NPOG area max-
imum and minimum, from 2006-2100 (Fig. 6). During the
first half of the century (2006-2048), both the summer max-
imum and the winter minimum of NPOG area are predicted
to expand (Fig. 6b) due to higher SST and thus enhanced up-
per ocean stratification (Yamaguchi and Suga, 2019). This
results in a relatively gradual change in the amplitude of
the NPOG area seasonal cycle (Fig. 6a), largely consistent
with the insignificant trend in observations (Fig. S5a). How-
ever, a notable shift occurs in the latter half of the century
(2049-2100), where the expansion of the NPOG area sea-
sonal maximum comes to a halt, while the expansion of the
seasonal minimum continues. This is likely because the ex-
panded boundary of the NPOG maximal area is affected by
other dynamical processes, such as eddy-induced mixing and
upwelling at the margins of subtropical gyre (Barber and
Chavez, 1983; Pennington et al., 2006), and confined in the
more stably stratified subtropical gyre which prevents further
expansion of the NPOG area maximum. Overall, the rate at
which the seasonal minimal NPOG area expands is signifi-
cantly higher than the seasonal maximal area, especially in
the second half of the century, leading to a decreasing trend
of the NPOG area seasonal amplitude (Fig. 6a).

We note that the input variables are not entirely indepen-
dent, as SST, wind stress curl, and solar radiation all interact
to influence the MLD, nutrient availability, and the light level
within the mixed layer, highlighting the complex coupling
between physical forcing and biological responses. However,
this interdependence is not a major concern here, because the
ENN is designed to capture the combined, non-linear effects
of correlated predictors, and our sensitivity tests (Table S3)
confirm that these variables together provide the optimal ex-
planatory power.

4.2 Comparison between ENN and ESMs predictions

Although ESMs have challenges in simulating the climato-
logical mean NPOG area (Fig. S2c¢), the long-term trend pre-
dicted by ESMs can still provide supporting evidence for our
findings. There is considerable model-to-model variability in
the trends of NPOG area and its seasonal amplitude (Fig. 7).
However, the majority of models and the multi-model aver-
age, indicate a declining trend of the NPOG area seasonal
amplitude from 2006-2100, qualitatively in agreement with
the ENN projection.

While both ENN and ESMs indicate a decreasing trend
in the amplitude of the NPOG area seasonal cycle, the rate
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Figure 6. Future projection of NPOG area seasonal cycle by ENN.
(a, b) Time series of the seasonal amplitude (black), maximum
(pink) and minimum (blue) of NPOG area during 20062100 pre-
dicted by ENN.
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8.5 scenario and ENN (black bars). The red dashed lines represent
the average across multiple ESMs.

of 1.7 x 10* km? yr~! predicted by the ESMs is slower than
3.7 x 10*km? yr~! predicted by the ENN (Fig. 7). This dis-
crepancy can be attributed to the higher rate of expansion in
the NPOG area seasonal maximum in ESMs (Fig. 7). The
ENN predicts that the summer maximum ceases to increase
after 2049 (Fig. 6b), which is not shown by the ESM projec-
tions (Fig. S11 in the Supplement). This likely arises from
the inaccurate simulation of the North Pacific oligotrophic
ocean in ESMs. The constraints on expansion of the NPOG
area seasonal maximum are not represented by ESMs in the
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present day (Fig. S2c), so these models will not be limited in
their future expansion of the summer maximum, leading to a
weaker decline in the seasonal amplitude in the ESMs. Nev-
ertheless, the qualitative agreement between the ESMs and
ENN projections gives us confidence in the ENN prediction.

It should be noted that while ESMs provide process-based
simulations, they are subject to systematic biases and model
uncertainty. In biogeochemistry models within ESMs, phy-
toplankton growth and loss processes are usually represented
through simplified empirical or semi-mechanistic parameter-
izations. For example, grazing is often represented as a fixed
fraction of phytoplankton biomass or growth, while other
losses (e.g., mortality, viral lysis) are combined into mortality
terms. Such simplifications are necessary for computational
efficiency, but they rely on assumptions and tuning (e.g.,
adjusting grazing coefficients) to reproduce observed mean
chlorophyll levels (Freilich et al., 2021). Therefore, future
work should aim to explicitly integrate grazing and loss pro-
cesses to improve mechanistic understanding of phytoplank-
ton accumulation dynamics. In contrast, while the ENN ap-
proach efficiently captures statistical relationships from his-
torical data, it functions as a “black box” with limited phys-
ical interpretability, and its predictions are constrained by
the training dataset, without explicitly considering potential
future changes in major oceanic features (e.g., shifts in the
Kuroshio Current). Accordingly, the ENN-based simulations
should be interpreted as reflecting correlations between envi-
ronmental drivers and NPOG area, rather than a mechanistic
representation of chlorophyll and NPOG variations.

Here, we further examine whether ESMs can capture the
impact of ENSO on the NPOG area seasonal amplitude, as
proposed in Sect. 3. While previous research indicates the
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difficulty of ESMs in simulating ENSO processes (Bellenger
et al., 2014), two models, CMCC-CESM and GISS-E2-H-
CC, reveal a realistic and significant correlation between
ENSO and the NPOG area seasonal amplitude in their his-
torical (Fig. S12a and b) and future (Fig. S12¢ and d) sim-
ulations. These two models simulate more pronounced de-
clining trends in the NPOG area seasonal amplitude than the
multi-model mean (Fig. 7), potentially indicating a physical
link between ENSO and the simulated trends in NPOG area.
Moreover, in the hindcast and forecast simulations, ENSO
is significantly correlated with the time series of the NPOG
area maximum in summer (Fig. S12e-h), in agreement with
our observational findings (Fig. 1a).

5 Conclusion

In our results, the amplitude of the seasonal cycle in NPOG
area shows interannual-scale variability without a signifi-
cant trend during 1998-2021, aligned with ENSO, and the
variation of the NPOG area seasonal amplitude depends
on the magnitude of the summer maximum. The impact of
ENSO on the NPOG area seasonal cycle is summarized by a
schematic diagram in Fig. 8a. In El Nifio years, weaker equa-
torial upwelling and enhanced thermal stratification reduce
nutrient supply, while higher light availability within the
mixed layer induces photoacclimation, together leading to
the pronounced summer expansion of the NPOG area. There-
fore, in the present day, we emphasize the dominant role of
ENSO on NPOG seasonality represented by the NPOG area
seasonal amplitude.

Based on an ENN projection driven by CMIP5 model out-
put, the NPOG area seasonal amplitude exhibits a decreasing

Biogeosciences, 23, 867-879, 2026
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trend over the next century due to the faster expansion of
the NPOG minimum area in winter compared to the summer
maximum area (Fig. 8b). After the middle of the 21st century,
the expansion of summer NPOG area comes to a halt that is
constrained by the boundaries of the inshore North Pacific
Ocean. This constraint is absent in the CMIP5 ESMs, which
consistently simulate the NPOG to extend far further than is
observed in the present day. However, our study does not ac-
count for phytoplankton dynamic processes, e.g., growth and
loss, whose rates are typically one or two orders of magni-
tude greater than the changes in phytoplankton biomass. To
analyse the long-term variability of the NPOG, we used satel-
lite observations of surface chlorophyll concentration from
1998-2021. These data are limited to the ocean surface and
do not capture phytoplankton biomass throughout the water
column. Although this limitation could be mitigated by in-
corporating BGC-Argo measurements, which provide verti-
cal profiles of phytoplankton and other biogeochemical prop-
erties, the BGC-Argo record is relatively short and therefore
cannot fully replace the multi-decadal satellite time series.
In observations and future model projections, the interan-
nual variation of NPOG area is different between seasons,
setting our study apart from previous research using either
annual mean (Boyce et al., 2014; Jena et al., 2013) or de-
seasonalized data (Meng et al., 2021). Specifically, based on
satellite observations (1998-2021), the interannual variation
of the NPOG area depends on the summer NPOG area max-
imum, as the response to climate variability. However, for
future projections (2006-2100), the change of NPOG area
is determined by the winter NPOG area minimum, reflecting
the response to anthropogenic climate change. Therefore, it is
essential for future analyses of NPOG expansion to consider
this seasonal difference, as the varying expansion rates of
NPOG in different seasons have significant implications for
the season-dependent fisheries (Muiiiz et al., 2021) and the
Pacific ecosystems (Bidigare et al., 2009; Yoo et al., 2008).
NPOG seasonality is influenced by both interannual cli-
mate variability and long-term climate change, with the dom-
inant process determined by the time scales. On a decadal
scale, the PDO and North Pacific Gyre Oscillation (NPGO)
may also impact NPOG seasonality by altering the gyre
circulations, nutrient transport and phytoplankton phenol-
ogy (Di Lorenzo et al., 2008; Meng et al., 2021). Although
progress has been made in understanding the relationships
between NPOG variations and climate processes, there is still
a challenge for future studies to separate the contribution of
contemporary climate variability and anthropogenic climate
change. Such a partitioning will significantly refine our un-
derstanding of ocean ecosystem responses to climate.

Code availability. The ENN code and the code used for
generating the figures are available in the online reposi-
tory Zenodo and can be accessed via the following link:
https://doi.org/10.5281/zenodo.17675565 (Meng, 2025).
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