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Abstract
The unprecedented North Pacific marine heatwave (known as the Blob) in 2013/14 winter has attracted many research 
interests, considering its dramatic impacts on the ecosystem and regional climate. Meanwhile, the summertime Blob events 
have also emerged in recent decades. In this study, we identified four Blob events in the summer of 2014, 2015, 2019, and 
2020 during the Satellite Era. Here we show diversity existed in the formation of summer Blob events. The atmospheric 
forcing responsible for the Blob is the weakened North Pacific subtropical high (NPSH), which contributes significantly to 
the Blob in 2019 via anomalous shortwave radiation. However, the atmospheric forcing alone cannot fully explain all the 
Blob events, especially the one in 2020 when the weakened NPSH is absent. Other than the weakened NPSH, the preceding 
spring sea surface temperature (SST) warm anomalies in the northeast Pacific can persist into the following summer due to 
anomalous mixed layer heat content and significantly contribute to the Blob. A binary linear regression model considering 
both the SST persistence and the NPSH is constructed, successfully reproducing the observed Blob variation for the period 
1982–2020 (r = 0.76, p < 0.001). The model improves the ability to capture the warm peaks in all four summer Blob events, 
which either single factor cannot fully depict.
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1  Introduction

Marine heatwaves in the North Pacific, named the Blob 
(Bond et al. 2015), refer to prolonged ocean warming events. 
In the winter of 2013/14, sea surface temperature (SST) in 
the Gulf of Alaska reached a record-breaking high anomaly 
(over 2℃), causing considerable damage to the local fishery 
and great economic loss. This extreme ocean warming event 
significantly impacts the coastal marine ecosystem, such as 
low phytoplankton biomass and harmful algal bloom (Peter-
son et al. 2017). Other than marine biosystem, the unprece-
dented influences of Blob on weather and climate also attract 

considerable research interest. Previous studies suggested 
that the Blob contributes to the anomalously cold weather 
in central North America and the Californian drought in 
2013/14 winter (Hartmann 2015; Seager et al. 2015; Shi 
et al. 2021). Moreover, the Blob also plays a vital role in the 
extratropical-tropical and Pacific-Atlantic teleconnections. 
For instance, the winter Blob is closely related to the tropical 
Pacific SST anomalies (SSTA), which, in turn, contribute to 
the reemergence of Blob in the following winter (Di Lorenzo 
and Mantua 2016; Xu et al. 2021). It is also thought that 
the 2013–2014 Blob triggered the following strong El Niño 
in 2015/2016 (Tseng et al. 2017). In addition, the Blob is 
associated with the Atlantic warm pool with a one-year lead, 
regarded as a useful precursor (Liu et al. 2021).

The causes of winter Blob are inspected in previous stud-
ies. The persistent atmospheric ridge associated with the 
North Pacific Oscillation (NPO) is a direct factor contribut-
ing to the winter Blob (Amaya et al. 2016; Bond et al. 2015; 
Di Lorenzo and Mantua 2016). Observational and numeri-
cal model simulation results suggest that the tropical SST 
may play a dominant role in the formation of the winter 
Blob and sustain its multi-year persistence (Di Lorenzo and 
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Mantua 2016). Previous studies mainly focus on the Blob 
events during winter. However, in 2019, strong SST anoma-
lies were observed during the summer (JJA), referred to as 
Blob 2.0 (Amaya et al. 2020). The driving mechanism of 
summertime Blob differs significantly from the wintertime. 
It is suggested that the weakened North Pacific Subtropical 
High (NPSH) reduces the climatological westerlies, which 
prevents heat loss and decreases upper-level mixing in the 
ocean, resulting in surface/subsurface warming. Unlike the 
winter Blob, regional SST-cloud-shortwave radiation feed-
back also contributes to maintaining SST anomalies (Amaya 
et al.  2020). A previous study (Lee et al. 2022) has sug-
gested that the atmosphere thermodynamic processes are 
vital to the increased occurrence of extreme SST warming 
events during the summer. The model simulation indicates 
that the subtropical North Pacific SST may be responsible 
for the anomalous atmospheric circulation that favors the 
Blob. The occurrence of Blob 2.0 also raises a number of 
studies investigating the summer Blob. In fact, summertime 
Blobs have occurred many times in recent years. The years 
2014, 2015, 2019, and 2020 are observed to have strong SST 
warming events, with SSTA exceeding 1℃ (Fig. 1). It is still 
unclear whether these Blob events share the same driving 
mechanisms.

Other than the atmospheric forcing associated with the 
weakened NPSH, previous studies also indicate an important 
role of oceanic processes in maintaining the high SSTA (Tak 
et al. 2021). It is suggested that the anomalously low ocean 
salinity in the upper layer stabilizes the vertical structure, 
preventing further in-depth ocean mixing and intensifying 
the Blob (Scannell et al. 2020). The previous study also indi-
cates that the shoaling trend in mixed layer depth (MLD) 
would increase the intensity of summer Blob (Amaya et al. 
2021). In addition, through the seasonal changes in MLD, 
the anomalous SST signal in winter can be stored under-
neath the summer MLD and persisted till the following win-
ter, called reemergence (Alexander et al. 1999; Deser et al. 
2003). A previous study confirmed the reemergence in the 
evolution of SSTA during 2019–2020, highlighting the role 
of SSTA multi-year persistence in the Blob events (Chen 
et al. 2021). However, the reemergence of SSTA can not 

explain the summertime Blob since the warm water has been 
stored underneath. Also, the characteristics of large-scale 
SSTA persistence are seasonally dependent in the North 
Pacific (Namias et al. 1988). For instance, the late winter 
and early spring SSTA can usually persist about 3–5 months, 
while the summer SSTA shows a persistence barrier in Sep-
tember (An and Wang 2005; Bulgin et al. 2020; Ding and 
Li 2009; Namias and Born 1970). It is still unclear if the 
seasonal SSTA persistence is able to affect the summertime 
Blob.

In this study, we investigate the recent four summer Blob 
events and compare the driving mechanisms behind each of 
them. In addition to the simultaneous atmospheric forcing, 
we also highlight the importance of SSTA seasonal persis-
tence in the northeastern Pacific on the formation of sum-
mertime Blob, which may enrich our understanding of how 
marine heatwaves are developed.

2 � Data and method

2.1 � Data

In this study, we focus on the Satellite Era since the 1980s 
with generally improved climate observations. SST data is 
derived from NOAA Extended Reconstructed Sea Surface 
Temperature (ERSSTv5) (Huang et al. 2017), which can 
be found at https://​psl.​noaa.​gov/​data/​gridd​ed/​data.​noaa.​
ersst.​v5.​html. The atmospheric data is derived from NCEP 
Atmospheric Reanalysis 2 (Kanamitsu et al. 2002) (avail-
able at https://​psl.​noaa.​gov/​data/​gridd​ed/​data.​ncep.​reana​
lysis2.​html). The total surface heat flux and subsurface 
(mixed layer depth, temperature, currents) data are derived 
from monthly GODAS ocean reanalysis (Behringer and Xue 
2004) (available at https://​psl.​noaa.​gov/​data/​gridd​ed/​data.​
godas.​html). We also employed monthly net surface heat 
fluxes (longwave radiation, shortwave radiation, sensible 
heat flux, and latent heat flux) data from the ERA5 dataset 
(Hersbach et al. 2020) (available at https://​cds.​clima​te.​coper​
nicus.​eu/​cdsapp#​!/​search?​text=​&​type=​datas​et).

Fig. 1   The time series of the 
summer Blob index, which is 
defined as an area-weighted 
average of seasonal mean 
(JJA) anomaly of SST in the 
northeast Pacific (35º–50ºN, 
160º–130ºW).

https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html
https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html
https://psl.noaa.gov/data/gridded/data.godas.html
https://psl.noaa.gov/data/gridded/data.godas.html
https://cds.climate.copernicus.eu/cdsapp#!/search?text=&type=dataset
https://cds.climate.copernicus.eu/cdsapp#!/search?text=&type=dataset
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2.2 � Index definitions

The Blob index is computed from the area-weighted aver-
age of SSTA over the northeastern Pacific (35°–50°N; 
160°–130°W) from 1982 to 2020 (Fig. 1), generally con-
sistent with previous studies (Amaya et al. 2021; Bond et al. 
2015; Di Lorenzo and Mantua 2016). As this study focuses 
on the summer Blob events, the seasonal mean (June-July-
August; JJA) is computed. As suggested by previous studies 
(Wernberg et al. 2016), marine ecosystems are often vulner-
able to extreme temperature events, and the damage will 
emerge if the absolute value of ocean temperature anomaly 
meets a certain threshold. Using a regime detection method 
(Rodionov 2004), we find the northeastern Pacific SST 
exhibits two shifts in 1989 and 2013 (the figure is not shown 
here), corresponding to the increased occurrence of extreme 
SST warming events in the recent decades. Here, we define 
the Blob event as the SST anomaly that passes the 90th per-
centile (based on the reference period of 1982–2020). The 
SSTA in the four years (2014, 2015, 2019, and 2020) meet 
the criteria and are identified as the Blob events.

The NPSH index is defined the same as that used in 
(Amaya et al. 2020) and (Schmidt and Grise 2019). The 
strength of NPSH during the summer is defined by the area 
average in a 10◦ × 10

◦ box centered on the sea level pressure 
(SLP) centroid (derived from JJA mean). The centroid of the 
NPSH is computed in agreement with that in the previous 
study (Amaya et al. 2020).

2.3 � Mixed layer heat budget

The mixed layer heat budget in the northeast Pacific 
(35°–50°N, 160°–130°W) is computed based on the 
equation:

where �cp is the heat capacity of seawater, taken to be 
4.088 × 10

6
J
◦

C
−1
m

−3 and hm is the mixed layer depth. The 
left-hand side of the equation indicates the temperature ten-
dency, which is calculated by the difference in SST between 
August and May using the ERSSTv5 dataset. Note that the 
tendency term is consistent with that using the GODAS SST, 
which is relaxed to weekly analyzes of SST derived from the 
IOSST dataset. The right-hand side of the equation includes 
the total heat fluxes, horizontal advection, and residual 
terms, mainly representing the entrainment at the bottom 
of the mixed layer. Note that this representation allows us 
to capture the predominant features associated with these 

�T

�t
=

Qnet − Qpen

�cphm
− U ⋅ ∇T + R

Qnet = Qlw + Qsw + Qlh + Qsh

processes, which have been widely used in previous stud-
ies (Amaya et al. 2020; Lee et al. 2022). Each term in the 
equation is calculated at each grid point and averaged over 
the Blob region.

The net surface heat flux Qnet includes longwave radia-
tion, shortwave radiation, sensible heat flux, and latent heat 
flux. The penetrated shortwave radiation is computed based 
on the equation (Paulson and Simpson 1977):

where ξ denotes the attenuate depth, ranging from 5 to 15 m 
(Zhou et al. 2015), and hm denotes the mixed layer depth. 
The shortwave penetration is an intrinsic property in terms 
of spectral transmittance of downward irradiance in a region, 
which has been adjusted throughout the analysis. The sign 
of heat flux is adopted as positive downward (net heat input 
into the ocean).

3 � Results

3.1 � Atmospheric forcing of the blob

The NPSH is an intrinsic mode of atmospheric variability, 
which exhibits a considerably large explained variance in the 
North Pacific climate (Yun et al. 2013). Here we find that the 
NPSH is somewhat coherent with the summertime northeast 
Pacific SST on the interannual scale (r = − 0.3, ρ < 0.05). In 
addition to the interannual variability, the NPSH also agrees 
with extreme SST warming events. As shown in Fig. 2, the 
NPSH in 2019 is the weakest during the analyzed period, 
corresponding to a strong Blob event in summer. This is con-
sistent with the previous study (Amaya et al. 2020), which 
concluded that the weakened NSPH is a dominant factor for 
the Blob in 2019. In addition, the Blob events in 2014 and 
2015 are also accompanied by a slightly weakened NPSH.

Here we mainly focus on the summertime (JJA mean) 
SSTA and SLP anomaly (SLPA) during the Blob events in 
2014, 2015, 2019, and 2020 (Fig. 3). The warm anomalies 
during the Blob events are mainly concentrated in the north-
east Pacific (35°–50°N, 160°–130°W). The core regions 
(SSTA > 1.8 K) are consistently located within the defin-
ing box, although the position of the 2020 Blob shifts a bit 
westward. The contemporary atmospheric circulations asso-
ciated with SLPA are also examined during the four Blobs. 
In 2019, there were quite strong low-pressure anomalies in 
the core region of the Blob. The warm anomaly corresponds 
well with the weakening in the NPSH, which shifts north-
ward to the northeast Pacific during the boreal summer. Such 
a low SLP anomaly is also seen in the summer of 2014, 
but the anomalous pressure decline is relatively weak. In 

Qpen = Qsw(surface)e
−⋅

hm

�
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2015, a weakened NPSH is also found in the North Pacific, 
but the anomalous center of action is located in the west-
ern North Pacific and shifts southward compared to that in 
2019. The core region of SST warming is mainly governed 
by high anomalies, as the SLP gradients incline to the north. 
Whereas in 2020, the Blob is very confined to the anomalous 
high since the concurrent NPSH shows no weakening at all. 
The spatial patterns of SLPA generally agree with the time 
series of the NPSH.

As shown in Figs. 2 and 3, the NPSH in 2019 is the 
weakest throughout the years, whereas the NPSH is even 
strengthened in 2020 when the Blob occurs. Thus, it is 
interesting to compare the net surface heat fluxes and 
highlight the different roles atmospheric forcing played 
in the two Blob events. In Fig. 4a and c, the longwave 
radiation and turbulent heat flux exhibit net cooling effects 
in the 2019 summer, while the net shortwave radiation 
heats the ocean significantly. The regressions between the 

Fig. 3   The summer (JJA) SST (shading; unit: K) and SLP (contour; unit: hPa) anomalies in (a) 2014, (b) 2015, (c) 2019, and (d) 2020. Note that 
the negative anomalies are dashed. The black box indicates where the Blob is defined (35ºN–50ºN, 160ºW–130ºW).

Fig. 2   The normalized time series of the summer NPSH index 
(1982–2020), defined as the area average in a 10◦ × 10

◦ box centered 
on the NPSH SLP centroid (derived from JJA mean). The centroid 
of the NPSH is computed in agreement with that in (Amaya et  al. 

2020). Note that the y-axis is inverted, and the negative value indi-
cates a weakened NPSH. The red line indicates four Blob events, and 
the green line indicates zero
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heat fluxes and the NPSH are also examined (not shown 
here), and the patterns are generally consistent with those 
in 2019. The NPSH shifts northward during the boreal 
summer (Choi et al. 2016; Schmidt and Grise 2019), with 
low-level clouds generated in the North Pacific. As the 
weakening of the NPSH is observed in the North Pacific, 
the low-level cloud fraction is significantly reduced, which 
intensifies the downward shortwave radiation that induces 
the SST warming (Fig. 4b). The SST warming further sup-
presses the low-level cloud and reinforces the warm anom-
aly, referred to as SST-low-level cloud positive feedback 
(Clement et al. 2009). This is consistent with the previ-
ous studies (Amaya et al. 2020; Schmeisser et al. 2019). 
We also examine the heat flux anomalies in the summer 
of 2020 (Fig. 4d and f). The surface radiative heat flux 
indicates a heat loss from the ocean due to significantly 

reduced shortwave radiation. Meanwhile, there is weak 
but positive longwave radiation into the ocean, implying 
an increased cloud fraction. It is not surprising, consider-
ing that the NPSH is actually strengthened in 2020, which 
indicates an opposite atmospheric forcing.

We then inspect the mixed layer heat flux anomalies in 
2014 and 2015 averaged over the Blob region and compare 
them with those in 2019 and 2020 (Fig. 5). Each term of 
heat flux is computed considering the mixed layer perturba-
tion effect and the shortwave penetration. For the turbulent 
heat flux, it exhibits a cooling effect, or it is too weak to 
induce substantial SST warming during the four Blobs. For 
the shortwave radiation, it is considerably strong in 2019 
that agrees with the SST-low-level cloud positive feedback 
in response to the weakened NPSH, whereas it shows a sig-
nificant cooling effect in 2020, consistent with the spatial 

Fig. 4   a–c Are the anomalies of the surface longwave radiation ( W ⋅ m
−2 ), shortwave radiation, and turbulent heat flux in the summer of 2019, 

while d–f are in the summer of 2020. The positive sign indicates net heat flux into the ocean
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patterns (Fig. 4). As the intensities of the NPSH are close 
to the climatology, the heat fluxes are relatively weak com-
pared to those in 2019. The shortwave radiation cools (heats) 
the ocean in 2015 (2014), corresponding to the high (low) 
SLP anomalies in the northeast Pacific. Based on the above 
analysis, the atmospheric forcing associated with the NPSH 
cannot exclusively explain all Blob events. In 2014, 2015, 
and 2020, the warm anomalies developed with the absence 
of a strongly weakened NPSH and the corresponded intense 
shortwave heating (like in 2019), indicating that the forma-
tion of summer Blob indeed has diversity and the NPSH is 
not the only factor.

3.2 � Mixed layer heat budget analysis

To take a deeper look at what causes the SST warming dur-
ing the Blobs, we further conduct a mixed layer heat budget 
analysis for the period 1982–2020. As shown in Fig. 6, the 
mixed layer temperature in the northeast Pacific is mainly 
balanced by the warming effect caused by total surface heat 
flux and the cooling effect associated with the entrainment 
in the bottom of the mixed layer. The advective term is rather 
weak (about one order smaller than the other terms), con-
sidering the large volume of the mixed layer and relatively 
weak eddy kinetic energy in the northeast Pacific (Amaya 
et al. 2020; Qiu 2002). Both horizontal and vertical advec-
tion have slight warming effects, but the total contribution 
to the SST warming is minor, suggesting that the influence 
of non-local effect associated with advection to the summer 
Blob is limited.

As shown in Fig. 6, the total heat flux is a primary heating 
term, which represents the intensity of atmospheric forc-
ing imposed on the mixed layer. The correlation coefficient 
between the JJA total heat flux and the Blob can reach 0.40, 
which reveals a close instantaneous connection between the 

Fig. 5   The summer mixed layer heat flux components in 2014, 2015, 
2019, and 2020 (longwave radiation, green bars; shortwave radiation, 
blue bars; turbulent heat flux, red bars) contributing to temperature 
changes (unit: K). Terms are calculated by the equations indicated 
above, using monthly heat fluxes data from ERA5. It has been multi-
plied by three months to gain the seasonal temperature changes from 
each term

Fig. 6   The temperature ten-
dency (blue; unit: K) derived 
from the difference between the 
August and May SSTA and the 
respective budget terms (unit: 
K) contributing to the tem-
perature changes, which include 
the components from adjusted 
total heat flux (red), advective 
heat flux (yellow), and residual 
(green). The total heat flux and 
ocean current data are derived 
from the NCEP GODAS reanal-
ysis for the period 1982–2020
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Blob and atmospheric forcing. In contrast, the lagged influ-
ence of MAM heat flux may be limited to the following 
season’s warm SSTA (r = 0.09) (supplementary Fig. 1). The 
JJA total heat flux reaches the highest in 2019 and lowest 
in 2020, consistently indicating contrasting roles that the 
atmospheric forcing played between the two Blob events. 
It is also worth noting that the total heat fluxes in 2014 and 
2015 that correspond with the slightly weakened NPSH 
show no prominent heating, further indicating that the con-
temporary atmospheric forcing is too weak to sustain the 
SST warm anomalies during the summer.

In addition to the surface radiative heat flux ( Qnet ) associ-
ated directly with the weakened NPSH, the total heat flux 
( Qnet−Qpen

�cphm
 ) term is also influenced by the mixed layer depth 

( hm ). Here, the time series of the JJA mixed layer depth over 
the northeastern Pacific is further inspected (supplementary 
Fig. 2). The mixed layer exhibits a significant shoaling trend 
over the analyzed period, corresponding well with the 
reduced wind stress over the northeast Pacific. The tempera-
ture in a shallower mixed layer more efficiently responds to 
the inlet heat flux, which leads to more intense SST warming 
in response to the atmospheric forcing. This further enhances 
the SST-cloud-shortwave radiation feedback, which is con-
sistently indicated by a decreasing trend in low-level cloud 
cover shown in a previous study (Amaya et al. 2020), cor-
responding to a long-term increasing trend in the total heat 
flux. Since more heat could be retained and concentrated 
within a shallower mixed layer, it would represent a stronger 
atmospheric forcing on the Blob event, such as the one in 
2019. Therefore, the intensity of atmospheric forcing similar 
to the past may be more efficient in inducing a Blob event 
than the previous due to the shoaling mixed layer. In sup-
plementary Fig. 2, we also find that the vertical temperature 
difference (below minus above the thermocline) shares a 
consistent decreasing trend and is significantly correlated 
with the mixed layer depth (r = 0.80). As heat is trapped in 
a shallow mixed layer, the vertical temperature profile exhib-
its a sharp decline, which would influence the entrainment 
cooling with enlarged vertical gradients.

We also compute the temperature tendency by subtract-
ing the monthly mean SSTA in May from the August mean 
SSTA, indicating the increment of SSTA during the summer 
(Amaya et al. 2020). It is also used to identify the timing of 
the warming process related to the Blob. For instance, the 
tendency term in 2019 is greater than in the other years, 
indicating that the high SSTA is likely associated with sig-
nificant warming during the summer. This is consistent with 
the above analysis that the weakened NPSH (atmospheric 
forcing) induces SST warming may through the instantane-
ous SST-cloud-shortwave radiation feedback. As soon as the 
positive feedback is initiated, the shortwave radiation will 
heat the underlying ocean, resulting in a large increment 

of SSTA. The correlation coefficient between the JJA heat 
flux and tendency reaches 0.69, which further proves that 
the increment of summer SSTA can be largely explained by 
the contemporary total heat flux associated with the atmos-
pheric forcing. However, the tendency and heat flux are both 
comparably small in 2020, yet the Blob occurred. The con-
temporary atmospheric forcing is weak, and the increment 
of SSTA during the summer is small, which implies that 
the SSTA inherited from the preceding season likely plays 
a role.

3.3 � Role of spring SST persistence

It attracts our attention that the northeast Pacific SST signal 
can persist for a couple of months, as suggested in previous 
studies (Bulgin et al. 2020; Ding and Li 2009; Namias et al. 
1988). We first inspect the characteristics of North Pacific 
SST persistence in the mid-high latitudes by calculating the 
lagged autocorrelations of northeastern Pacific SSTA in 
each calendar month for the following 12 months in Fig. 7. 
Note that the correlation coefficients larger than 0.6 could 
characterize the persistence (Ding and Li 2009). A previ-
ous study suggested that SST persistence is dependent on 
seasons (Namias et al. 1988). As shown in Fig. 7, the SSTA 
can persist over three months in winter, but the lagged cor-
relation of the winter SST signal sees a quick drop in spring. 
Interestingly, the spring SST signal can even shed light on 
the SSTA after 1–2 seasons (0–6 months), indicating the 
strongest SST seasonal persistence. The lagged correlation 
coefficient of the summer SSTA drops below 0.6 soon after 
three months, indicating the so-called “summer persistence 
barrier.” Above all, the SSTA initiated from April/May 

Fig. 7   Lagged correlation coefficients of the monthly northeastern 
Pacific SST anomalies as a function of starting calendar month and 
lag time (month) for the period 1982–2020
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Fig. 9   The SST anomalies (K) in the spring (MAM mean) of (a) 2014, (b) 2015, (c) 2019, (d) 2020. The black box indicates the location of the 
summer Blob (35°–50°N, 160°–130°W).

closely correlates with the SSTA during the whole summer 
(r > 0.7), whereas the contribution from the winter SSTA is 
comparably small, since the winter SST signal faded quickly 
(r < 0.65 after 4–5 months). The small temperature tendency, 
in a way, represents the contributions that persisted from the 
preceding SST warming signal in spring, which is signifi-
cantly different from the contemporary atmospheric forcing 
that functions in summer.

The relationship between the summer Blob and the pre-
ceding spring (MAM mean) SSTA is analyzed to further 
investigate the role of SST persistence in the formation of 
the Blob. As shown in Fig. 8, the preceding spring SSTA 
and the Blob series are well corresponded, and the correla-
tion coefficient reaches 0.79 (r = 0.81 detrended), indicat-
ing strong coherence between the interannual variabilities. 

For the Blob events in 2014, 2015, and 2020, the spring 
SSTs exhibit consistently prominent warm anomalies, 
which agrees with the spatial patterns (Fig. 9), as the maxi-
mum SST warm anomaly exceeded 1.2℃ in these years. In 
Fig. 7, the spring SSTA can persist over a season so that the 
summer Blob inherits, more or less, the spring SST warm 
anomalies, which is clearly seen in 2014, 2015, and 2020. 
However, only in 2019 the spring SSTA shows compara-
bly weak warming over the northeastern Pacific (less than 
0.4 ℃). In addition, significant warming can be found over 
the northern North Pacific. Therefore, we compare it with 
the JJA Blob index, which shows little coherence with the 
extreme SST warming events, suggesting that the northern 
North Pacific SST can be distinguished from the spring SST 
persistence over the northeastern Pacific. Thus, with a weak 

Fig. 8   The time series of the 
summer (JJA) Blob (blue 
line) and the spring (MAM) 
SSTA (red line) averaged over 
the Blob region (35°–50°N, 
160°–130°W) for the period 
1982–2020
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SST anomaly in the preceding spring, the SST persistence 
seemed not applicable for the Blob in 2019.

The above results further highlight the diversity in the 
summer Blobs. For the origin of spring SST persistence, 
here we calculate the mixed layer heat content anomaly dur-
ing the preceding spring (Fig. 10). During the four Blob 
events, the ocean heat content is anomalously large in 2014, 
2015, and 2020, which is over two times higher than that 
in 2019. More heat content in the mixed layer indicates the 
warm anomaly could decay slower and have a long-lasting 
influence in the following seasons, exhibiting an SST per-
sistence. We can find that the persistent SST warming signal 
also is stronger in 2014, 2015, and 2020, consistent with the 
heat content anomaly.

However, even with large heat content and strong SST 
persistence, the spring SST should have decayed from 

spring to summer without contemporary heat sources, but 
this would disagree with the positive temperature tendency 
when the SST persistence dominates the Blob. Here we find 
that the anomalous entrainment cooling in the bottom of 
the mixed layer may reconcile the discrepancy. As shown in 
Fig. 6, the entrainment mainly exhibits a net cooling effect 
balanced by the surface heat fluxes warming related to the 
atmospheric forcing. It is noticeable that the intensity of 
entrainment cooling shows significant differences among the 
Blob events. The anomalously weak entrainment during the 
Blob (such as in 2014, 2015, and 2020) prohibits the cooler 
deep water from entering the mixed layer, reducing the cool-
ing effect. Thus, the warm anomaly can be easily retained in 
the mixed layer and favors the summer Blob.

Fig. 10   The anomalies of mixed 
layer heat content (J⋅m−2 ) in 
spring (MAM mean) over the 
Blob region. The series is ana-
lyzed for the period 1982–2020

Fig. 11   The subsurface structure (0–210 m) in the northeast Pacific, which includes temperature anomalies (contour; unit: K) and mixed layer 
depth (solid line; unit: m) over four seasons (D( − 1)JF, MAM, JJA, and SON) in a 2014, b 2015, c 2019, and d 2020
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3.4 � Subsurface structure of Blob

We further analyze the subsurface structure of the Blob 
event in 2014, 2015, 2019, and 2020 using the GODAS 
ocean reanalysis (Fig. 11). The temperature anomaly and 
mixed layer depth data are averaged over the Blob region, 
and the seasonal means of winter (DJF), spring (MAM), 
summer (JJA), and autumn (SON) are derived to depict 
the evolution. There are noticeable differences in tempera-
ture anomalies prior to the summer when the Blob occurs. 
In the winter of 2014, it was recorded an unprecedented 
Blob event (Bond et al. 2015; Di Lorenzo and Mantua 
2016). However, the warm anomaly quickly withdrew from 
winter to spring, which is also consistent with that shown 
in Fig. 7, and the warming signal transmits equatorward 
in the following seasons via the wind-evaporation-SST 
(WES) feedback (Di Lorenzo and Mantua 2016; Tseng 
et al. 2017). Nevertheless, the warm-than-normal mixed 
layer condition prior to the Blob is able to persist till sum-
mer and significantly contribute to the extremes. Aside 
from the extreme situation in the winter of 2014, the mixed 
layer in 2015 was also warmer-than-normal in the spring. 
A warm core is found at the bottom of the mixed layer with 
a temperature anomaly exceeding 1.2 degrees. In addi-
tion, the temperature well below the mixed layer is also 
warmer. The near-surface temperature exhibits significant 
persistence from spring to summer. The subsurface struc-
ture in 2020 is similar to that in 2015. The temperatures 
within and below the mixed layer are anomalously warm 
in spring. The mixed layer temperature anomaly can reach 
1.0 degrees prior to the Blob. Based on the above analysis, 
the preceding spring mixed layer temperatures in 2014, 
2015, and 2020 are anomalously warm to some extent, 
and the near-surface warming persists into the following 
summer, which may contribute to the Blob. It is clear that 
the mixed layer heat contents prior to the Blob are higher 
than normal, which explains the origin of SST warming 
persistence (Fig. 10). On the other hand, the subsurface 
structure of the northeast Pacific in 2019 is quite differ-
ent. The entire mixed layer temperature prior to the Blob 
is far less warmed, with the anomaly below 0.4 K. It cor-
responds well with the mixed layer temperature tendency 
in Fig. 6. Moreover, the mixed layer heat content in the 

spring of 2019 is also small due to a much cooler mixed 
layer temperature, indicating that the persistence of pre-
ceding SST warming is considerably weak in 2019.

3.5 � A binary linear regression model for the blob

In this study, we find that both contemporary atmospheric 
forcing (the NPSH) and the preceding oceanic forcing (SST 
persistence) are responsible for the summer Blob. The par-
tial correlation coefficient between the NPSH and summer 
Blob without the influence of spring SSTA remains around 
0.3, indicating that the NPSH-Blob relationship is unlikely 
dominated by the spring SST persistence. The physical pro-
cesses associated with these two factors are also significantly 
different. One is related to the SST-cloud-shortwave radia-
tion feedback, while the other is related to the anomalous 
mixed layer heat content prior to the Blob. Thus, these two 
factors and the associated mechanisms are independent of 
one another. Further, we can construct a binary linear regres-
sion model that synthetically considers the forcing roles of 
summer NPSH and spring SST persistence. It is shown as 
follows:

where a, and b are coefficients and t is year. SSTspring(t) and 
NPSHsummer(t) indicate the effects of preceding SST persis-
tence and simultaneous atmospheric forcing, respectively.

In Fig. 12, the modeled series that considers the mecha-
nisms learned from the four case studies is able to reproduce 
the observed interannual variability in the northeast Pacific 
(r = 0.76). The results are still robust without the warming 
trend (r = 0.77), further suggesting that the mechanisms 
found in the four cases are independent of the long-term 
trend. Note that the regression model based solely on the 
spring SST can overall reproduces the interannual variability 
three months in advance, showing its potential in predicting 
the Blob events. However, the SST-based model also exhib-
its considerable biases compared to observation. It indicates 
that only taking the spring SSTA into account may lead to 
significant underestimation during some peak years. There-
fore, it is necessary to take both factors into account so that 
the model can reproduce the interannual SST variability 
over the northeastern Pacific but also capture the extreme 

Blobsummer(t) = a ⋅ SSTspring(t) + b ⋅ NPSHsummer(t)

Fig. 12   The time series of 
observed summer (JJA mean) 
Blob (blue line) and the mod-
eled Blob (red line) from the 
binary linear regression model 
with two factors involved (the 
NPSH and the spring SSTA; 
see main text for the equa-
tion and details) for the period 
1982–2020
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Blob events. The binary linear regression model provides 
additional evidence that the summer Blob has diversity in 
its formation associated with both the atmospheric forcing 
and the SST persistence.

Previous studies have revealed a connection between the 
winter Blob events and ENSO/PDO. The correlation coef-
ficient between the summer Blob and Nino 3.4 (EP- El Niño) 
only reaches 0.23. The strong Blob and EP- El Niño events 
are barely matched (not shown here). In addition, we also 
compare the SST regression pattern of the reconstructed 
Blob series with the observed one. The residual, although 
small, resembles the PDO pattern to some extent. We then 
inspect the relationship between the detrended Blob and 
PDO indices. The correlation coefficient between them is 
− 0.13 (detrended). The interannual variability of the Blob 
is somewhat coherent with that of the PDO, but the extremes 
generally do not correspond. Therefore, the influences of 
EP- El Niño and PDO on the formation of summer Blob 
may be limited.

4 � Conclusion and discussion

The NPSH is regarded as a common forcing regulating the 
northeast Pacific SST variability through anomalous heat 
fluxes associated with the SST-cloud positive feedback 
(Amaya et al. 2020). In this study, we identified four recent 
Blob events during the summer, some of which are related 
to the weakened NPSH, and it is most significant during the 
2019 Blob event. In addition to the atmospheric forcing, we 
find that the persistence of spring SST warming, associated 
with large mixed layer heat content, also favors the forma-
tion of Blob. The prohibited cooling at the bottom of the 
mixed layer may help sustain the warm anomaly from spring 
to summer and contributes to its persistence. A multiple lin-
ear regression model considering both the NPSH and spring 
SSTA successfully reproduces the observed Blob series and 
improves the ability to capture the warm peaks, which nei-
ther single factor can fully depict. Our results provide evi-
dence that the formation of summer Blob has diversity.

In this study, we also find that the relationship between 
the NPSH and the Blob has strengthened in recent decades, 
as the 15-year running correlation coefficients have substan-
tially increased to around − 0.35 since 1989 (supplementary 
Fig. 3a). We then examine the correlation map between the 
NPSH and tropical SSTA, which exhibits significant tropi-
cal Central Pacific warming that resembles the CP-El Niño 
pattern since 1989 (supplementary Fig. 3b). Previous studies 
have indicated the shifts from EP-El Niño to CP-El Niño 
(Yeh et al. 2009, 2011) around 1990. The increased occur-
rence of CP-El Niño may be responsible for the strength-
ened relationship between the NPSH and the Blob. The low-
frequency variation of Blob and its relation with tropical 

SST may need further investigation. In addition to internal 
variability, the spring and summer SST over North Pacific 
consistently exhibits a long-term warming trend, as shown 
in Fig. 8. The warming background may also play a role, as 
the mean state warming corresponds well with the increased 
extreme events. Therefore, the relationship between exter-
nal forcing and the recent changes in Blob warrants further 
investigations.
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