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Abstract 

Due to its intrinsic connection to predictability, persistence barrier (PB) has been known as a crucial property of some 
important phenomena like El Niño-Southern Oscillation (ENSO), typically depicted as a rapid decline of persistence of 
sea surface temperature (SST) anomalies occurring at a specific season. This study reveals the PB characteristics of the 
global SST anomalies by extending the ENSO PB diagnosis method to quantify the PB intensity and timing. A general 
PB intensity index is derived, and the PB timing is newly defined as the calendar month with the highest frequency of 
PB occurrence. Results show that the strong PBs of global SST anomalies are mainly distributed in the regions of the 
tropical Pacific and southeastern tropical Indian Ocean, corresponding to the well-known PB features. The PB tim‑
ing varies globally and particularly shows an evolution along the equatorial Pacific band. These results could provide 
additional references for oceanic predictions.
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Introduction
As one of the most important variables in the air–sea 
interface, sea surface temperature (SST) usually owns a 
better persistence than the atmosphere, and thus the SST 
anomaly has been widely used as a precursor in climate 
prediction (e.g., Goswami and Shukla 1991; Bengtsson 
et al. 1993; Trenberth et al. 1998; Peng et al. 2000; Fred-
eriksen et al. 2001; Kang and Shukla 2006). However, in 
some areas, the persistence of SST anomalies shows a 
significant and rapid decline in specific seasons (Webster 
and Yang 1992). Such a phenomenon is called the per-
sistence barrier (PB) and exists in many ocean regions 
around the world. It is well-known that there is a spring 
PB in the tropical Pacific related to El Niño-Southern 

Oscillation (ENSO), which usually emerges in the boreal 
spring and has an intrinsic connection to the ENSO pre-
dictability (Troup 1965; Wright 1979; Webster and Yang 
1992; Xue et al. 1994; Torrence and Webster 1998; Clarke 
and van Gordon 1999, Yu and Kao 2007; Fang et al. 2019; 
Jin et al. 2021). With a diagnosis method, Ren et al. (2016) 
showed that the characteristics of PB are significantly 
different between the two types of ENSO, viz., the east-
ern Pacific (EP) and central Pacific (CP) types (e.g., Kao 
and Yu 2009; Kug et  al. 2009; Ren and Jin 2011, 2013), 
where the EP ENSO PB occurs in late boreal spring with 
stronger PB, while the CP ENSO PB does in summer with 
weaker PB.

Besides the well-known ENSO PB, some studies have 
revealed PB phenomena of SST anomaly in other spe-
cific regions. In North Pacific, there is a PB during July–
September (Namias and Born 1970; Ding and Li 2009), 
where particularly, a summer PB lies in the central-west-
ern North Pacific (CWNP) (Zhao et  al. 2012) and the 
Kuroshio-Oyashio Extension (KOE) region (Duan and 
Wu 2015; Wu et  al. 2016). In addition, PBs exist in the 
South China Sea (SCS) and Indonesia, where the SCS 
PB is in boreal autumn (October–November), while the 
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Indonesia PB is in early winter (November–December) 
(Chen et al. 2007; Zhao and Li 2009). A winter PB is in 
the southeastern tropical Indian Ocean (SEIO) (Nicholls 
1984; Wajsowicz 2005), while the spring PB is in the 
western tropical Indian Ocean (WIO) (Luo et  al. 2007). 
Indian Ocean dipole (IOD) also shows a significant win-
ter PB (Ding and Li 2012; Feng and Duan 2014). It was 
shown that the spring PB of WIO is relatively weak, while 
the autumn SCS PB and the winter SEIO PB are stronger, 
and the winter PB exists in the northern tropical Atlantic 
(NTA) (Ding and Li 2011, 2012). A key question is what 
are and how to identify features of the PB timing and 
intensity in global SST?

In previous studies, the PBs, especially ENSO PB, have 
been determined qualitatively by the time with the worst 
persistence of SST anomaly indices (e.g., Webster and 
Yang 1992; McPhaden 2003; Yu and Kao 2007). To better 
understand the ENSO PB, Ren et  al. (2016) proposed a 
quantitative method to measure the PB timing and inten-
sity as the position and magnitude of the maximum lag-
autocorrelation decline rate of the ENSO indices, which 

has been applied to predictability analysis and climate 
model evaluation (Ren et al. 2019; Tian et al. 2019). This 
study will examine the distinct characteristics of the PB 
timing and intensity in global SST anomalies by extend-
ing the ENSO PB diagnosis method of Ren et al. (2016) to 
a more general and appropriate sense.

Data and methods
Data
In this study, the monthly mean SST anomaly is obtained 
from the Hadley Centre Sea Ice and Sea Surface Tem-
perature (HadISST) (Rayner et  al. 2003) from 1981 to 
2020 by eliminating the climatology and linear trend. The 
study has excluded grid points, where sea ice occurs.

Methods
The Niño3.4 index, defined as the SST anomaly aver-
age over (5°S–5°N, 170°–120°W), is used to introduce 
the quantitative method. Figure  1a shows a season-
ally dependent persistence as represented by the lagged 
autocorrelation of the Niño3.4 index. With lag months 

(a) (b)

(c) (d)

Fig. 1  a Autocorrelation as a function of initial calendar month (x axis) and lag month (y axis) for the Niño3.4 index. b Autocorrelation decline rates 
(ADRs) in (a). Values of the rate are plotted in contours and shaded boxes, respectively, where the interval is 0.05. White numbers in shaded boxes 
denote the target calendar month in the lag month domain. c ADRs as a function of target calendar month and lead month for the Niño3.4 index, 
where the interval is 0.05. d Mean ADRs for all 12 lead months (left y axis: blue bar) and the frequency of the maximum ADRs (right y axis: red bar) as 
a function of the target calendar month (x axis) for the Niño3.4 index
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increasing, the autocorrelations first decline gradually, 
but abruptly at a specific month which is almost the same 
from different initial months. To quantify PB, Ren et al. 
(2016) proposed to directly utilize the maximum of the 
autocorrelation decline rate (ADR) as the measurement 
of PB in ENSO. Figure  1b shows the ADR of Niño3.4 
index using the central difference:

where C denotes the autocorrelation,i the initial calendar 
month, j the lag month. In Fig. 1b, it can be clearly seen 
that the maximum decline rate basically occurs in May 
and June, indicating that in terms of the Niño3.4 index, 
the ENSO PB generally occurs in boreal late spring and 
early summer (from March to August).

To measure the broad features of PB of global SST 
anomalies, based on Fig. 1b, ADRs of the Niño3.4 index 
are further expressed as a function of the target calendar 
month and lead month (Fig.  1c), where the maximum 
ADRs overall emerge in May and June. In this way, the 
PB timing (PBT) can be defined as the target calendar 
month corresponding to the maximum of decline rates 
as averaged over all lead months (blue bars in Fig.  1d). 
On the other hand, by counting the frequency of the 
target calendar month with the maximum ADR from 
the 12 lead months, it is clearly found that May has the 
highest frequency of 8 occurrences, followed by June (4 
occurrences) (red bars in Fig.  1d). Therefore, the PBT 
of Niño3.4 index from this viewpoint should be May as 
unique.

To measure the intensity that PB occurs, a general 
index representing PB intensity (PBI) can be further 
defined by revising the original PBI index proposed by 
Ren et al. (2016), viz., based on Fig. 1c, directly taking a 
negative summation of the ADRs of the 3 target months 
centered on the PBT. Then, taking the average over all of 
12-lead months, the PBI of a certain SST index can be 
generally formulated as

where j denotes the lead month, k the target calendar 
month valuing the 3 months centered at the PBT, Gj

k the 
ADRs of the SST anomaly index for a given target calen-
dar month and lead month. Still taking the Niño3.4 index 
as an example, the PBI is 0.684 (Fig. 1d).

To better represent the PBI of the 12 target months sep-
arately and its seasonal variation as well as corresponding 
relations with the PBT, Fig. 1d compares the mean nega-
tive ADRs of Niño3.4 index over 12-lead month domain 
(the average of y axis in Fig. 1c) with the number of maxi-
mum ADRs as a function of target month. It can be seen 
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that the mean ADRs vary significantly with the target 
month and basically peak at the PBT that is defined as the 
calendar month with the highest frequency of PB occur-
rence. Negatively summing up the mean ADRs of during 
the 3 target months centered at the PBT just is the PBI of 
the index, equal to that from Eq. (2). The idealized auto-
correlation coefficient decreases linearly at an average 
rate of 0.08 per month within 12-lag months. Here, it is 
noted that the PBT is meaningful when its PBI is greater 
than 0.3, referred to Fig. 1.

Results
The PBT and PBI of global SST anomalies are calculated 
by the above quantification methods and their distribu-
tions are shown in Fig. 2. The global distribution of PBT 
is characterized by a significant regional difference. The 
tropical Pacific and southeastern tropical Indian Ocean 
have strong PBs within a certain range, and there are also 
obvious PB phenomena in some parts of the global ocean.

In the tropical Pacific, the PBT of ENSO in the Niño3.4 
region, particularly the EP ENSO PBT, is in May with 
a strong PB, while the CP ENSO PBT is in July with a 
weaker PB (Figs.  1d, 3a, b). This is consistent with the 
conclusion presented by Ren et  al. (2016) that the EP 
ENSO PB occurs in late spring and the CP ENSO does 
in summer. Moreover, it is found that the PB of SST 
anomalies has an evolution feature along the longitude 
in the tropical Pacific, especially where ENSO emerges. 
The PBT evolves along the equatorial Pacific band from 
March in the east to August in the west with high PBI 
(Figs. 2, 3a, b), which might be related to the phase shift 
of the seasonal ocean–atmosphere feedback along the 
longitude (Ren et al. 2016; Liu et al. 2019).

In the low-latitude Northwestern Pacific (NWP; 
5°–18°N, 135°–151°E), which is considered to be the area 
that ENSO can directly influence, there is an obvious 
PB and the PBT is in June and the PB is strong (Fig. 3c). 
The PB of the northern South China Sea (SCS) region 
(10°–20°N, 110°–120°E) as noted by Chen et al. (2007) is 
also verified. Our results show that its PBT is in October, 
which is consistent with the autumn PB found by them, 
and its PBI is relatively moderate, which is much smaller 
than the PBI in the southern SCS (Fig. 3d).

The Kuroshio-Oyashio Extension (KOE) SSTA plays a 
key role in regulating the weather and climate of the sur-
rounding region. (Sun et  al. 2008; Duan and Wu 2015). 
In this study, we have focused on the Kuroshio Source 
Region (KSR) (18°–24°N, 127°–138°E) and KOE region 
(38°–50°N, 153°E–177W°) to examine their PBs. It is 
clear that the KSR PBT is in January, while the KOE PBT 
is in June, with the PBI slightly stronger than the former 
(Fig.  3e, f ). The central-western North Pacific (CWNP) 
(38°–46°N, 155°E–170°W), next to the KOE and studied 
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by Zhao et al. (2012), has shown that its PBT is also June, 
but the PBI is slightly weaker than that of the KOE 
(Fig. 3g). In the South Pacific, many studies have pointed 
out that the SSTA (0°–60°S,140°E–70°W) has obvious 
interannual variation, playing an important role in global 
climate change (Shaffer et  al. 2000; Li et  al. 2012). We 
selected the central-eastern South Pacific region (CESP; 
25°–40°S, 100°–115°W), where PB is relatively strong 
with PBI of 0.489 and PBT is in October (Fig. 3h).

In the tropical Indian Ocean, there are evident boreal 
spring/summer PBs in the central and west parts, while 

a stronger autumn/winter PB in the east part, where 
the strongest PB is located in the southeast part (Fig. 2). 
To diagnose the PB feature of the Indian Ocean Dipole 
(IOD), the most well-known SST variability mode there 
(Saji et al. 1999), we focus on the western tropical Indian 
Ocean (WIO) (10°S–10°N, 50°–70°E) and the southeast-
ern tropical Indian Ocean (SEIO) (10°S–0°, 90°–110°E). 
The diagnosis results show that the WIO PBT is in April 
as a boreal spring PB, and the SEIO PBT is in December 
as a winter PB with a much stronger PBI than the WIO 
PB (Fig. 4a, b). As a combination of these two parts, the 

Fig. 2  a Global distribution of PBT. Shading is the PBT values. b Global distribution of PBI. Shading is the PBI values. The interference of sea ice has 
been removed. The dotted boxes are the area that others have studied. The solid boxes are the new specific area selected for this study
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 3  Mean ADRs for all 12 lead months (left y axis) and the frequency of the maximum ADRs (right y axis) as a function of the target calendar 
month (x axis) for the a EP ENSO, b CP ENSO, c Northwestern Pacific (NWP), d northern South China Sea (SCS), e Kuroshio Source Region (KSR), f 
Kuroshio–Oyashio Extension region (KOE), g central-western North Pacific (CWNP), and h central-eastern South Pacific (CESP). Blue bar is the mean 
ADRs for all 12 lead months (left y axis), and red bar is the frequency of the maximum ADRs (right y axis)
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IOD index is further verified for its PB properties, where 
PBT is in February with a moderate intensity (Fig.  4c). 
The results are basically consistent with those of previous 
studies (Ding and Li 2012; Liu et al. 2019). In the north 
Indian Ocean, the Bay of Bengal (BOB; 5°–20°N, 80°–
110°E), a semi-enclosed sea in the northeastern Indian 
Ocean, has an important influence on the Indian mon-
soon (Goswami et  al. 2022), which the PBI is also rela-
tively large and the PBT is in October (Fig. 4d).

In the tropical Atlantic, obvious winter PBs exist in 
the central and west (Fig. 2), where SST anomalies in the 
northern tropical Atlantic (NTA) region (5°–15°N, 20°–
60°W) noted by Ding and Li (2011) has a moderate PB 
with its PBT in January as a winter PB (Fig.  5a). In the 
North Atlantic, there are three regions with large PBI that 
may be associated with the North Atlantic SST tripole 
(NAST) pattern, the south lobe (22°–30°N, 16°–42°W), 
middle lobe (35–43°N, 27°–42°W), and north lobe (50°–
60°N, 7°–27°W), respectively. All the three regions have 
PBT in June and the largest PBI in the middle (Fig. 5b–d). 
Meanwhile, we have examined the PB of the NAST index 
(Zuo et al. 2013), and the results show that its PB occurs 
in May with weak PBI (figure omitted). In the South 
Atlantic, interannual SST patterns may also contribute to 
the climate in South America, and the SSTA is considered 

to be one of the important factors in understanding the 
time scales variation of the South American Monsoon 
system (Marengo et al. 2012). Both the PBT and PBI are 
different between the east and west of the South Atlantic. 
The PBT of the eastern South Atlantic (ESA) (20°–35°S, 
0°–10°E) is in December, while that of the western South 
Atlantic (WSA) (15°–30°S, 20°–39°W) is in July, with the 
stronger PB than WSA (Fig.  5e, f ). In addition, PB also 
exists in a region of 50°–60°S, 100°–110°E in the Antarc-
tic Sea, with a PBI of 0.630, and PBT in November.

Summary and discussion
This study focused on PB characteristics of the global 
SST anomalies by extending the ENSO PB diagnosis 
method that has been applied to predictability analysis 
and climate model evaluation (Ren et al. 2019; Tian et al. 
2019) to quantify the PB intensity and timing. Here, the 
PBT has been newly defined as the calendar month with 
the highest frequency of PB occurrence, and a general 
PBI index has been defined to quantify the global SST 
anomalies PB by summing and averaging the ADRs of 
the 3 target months centered on the PBT in the 12-lead 
months domain. The global distribution of PBI clearly 
showed that strong PBs occur in the equatorial Pacific 
and southeastern tropical Indian Ocean, and there are 

(a) (b)

(c) (d)

Fig. 4  Mean ADRs for all 12 lead months (left y axis) and the frequency of the maximum ADRs (right y axis) as a function of the target calendar 
month (x axis) for the a western tropical Indian Ocean (WIO), b southeastern tropical Indian Ocean (SEIO), c tropical Indian Ocean dipole (IOD), and 
d Bay of Bengal (BoB). Blue bar is the mean ADRs for all 12 lead months (left y axis), and red bar is the frequency of the maximum ADRs (right y axis)
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also obvious PB phenomena in other parts of the global 
ocean, corresponding to both the well-known and newly 
discovered PB characteristics. Furthermore, the PB tim-
ing varies greatly by different regions and particularly 
shows an evolution feature in the equatorial Pacific 
region associated with ENSO.

Through the newly extended diagnosis methods, the 
PB timing and intensity could be determined more 
accurately and quantitatively. This would also pro-
vide an intuitionistic measure to interpret some spati-
otemporal features and variations of ocean variables in 

model simulation and future projection from the per-
spective of persistence. Some studies have pointed out 
the potential influencing factors of PB characteristics in 
some regions (e.g., Chen et al. 2007; Zhao and Li 2009; 
Ding and Li 2011, 2012; Jin et al. 2019; Jin et al. 2021). 
However, from this paper, the PB intensity and tim-
ing are related but not the same and can be measured 
by different indices; whether they are both controlled 
by these factors needs more investigation. Moreover, 
why do the SST anomalies in the equatorial Pacific and 
SEIO show stronger PBs than other regions, and how 

(a) (b)

(c) (d)

(e) (f)

Fig. 5  Mean ADRs for all 12 lead months (left y axis) and the frequency of the maximum ADRs (right y axis) as a function of the target calendar 
month (x axis) for the a northern tropical Atlantic (NTA), b the south lobe of the three regions in the North Atlantic (NA1), c the middle lobe of the 
three regions in the North Atlantic (NA2), d the north lobe of the three regions in the North Atlantic (NA3), e eastern South Atlantic (ESA), and f 
western South Atlantic (WSA). Blue bar is the mean ADRs for all 12 lead months (left y axis), and red bar is the frequency of the maximum ADRs 
(right y axis)
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the evolution feature of PBs originates? These questions 
all need further efforts to address.
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