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A B S T R A C T   

As temperature is regarded as a significant environmental factor affecting the intensity and frequency of jellyfish 
blooms, the projection of jellyfish peak biomass variation under global warming becomes essential for disaster 
prevention and mitigation on long-term time scales. The jellyfish Aurelia coerulea is distributed in worldwide 
oceans, particularly in the Bohai and Yellow Seas (BYSs), which are productive regions with substantial economic 
and climatic significance and have been suffered from A. coerulea blooms. Based on the theory of how A. coerulea 
reacts to various experimental temperature circumstances, recent studies have been proposed to determine the 
qualitative trends of A. coerulea blooms in response to climate change. However, the quantitative study of future 
A. coerulea biomass variability is a challenging task due to the uncertainty in the numerical relation between 
temperature and the biomasses of A. coerulea and the difficulty in determining the biomass considering the high 
mobility of jellyfishes. In this paper, we develop a moderate-temperature-duration approach to solve these two 
problems. The temperature suitability for all key life stages of A. coerulea during pelagic and benthic processes is 
involved in this approach, and we identify the major life stage that determines the peak biomass variation. The 
projection of future peak biomass of A. coerulea in BYSs is performed based on this approach and utilizing the 
long-term projection results of temperature changes by 2100 using the MPI-ESM-MR model from phase 5 of the 
Coupled Model Intercomparison Project (CMIP5) under the RCP4.5 scenario. The results indicate that global 
warming can certainly lead to the increase in A. coerulea biomass in some degree. The steady state of the highest 
peak biomass will be achieved during 2075∼2080, with an increase of 8.4%, 5.0%, and 11.5% in the Bohai Sea, 
the North Yellow Sea, and the South Yellow Sea, respectively, compared to the first steady state starting in 2020 
detected by the regime shift. However, the result also shows that global warming cannot consistently lead to the 
increase of A. coerulea peak biomass. As the temperature rises to a large extent, the duration of moderate 
temperature ranges for strobilation and growth may be reduced, and thus resulting in the decrease of peak 
biomass instead.   

1. Introduction 

Global warming has altered marine ecosystems, causing consequent 
ecological disasters, for example jellyfish blooms. During the past two 
decades, jellyfish blooms have been found globally with increasing in
tensity and frequency of outbreaks (Brotz et al., 2012). Although both 
climate change and human activities contribute to the increased abun
dance of jellyfishes, substantial long time-series of jellyfish records have 
suggested that climate change is the main driver of the long-term vari
ations of jellyfish (Lynam et al., 2011; Purcell, 2012). Therefore, more 
attentions and efforts should be paid on the investigation of jellyfish 

blooms under climate warming. 
Aurelia sp.1, now formally classified into Aurelia coerulea von Lend

enfeld, 1884 (Scorrano et al., 2016), known as the most common 
nearshore bloom species distributed worldwide (Schroth et al., 2002), is 
one of the most concerned species of jellyfish. Blooms of A. coerulea have 
been observed to cause negative ecological and socio-economic impacts 
in many areas. The Bohai and Yellow Seas (BYSs), which are important 
coastal seas in the western Pacific Ocean, have been suffered from 
A. coerulea blooms recently. The blooms of A. coerulea have created 
hazards that clog the cooling water intakes at coastal power plants, 
block fishing nets, and sting tourists over the last decades, which has 
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been ranked as the second largest ecological disaster in BYSs (Dong 
et al., 2010). Moreover, the BYSs are very sensitive to climate change 
due to their hydrological properties of shallow, semi-enclosed, and weak 
water exchange capacity (Chu et al., 2005) and thus making them be 
more likely to be suffered from jellyfish bloom disasters. As global 
warming has become a serious problem, understanding the future 
pattern of A. coerulea variation in BYSs under the global warming is 
crucially important for ecological disaster prevention and mitigation. 

As A. coerulea is highly adaptable to environmental changes due to its 
complex life history, a sufficient comprehension of the key controlling 
factors determining the intensity of A. coerulea outbreaks under climate 
change is a prerequisite for projection. Previous studies have shown that 
the life cycle of A. coerulea alternates between pelagic and benthic stages 
(Lucas, 2001), of which two critical periods affect the magnitude of 
blooms most. The first critical period is the benthic polyp strobilation 
stage, which determines the abundance of the population. The second 
critical period occurs during the pelagic ephyra growth, which de
termines the individual size of A. coerulea (Henschke et al., 2018). Many 
research efforts have been conducted to address the impacts of various 
environmental conditions including temperature, salinity, light condi
tions, pH, dissolved oxygen concentrations, and food concentrations on 
the polyp strobilation stage (Han and Uye, 2010; Purcell, 2005; Willcox 
et al., 2007; Liu et al., 2009; Ishii et al., 2008) and the ephyra growth 
stage (Algueró-Muñiz et al., 2016; Fu et al., 2011; Wang and Li, 2015; 
Widmer, 2005). They have recognized that the sea water temperature is 
the key environmental factor determining the intensity of blooms 
(Purcell, 2012; Treible and Condon, 2019; Wang and Sun, 2015; Shi 
et al., 2016). The influence of sea water temperature is not only reflected 
in the absolute value, but also in the accumulated temperature, namely 
the duration of moderate temperature ranges for propagation and living. 
In BYSs, abundant experiments show that the duration of the spring 
bottom temperature in the range of 10–16 ◦C, and the duration of the 
summer surface temperature in the range of 16–24 ◦C are the decisive 
factors for polyp strobilation and ephyra growth, respectively (Zhang 
et al., 2022; Shi et al., 2016; Fu et al., 2011). That is, the prediction of 
A. coerulea can be achieved based on the analysis of moderate temper
ature duration (in days) and its influences on the polyp strobilation and 
ephyra growth. 

However, although the relationship between environmental factors 
and A. coerulea populations is well studied, its application in the pro
jections of A. coerulea in BYSs remains relatively scarce. And considering 
the high plasticity of A. coerulea genus which may contribute to variable 
responses of A. coerulea to climate warming in different regions (Dawson 
et al., 2015), the changes of A. coerulea in BYSs are also difficult to infer 
from the studies carried out in other seas. Two limitations of current 
prediction methods lead to variation and uncertainty in A. coerulea 
biomass projection to some extent. Firstly, the current biomass deter
mination method does not consider the whole life history stage thor
oughly. Although previous studies have found that the different life 
stages of A. coerulea exhibit different strategies in response to sea tem
perature changes, the current predictions are still inferred from the 
analysis of each life stage isolatedly, leading to inconsistent conclusions. 
For example, Loveridge et al. (2021) suggests that climate warming will 
inhibit A. coerulea by analyzing the effect of temperature and its dura
tion on polyp strobilation, while Algueró-Muñiz et al. (2016) speculates 
that global warming will not have a substantial impact on A. coerulea by 
examining the effects of temperature on development and survival of 
ephyra. Secondly, the reasonable assessment of changes in environ
mental conditions is still insufficient. Previous studies have shown that 
both temperature and the duration of moderate temperature ranges for 
propagation and living have a great effect on variations in A. coerulea 
populations. However, in contrast to the definitive warming trends in 
sea temperatures by the end of the 21st century, whether the duration of 
characteristic temperature ranges is increasing or not is still uncertain. 
Because of the lack of assessments of how the duration of characteristic 
temperature ranges varies, the temperature design of experiments 

differs among laboratory experiments depending on the researcher’s 
understanding of changing sea temperature conditions. For instance, 
based on the same life history stage and different designs that simulate 
changes in winter temperature conditions, Holst (2012) indicates that 
climate warming is beneficial to the A. coerulea blooms, while Loveridge 
et al. (2021) suggests that climate warming is detrimental to the 
A. coerulea blooms. Therefore, the specific changes in the duration of 
suitable sea temperatures under climate changes and their impacts on all 
key life stages of A. coerulea should be more carefully considered during 
estimating future A. coerulea blooms. 

Correlating the climate estimation result with the population model 
is one of the most effective ways to address these issues. The climate 
models represented by the Coupling Model Intercomparison Project 
(CMIP) are available to solve the shortcomings of existing population 
models of A. coerulea in climate simulations, while the population 
models enable an integrated assessment of the response of different life 
stages to environmental change. Since the two types of models are in
dependent of each other, there is considerable flexibility in the choice of 
models when combining them. To improve the accuracy and efficiency 
of projection, several characteristics must be considered, including the 
horizontal resolution and the scenario of the climate model (Zhou et al., 
2020). Phase 5 of CMIP (CMIP5) is one of the main international 
collaboration frameworks for physical studies in BYSs. It contains mul
tiple models under various climate scenarios including the representa
tive concentration pathways (RCP) 2.7, 4.5, 6.0, and 8.5. Referring to 
the existing climate model assessments based on the spatial distribution 
and interannual variability of SST, the MPI-ESM-MR model of CMIP5 
under the RCP4.5 scenario is the best choice for projecting sea tem
peratures in BYSs. Because this model presents low errors with high 
resolution (Zhang et al., 2020). And RCP4.5 is a medium-mitigation 
emission scenario which is close to the current rate of greenhouse gas 
emissions. As for the population model of A. coerulea, the statistical 
relationship between the biomass and the abundance, and the effective 
accumulated temperature, which is simplified from the population- 
dynamic model by Zhang et al. (2022), is the most appropriate model 
for projection of A. coerulea biomass. Because it is accurate to reflect the 
linkage between temperature and the A. coerulea population. However, 
the combination of these selected models has not yet been exploited to 
predict the blooms of A. coerulea in BYSs by 2100. It’s mainly because 
the high mobility of jellyfish challenged us to determine the appropriate 
habitat for benthic polyp stages. 

In this study, we introduce a regional moderate-temperature- 
duration approach to solve this problem. This approach is updated 
from the simplified population model proposed in Zhang et al. (2022). 
The improvement is the rational zoning based on the living habits of 
A. coerulea and the dynamical nature of BYSs, which makes it possible to 
estimate the peak biomass of A. coerulea by applying corresponding 
regional average sea temperatures. We validate this approach with 
historical A. coerulea observations in Qinhuangdao coastal area and 
simulations of regional A. coerulea peak biomass in the Bohai Sea. Then 
we project the future peak biomass of A. coerulea in BYSs based on the 
regional moderate-temperature-duration approach. To reveal the spe
cific variation of A. coerulea peak biomass, we conduct projections in 
both spatial and temporal ways. Spatially, we divide BYSs into three 
representative regional parts: the Bohai Sea (BS), the North Yellow Sea 
(NYS), and the South Yellow Sea (SYS), according to their hydrological 
characteristics. And then we analyze the peak biomass variations in 
these three areas, respectively. Temporally, we analyze the decadal peak 
biomass variations centered in the years of 2040, 2060, 2080, and 2100 
compared to those in 2020. We also investigate the transitions of the 
mean level of time series fluctuations between steady-state periods, 
which are detected by the sequential regime shift detection method. 
Furthermore, to better understand the mechanisms that lead to changes 
in peak biomass, the major life stage that determines the peak biomass 
variation is analyzed. 

The remainder of this article is as follows: Section 2 introduces the 
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data, basic material, the strategy for bottom temperature determination, 
and statistical analysis method used for biomass estimation and varia
tion analysis; Section 3 presents the regional moderate-temperature- 
duration approach applied in long-term jellyfish biomass projection; 
Section 4 shows the results, including the validation of the approach, the 
estimate and analysis of A. coerulea biomass in representative time pe
riods (2020, 2040, 2060, 2080, and 2100) and in the steady-state pe
riods; Section 5 concludes this paper. 

2. Material and data 

2.1. Study area 

The study area, as shown in Fig. 1, comprises of the Bohai Sea, the 
North Yellow Sea, and the South Yellow Sea. The Bohai Sea is a shallow 
sea basin surrounded by land on three sides, with an average water 
depth of 18 m and a coastal water depth of less than 10 m. It is char
acterized by the strong closure, weak water exchange capacity, obvious 
seasonal variation of sea temperatures, and being extremely susceptible 
to climate influences (Su, 1998; Jia et al., 2018; Lin et al., 2001). The 
Yellow Sea is a semi-enclosed shallow sea that can be divided into the 
North and South Yellow Seas, with an average water depth of 44 m (Su, 
1998), making the sea temperatures sensitive to climate variations (Chu 
et al., 2005). Such shallow and semi-closed sea areas are suitable envi
ronments for the A. coerulea blooms. 

2.2. Prio-knowledge on the relationship between temperature and 
A. coerulea biomass 

The statistical relationships between A. coerulea populations and 
temperatures proposed in Zhang et al. (2022) were used to estimate the 
A. coerulea peak biomass. These relationships involve two key life stages 
of A. coerulea: the polyp strobilation stage, in which ephyrae are released 
from offshore sea bottoms; and the ephyrae growth stage, in which 
ephyrae grow into medusa at sea surfaces far from shore. The former 
stage determines the abundance while the latter determines individual 
weight. The combination of abundance and the individual weight 
contribute to the peak biomass. The influence of temperature on these 
two stages can be reflected by the effective durations of accumulated 
temperature: presented as the days of suitable temperature ranges in 
(10–16 ◦C) for strobilation in the first stage and that ranges in (16–24 ◦C) 
for individual growth in the second stage. The abundance N and the 
average individual dry weight IW at the peak time of biomass can be 
determined by the duration days (Zhang et al., 2022) as follows: 

N = 0.94 × 106xb + 1.10 × 106, (1)  

IW = − 0.322x2
s + 42.21xs + 47.69, (2)  

where xb is the duration of 10–16 ◦C of sea bottom temperature in 
strobilation areas, and xs is the duration of 16–24 ◦C of sea surface 
temperature in growth area. Thereafter, the peak biomass S can be 
determined by the following equation: 

S = N × IW. (3)  

2.3. Data 

In this study, we selected daily sea surface temperature (SST) data 
from 2006 to 2100 under the RCP4.5 scenario of the Max Planck Insti
tute Earth System Model of medium resolution (MPI-ESM-MR) model 
from CMIP5 for the future analysis of A. coerulea peak biomass varia
tions. We used the 1993∼2019 Global Ocean Reanalysis and Simulation 
Project (GLORYS12V1) daily SST and sea bottom temperature (SBT) 
data from Copernicus Monitoring Environment Marine Service 
(CMEMS) for the historical analysis as well as for model validation. We 
used the monthly World Ocean Atlas 2018 (WOA18) data from the 
National Oceanic & Atmospheric Administration (NOAA) for the veri
fication of the MPI-ESM-MR model validity. The introduction of these 
data are illustrated in Table 1. 

For the future estimation, we used the daily SST data of the MPI- 
ESM-MR model because among all representative CMIP5 models suit
able for the study area, the MPI-ESM-MR model has the highest reso
lution and its simulation result is most similar to observations (Zhang 
et al., 2020). In this study, we utilized the SST data instead of SBT data 
since the data we used require daily time resolution according to the 
equations mentioned in Section 2.2. However, all CMIP5 models provide 
only daily SST data without daily SBT data. Since SBT data are only 
required in offshore sea bottom where the water column is well mixed 
without stratification, we use daily SST data for both benthic and pelagic 
stages thanking to its shallow depth. 

The GLORYS12V1 product from 1993 to 2019 was used for approach 
validation because of the following advantages: (1) the GLORYS12V1 
provides very high resolution in both spatial and temporal fields with a 
horizontal resolution of 0.083◦ and the time resolution of daily and it 
covers a long and continuous simulation, sufficient to calculate the 
duration of suitable SST and SBT in BYSs; (2) the quality of GLOR
YS12V1 data is guaranteed since it assimilates a large number of ob
servations (Drévillon et al., 2022a), and it provides a correction for the 
slowly evolving large-scale biases in temperature and salinity by a three- 
dimensional variational (3D-VAR) scheme (Buongiorno Nardelli, 2020; 
Drévillon et al., 2022b). 

The WOA18 data from 2005 to 2017 was used for CMIP5 validity 
verification by comparing it with the simulation results at the current 
stage (the average over 2006 to 2017) (Lu et al., 2021). WOA data 
provides global analyzed observation data of in situ temperature at 
standard depth levels and its monthly results are multi-year averages 
over 2005 to 2017 (Locarnini et al., 2018). 

To make the simulation result of MPI-ESM-MR more smoothly, we 
performed a multi-year average for the simulation results on all years 
from 2006 to 2100. The final results for 2020, 2040, 2060, 2080, and 
2100 are obtained from the average over 2016∼2024, 2036∼2044, 
2056∼2064, 2076∼2084, and 2096∼2100, respectively. 

2.4. Bottom temperature determination strategy 

Understanding the spatial and temporal variability of surface and 
bottom temperatures in BYSs provides a better understanding of biomass 
variation. However, neither the WOA18 data nor the CMIP5 data 
directly supply the bottom temperature parameter. Instead, they provide Fig. 1. Water depth map in the Bohai and Yellow Seas.  
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the potential temperature simulation results. Based on the potential 
temperature and the depth map of the study area, we therefore proposed 
a bottom temperature determination strategy. The bottom temperature 
of each grid point can be calculated by assigning it the water tempera
ture at the depth of the bottom. The details are as follows: for the depth 
(d) of each grid point, we first establish its vertical layer (k), where d is 
higher than the depth at layer k and lower than or equal to the depth of 
layer k  + 1. Then, we assign the water temperature of layer k as the 
bottom temperature to this grid point. Finally, we can get the bottom 
temperature map covering all the grid points. 

2.5. Sequential regime shift detection method 

The sequential regime shift detection method (Rodionov, 2006) was 
used to explore the transition between steady-state periods of peak 
biomass change in A. coerulea. In this approach, the criterion for a 
transition is that the difference between the mean values of both the 
previous and the current regimes being longer than the length of the cut- 
off is at least statistically significant at a given level. This means that the 
null hypothesis that the mean values of the two regimes are equal at this 
level of significance is rejected by a two-tailed Student t-test (Rodionov, 
2006). Given the persistent fluctuations in the dataset, we used cut-off 
length of 10 years for the future analysis (2006∼2100) test at a given 
significance level of 0.1. The procedure is available from Bering Climate: 
https://www.beringclimate.noaa.gov/regimes/. 

3. Regional moderate-temperature-duration approach for peak 
biomass determination 

Although the determination of peak biomass based on temperature- 
dependent duration defined in Eqs. (1)–(3) allows for a theoretical 
assessment of peak biomass, it is still very difficult to calculate the 
quantitative peak biomass due to the high mobility of jellyfishes during 
benthic polyp stages (Rekstad et al., 2021). Therefore, we introduced a 
regional moderate-temperature-duration approach based on the region- 
average strategy to solve this problem. 

The essential idea behind the region-average strategy is to divide the 
whole BYSs area into several representative zones and to determine the 
peak biomass of a certain region by using the regional abundance and 
regional average individual dry weight. Two key aspects need to be 
considered in the zoning division. The first is the habitats of A. coerulea 
at different life history stages to obtain environmental conditions that 
match the life history stages as closely as possible. Second, the divided 
zones need to cover representative hydrographic characteristics that can 
reflect both similarities within the region and differences outside to 
rationalize the results of temperature averaging. For the description of 
habitats, the polyps mainly settled on the substrates in shallow offshore 
waters while the ephyrae usually registered inshore and then extended 
to the central area (Sun et al., 2019). Thus, we preliminarily divided the 
entire sea area into strobilation and growth zones. The former is man
ifested as coastal bottom areas at water depths of less than 10 m, while 
the latter is the entire region. Subsequently, they are described as the 
source region and aggregation region, respectively. For the second 
consideration, the whole region is divided into hydrological zones ac
cording to the spatial distribution of projected temperature changes and 
existing hydrological perceptions about the water exchange capacity 
between the Bohai Sea and the Yellow Sea and the characteristics of 
water masses within the Yellow Sea. As shown in Fig. 2, the average 

increases of SST and SBT in BYSs can be nearly 1.5 ◦C until 2090, and the 
highest increase of SST and SBT are obtained in the North Yellow Sea 
and the South Yellow Sea, which are 1.8 ◦C and 2.0 ◦C, respectively. In 
addition, a more consistent variability within the three sub-regions can 
be found in Fig. 2 (b)(c), while the water exchange capacity between the 
Bohai Sea and the North Yellow Sea is currently known to be weak (Su, 
1998), and the North and South Yellow Seas are also relatively inde
pendent to each other due to the Yellow Sea Cold Water Mass (Xin et al., 
2015). Such hydrological characteristics contribute to the habits and 
dynamics of A. coerulea being homogeneous within each region and 
heterogeneous between regions. Considering all the above-mentioned 
aspects, we divided the whole source and aggregation regions into 
three representative subregions: the Bohai Sea, the North Yellow Sea, 
and the South Yellow Sea, respectively. 

The final regional division results of the source and aggregation re
gions are shown in Fig. 3 (a) and (b), respectively. This division is based 
on the assumption that the abundance of A. coerulea in each sea area is 
supplemented by its corresponding source region completely. That is, 
A. coerulea from each sea area is reproduced in the corresponding source 
region of each sea area and grows up in the corresponding aggregation 
region of each sea area. Furthermore, we assume that the abundance and 
individual size of A. coerulea in each sea area are determined by the 
duration (in days) of the average sea bottom temperature of 10–16 ◦C in 
the related source region and the duration (in days) of the average sea 
surface temperature of 16–24 ◦C in the relevant aggregation region, 
respectively. Our approach introduces the region-average strategy to the 
A. coerulea population model that depends on the duration of suitable 

Table 1 
Introduction of the data used in this paper.  

Data Variables Time period Temporal resolution Spatial resolution Reference 

GLORYS12V1 SST,SBT 1993∼2019 Daily 0.083◦*0.083◦ (Drévillon et al., 2022a) 
WOA18 SST 2005∼2017 Monthly 0.25◦*0.25◦ (Locarnini et al., 2018) 
MPI-ESM-MR SST 2006∼2100 Daily 0.1◦*0.1◦ (Jungclaus et al., 2013)  

Fig. 2. Projected changes of water temperature in the Bohai and Yellow Seas by 
the end of the 21st century: (a) the annual mean surface and bottom tempera
ture of the Bohai and Yellow Seas from 2006∼2100; (b) the difference of annual 
mean surface temperature between 2090 and 2010; (c) the difference of annual 
mean bottom temperature between 2090 and 2010. The projections are 
assessed by the MPI-ESM-MR model under a medium emission sce
nario (RCP4.5). 
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temperature ranges. We give this approach a name as regional 
moderate-temperature-duration approach. By using this region-average 
approach, quantitative estimation and projection become possible. 

4. Projection results and discussion 

4.1. Validation of the regional moderate-temperature-duration 
approach 

Although the validation of the temperature-duration-dependent 
A. coerulea model has been carried out by Zhang et al. (2022), we 
need to investigate more comprehensively the effectiveness of this sta
tistical regional moderate-temperature-duration approach by 
comparing the historical jellyfish biomass estimation with the actual 
observations. As this model is a regional model for A. coerulea in BYSs, it 
may not be applicable to other seas. And among the three subregions 
mentioned above, the BS has relatively more A. coerulea records. Thus, 
we used this area to validate the regional moderate-temperature- 
duration approach. 

We first calculate the peak biomass by using the determined abun
dance and the average individual dry weight based on the regional 
temperature-related duration approach. Then we compare the simulated 
trends with those obtained from observations. The simulation results are 
shown in Fig. 4. We can see that the peak biomass of A. coerulea in the BS 
significantly decreased from 2008 to 2010, then increased from 2010 to 
2014, and from 2014 to 2018, it decreased again. These trends generally 
accord with the observations of the A. coerulea population in Yuan et al. 
(2021), which suggested that during 2008∼2015, the abundance of 

A. coerulea near Qinhuangdao in the BS decreased from 2008 to 2011, 
increased from 2011 to 2013, and decreased again from 2013 to 2015. In 
addition, our simulation results show an high abundance in 2008, which 
is consistent with the observation results in Yuan et al. (2021). This 
further demonstrates the effectiveness of our method. 

4.2. Decadal projection and analysis of A. coerulea peak biomass by 
2100 

In this experiment, we study the decadal A. coerulea biomass changes 
in representative periods (2020, 2040, 2060, 2080, 2100) using MPI- 
ESM-MR SST daily data. The results are illustrated in Table 2 and 
Fig. 5, respectively, which show the variations in temperature-related 
duration days, average individual dry weight, abundance, and peak 
biomass, respectively. From Table 2 and Fig. 5, we can see that for all the 
aforementioned representative periods, the SYS has the highest peak 
biomass among all sea areas, followed by the NYS and the BS. Besides 
the spatial variation, we also study the temporal changes of A. coerulea 
peak biomass in each sea area. From Table 2, we can see that compared 
with the peak biomass in 2020, the remarkable peak biomass rises are 
obtained in 2080, with a remarkable increase of 0.49 (104 kg) in the BS 
and the SYS. Considering the peak biomass variation between 2040 and 
2020, 2060 and 2040, 2080 and 2060, 2100 and 2080, we can see that 
the highest increase in all sea areas is obtained in the NYS from 2060 to 
2080 with an increase of 0.45 (104 kg), followed by that in the BS from 
2060 to 2080 with an increase of 0.43 (104 kg). By comparing the trend 
changes of abundance, average individual dry weight, and peak biomass 
in Fig. 5 (c)–(e), we find that the variation of abundance is generally 
similar to the trend of peak biomass, which presents the same spatial 
characteristics. Thus, we believe that the abundance of jellyfish is the 
key factor in determining the peak biomass, and the average individual 
dry weight of jellyfish plays a less important role. 

Since the abundance is determined by the duration of suitable tem
perature ranges for strobilation (10–16 ◦C), we analyze the specific 
differences in the duration (in days) of each sea area in 2040, 2060, 
2080, and 2100, respectively. From Fig. 5 (a), and Table 2, we can see 
that both in the BS and the SYS, the strobilation-related durations show a 
trend of increasing duration from 2020 to 2080 and decreasing duration 
from 2080 to 2100. However, in the NYS the duration shows a 
decreasing trend from 2020 to 2060, an increasing trend from 2060 to 
2080, and then followed by a decreasing trend again from 2080 to 2100. 
In particular, strobilation-related duration increases by 5 days from 
2020 to 2080 and decreases by 4 days from 2080 to 2100 in both the BS 

Fig. 3. Division of the (a) source region and (b) aggregation region.  

Fig. 4. The assessments of annual peak biomass in the Bohai Sea, 1993∼2019.  
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and the SYS; in the NYS, it decreases by 4 days from 2020 to 2060, in
creases by 3 days from 2060 to 2080, and decreases by 4 days from 2080 
to 2100. For a better understanding of the A. coerulea phenology, we 
investigate the daily variations of average SST in the source regions of 
the BS, the NYS, and the SYS in representative periods (see Fig. 6 (a)– 
(c)). Combining Fig. 6 with the findings obtained from Table 2 and 
Fig. 5, we can see that the SYS has the longest duration due to its early 
start time. Comparing SYS to BS, we can see that they have a similar end 
time, but SYS has an earlier start time. Comparing SYS to NYS, SYS 
shows an earlier start time and end time than NYS, and SYS has a greater 
advance in the start time. Besides, the NYS has a longer duration than BS 

in 2020, 2040, and 2060, while in 2080 and 2100 the durations in the 
NYS and the BS are almost the same. These changes can be mainly 
characterized by the postponed start and end times in the NYS and a 
great delay in the end time in 2020, 2040, and 2060. Based on these 
findings, it can be concluded that the duration in the SYS and the BS is 
determined by the start time, that is, the point in time when the sea 
temperature reaches 10 ◦C. And in the NYS, the duration is determined 
by the end time, which is the point in time when the sea temperature 
reaches 16 ◦C. Furthermore, focusing on the temporal variation of 
duration, we can see that, in all sea areas, the start and end times of the 
strobilation-related duration are earlier in 2100 than those in 2020, 

Table 2 
Future estimation of temperature-related duration, abundance, and average individual dry weight (IW) in the Bohai and Yellow Seas in representative time periods.  

Variables Area 2020 2040 2060 2080 2100 2040- 
2020 

2060- 
2020 

2080- 
2020 

2100- 
2020 

2060- 
2040 

2080- 
2060 

2100- 
2080 

Duration days 
of suitable 
strobilation SST (day) 

Bohai Sea 30 30 31 35 31 0 1 5 1 1 4 − 4 
North Yellow Sea 36 35 32 35 31 − 1 − 4 − 1 − 5 − 3 3 − 4 
South Yellow Sea 38 39 42 43 39 1 4 5 1 3 1 − 4  

Duration days 
of suitable 
growth SST (day) 

Bohai Sea 56 52 53 50 56 − 4 − 3 − 6 0 1 − 3 6 
North Yellow Sea 61 55 58 62 58 − 6 − 3 1 − 3 3 4 − 4 
South Yellow Sea 58 58 54 52 58 0 − 4 − 6 0 − 4 − 2 6  

Abundance (107 ind) Bohai Sea 2.93 2.93 3.02 3.40 3.02 0.00 0.09 0.47 0.09 0.09 0.38 − 0.38 
North Yellow Sea 3.49 3.40 3.12 3.40 3.02 − 0.09 − 0.38 − 0.09 − 0.47 − 0.28 0.28 − 0.38 
South Yellow Sea 3.68 3.78 4.06 4.15 3.78 0.09 0.38 0.47 0.09 0.28 0.09 − 0.38  

IW (103 mg) Bohai Sea 1.40 1.37 1.38 1.35 1.40 − 0.03 − 0.02 − 0.05 0.00 0.01 − 0.03 0.05 
North Yellow Sea 1.42 1.40 1.41 1.43 1.41 − 0.03 − 0.01 0.00 − 0.01 0.02 0.01 − 0.01 
South Yellow Sea 1.41 1.41 1.39 1.37 1.41 0.00 − 0.02 − 0.04 0.00 − 0.02 − 0.02 0.04  

Peak biomass (104 kg) Bohai Sea 4.11 4.02 4.17 4.60 4.24 − 0.09 0.07 0.49 0.13 0.15 0.43 − 0.36 
North Yellow Sea 4.98 4.74 4.40 4.85 4.27 − 0.23 − 0.57 − 0.13 − 0.70 − 0.34 0.45 − 0.58 
South Yellow Sea 5.20 5.33 5.63 5.70 5.33 0.13 0.43 0.49 0.13 0.30 0.06 − 0.36  

Fig. 5. Future decadal projection of (a) duration for strobilation (in days), (b) duration for growth (in days), (c) abundance, (d) average individual dry weight and (e) 
peak biomass in the Bohai and Yellow Seas in representative time periods (2020, 2040, 2060, 2080, 2100). 
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which suggests a possible advance in the phenology of A. coerulea. 

4.3. Estimation of A. coerulea peak biomass in steady-state periods 

In this section, we investigate the transition between steady-state 
periods of A. coerulea peak biomass based on shift detection. The tran
sition between steady-state periods are detected from a long-term yearly 
estimated sequence, which are obtained based on the calculation 
approach mentioned in Section 3. The results are shown in Table 3 and 
Fig. 7, respectively. We can see that the steady-state variations of 
A. coerulea peak biomass in the BS exhibit periodic changes with an 
average period of about 10 years (6∼16 years), and most steady-state 

changes are significant by more than 5% rate of change (ROC). In the 
NYS, the current steady state lasts about 35 years, after which steady 
state shifts occur every about 15 years, and the strongest shift for the 
whole period is in 2073∼2074 with a rate of change of 9.80%. In the 
SYS, seven shift points are detected, which are characterized by two 
transitions from low to high and back to low steady state until 2042, 
with the largest increase around 2025 and maintaining a high steady 
state for nearly 50 years after 2042. Through comparing steady-state 
variations in these sea areas, we find that they share a similar trend as 
follows: there is a very high peak biomass steady state from 2075 to 
2080 and a relatively low peak biomass steady state over the period 
2096∼2100. During the high peak biomass steady state, the peak 
biomass in the BS, the NYS, and the SYS increased at a maximum rate of 
8.4%, 5.0%, and 11.5%, respectively, compared to the first steady state 
starting in 2020, as shown in Table 3. From these findings, we can draw 
that global warming can indeed lead to an increase in jellyfish biomass 
to a certain extent. However, this influence is not the continuous when 
the temperature is increased to a large extent since such a high tem
perature may even not be suitable for the propagation and growth of 
jellyfish. 

Next, we perform more experiments to further investigate which is 
the key factor that determines the peak biomass: the abundance or the 
average individual dry weight. In Section 4.2, we qualitatively drew that 
the abundance is the determinant by comparing the trend changes. Here 
we want to quantitatively investigate the key factor through statistical 
analysis of the estimated time series of interannual peak biomass. 
Table 4 demonstrates the coefficient of determination and correlation 
between peak biomass and abundance, and that between peak biomass 
and individual biomass, as well as the coefficient of variation for 
abundance and that for individual biomass. The meaning and calcula
tion of these coefficients are shown in the footnotes of Table 4. From 
Table 4, we can see that the coefficient of determination between 
abundance and peak biomass is above 0.73 in all sea areas, with the 
contribution of abundance to peak biomass even reaching 94% in the 
SYS, while the coefficient of determination between average individual 
dry weight and peak biomass is at most 0.12. Besides, the coefficient of 
correlation between abundance and peak biomass is much greater than 
that between average individual dry weight and peak biomass, reaching 
a maximum of 0.97. Also, the coefficient of variation in abundance is 
higher than that in average individual dry weight. These results suggest 
that abundance accounts for the majority of the variation in peak 
biomass. And because the life stage that determines abundance is the 
benthic polyp strobilation stage, we can further confirm that the benthic 
polyp strobilation stage is the key life stage determines the variability of 
A. coerulea peak biomass. 

5. Conclusion and future work 

This paper investigated the long-term A. coerulea biomass changes in 
BYSs by 2100 using the CMIP5 model data under RCP4.5. The projection 
of A. coerulea biomass in interdecadal representative periods (2020, 
2040, 2060, 2080, 2100) and the steady-state periods from interannual 
time series were performed based on the statistical relationships be
tween the A. coerulea biomass and sea temperatures. The former results 
indicate that in BYSs, there will be an earlier timing of A. coerulea 
phenology compared to the current situation. The variations analyzed 
from the transition between steady-state periods suggest that we should 
pay more attention to the period from 2075 to 2080 when all sea areas in 
BYSs exhibit high peak biomass steady state. Apart from this, the three 
sea areas show differences in the salient characteristics of steady-state 
variability at other times. In the BS, the most significant characteristic 
of steady-state variability is that it exhibits cyclical changes with an 
average period of 10 years. In the NYS, the most notable change is the 
rapid increase in 2073∼2074. In the SYS, the outstanding feature 
regarding the steady state is the high steady state that persists for almost 
50 years after 2042. However, the low peak biomass steady state over 

Fig. 6. Daily variations of average SST in the source regions of (a) the Bohai 
Sea, (b) the North Yellow Sea, and (c) the South Yellow Sea during represen
tative periods (2020, 2040, 2060, 2080, 2100). 

Fig. 7. Estimations of annual peak biomass in (a) the Bohai Sea, (b) the North 
Yellow Sea, and (c) the South Yellow Sea, 2020∼2100 (blue lines). The red lines 
show regime shifts in the mean level of fluctuations of peak biomass, the cut-off 
length of 10 years, and the maximum significance level of p = 0.1. The red 
shadows indicate the 95% confidence intervals of the regime mean. 
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the period 2096∼2100 shows that global warming cannot continuously 
promote jellyfish blooms. In this work, we also found that the key life 
stage influences the peak biomass is the benthic polyp strobilation stage, 
which determines the abundance of A. coerulea. 

Due to the complexity of marine ecosystems and the continuous 
climate changes, the projection of the peak biomass of A. coerulea may 
have some limitations. The findings of this paper are based on the as
sumptions that the projection of seawater temperature is accurate and 
that the food concentrations (zooplankton) are adequate in the next 80 
years in BYSs. However, we cannot guarantee that the simulation results 
of the CMIP5 models can completely meet the changes in climate in the 
future. Thus, for one thing, it may cause inaccuracies in the projection of 
the peak biomass of A. coerulea. For another, the biomass of zooplankton 
may also be affected by global warming, which may cause other un
certainties in the projection results. The potential effects of zooplankton 
responses to global warming have been investigated in existing works. 

They found that a warming climate may cause the universal responses of 
declines in body size (Brandão et al., 2021), poleward and/or deeper 
layer shifts (Ratnarajah et al., 2023), and the earlier timing of phenology 
(Cooley et al., 2022). However, whether these changes will result in 
insufficient food concentrations for A. coerulea in the future is still un
known. According to the existing studies, copepods, which are generally 
recognized as the main food source of A. coerulea, would increase in 
biomass and abundance in shallow eutrophic lakes (Cremona et al., 
2020) and would exhibit higher thermal tolerance with the increase in 
the maximum annual temperature (Sasaki and Dam, 2021). We expect 
that future changes in zooplankton can generally satisfy our hypothesis 
that the food concentrations for A. coerulea are sufficient, and thus they 
will have little effect on the projection of A. coerulea peak biomass. In the 
future, we will investigate more specifically on the potential effect of 
zooplankton to the warming climate. We believe this would help us 
understand the potential impacts of ocean warming on the A. coerulea 
population more comprehensively. 
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Table 3 
Future estimation of peak biomass (104 kg) in the Bohai and Yellow Seas in steady-state periods.  

Area 2020∼
2028 

2029∼
2035 

2036∼
2045 

2046∼
2057 

2058∼
2074 

2075∼
2087 

2088∼
2100 

ROC1 ROC2 ROC3 ROC4 ROC5 ROC6 

Bohai Sea 4.14 4.36 4.13 4.37 4.23 4.49 4.22 5.31% − 5.28% 5.81% − 3.20% 6.15% − 6.01%  

Area 2020∼
2056 

2057∼
2073 

2074∼
2080 

2081∼
2095 

2096∼
2100 

ROC1 ROC2 ROC3 ROC4 /  

North Yellow Sea 4.69 4.49 4.93 4.49 4.30 − 4.26% 9.80% − 8.92% − 4.23% /  

Area 2020∼
2025 

2026∼
2033 

2034∼
2041 

2042∼
2070 

2071∼
2083 

2084∼
2095 

2096∼
2100 

ROC1 ROC2 ROC3 ROC4 ROC5 ROC6  

South Yellow Sea 5.17 5.52 5.33 5.67 5.77 5.66 5.46 6.77% − 3.44% 6.38% 1.76% − 1.91% − 3.53%  

Table 4 
Coefficient of determination, correlation, and variation between abundance 
(Abu.), average individual dry weight (IW), and peak biomass.  

Area Determination1 Correlation2 Variation3 

Abu. IW Abu. IW Abu. IW 

Bohai Sea 0.73 − 0.08 0.87 0.18 0.06 0.03 
North Yellow Sea 0.80 0.12 0.90 0.36 0.07 0.03 
South Yellow Sea 0.94 0.12 0.97 0.37 0.08 0.02  

1 The coefficient of determination (R2) is to measure the extent to which the 
independent variable explains the dependent variable. It usefully takes a value 
in the range 0 to 1, with greater values indicating greater relationship between 
the predictor and dependent variables. A negative R2 indicates that the regres
sion function is a poorer fit than taking the mean. It is calculated as follows: 

R2 = 1 −

∑(
yi − yRegression

)2

∑(
yi − y

)2 , where yRegression is peak biomass, yi is the data 

points of abundance or average individual dry weight, y is the mean of abun
dance or mean individual dry weight. 

2 The coefficient of correlation (r) is to show the significance of the association 
between the two variables. It ranges from − 1 to 0 to  + 1, with larger absolute 
values indicating a more linear relationship. It is calculated as follows: r =

∑n
i=1(Xi − X)(Yi − Y)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(Xi − X)2
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑n
i=1(Yi − Y)2

√ , where Y is peak biomass, X is abundance or 

average individual dry weight. 
3 The coefficient of variation (COV) is to compare the data dispersion between 

distinct series of data, with larger values reflecting a greater ability of the in
dependent variable to explain variation in the dependent variable. It is calcu

lated as follows: COV =
σ
μ, where σ is the standard deviation of abundance or 

average individual dry weight, μ is the mean of abundance or average individual 
dry weight.  
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Copernicus Marine Environment Monitoring Service at: https://resource 
s.marine.copernicus.eu/?option=com_csw&amp;view=details&amp; 
product_id=GLOBAL_REANALYSIS_PHY_001_030. The WOA2018 data 
were provided by the National Oceanographic Data Center (NODC) on 
the web ( https://www.nodc.noaa.gov/cgi-bin/OC5/woa18/woa18.pl). 
And CMIP5 data were produced by World Climate Research Pro
gramme’s Working Group on Coupled Modelling and the climate 
modelling groups on the web ( https://esgf-node.llnl.gov/search 
/cmip5/). 
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