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Abstract

A significant strong, warm “Blob” (a large circular water body with a positive ocean temperature anomaly)
appeared in the Northeast Pacific (NEP) in the boreal winter of 2013–2014, which induced many extreme climate
events in the US and Canada. In this study, analyses of the temperature and salinity anomaly variations from the
Array for Real-time Geostrophic Oceanography (Argo) data provided insights into the formation of the warm
“Blob” over the NEP. The early negative salinity anomaly dominantly contributed to the shallower mixed layer
depth (MLD) in the NEP during the period of 2012–2013. Then, the shallower mixed layer trapped more heat in
the upper water column and resulted in a warmer sea surface temperature (SST), which enhanced the warm
“Blob”. The salinity variability contributed to approximately 60% of the shallowing MLD related to the warm
“Blob”. The salinity anomaly in the warm “Blob” region resulted from a combination of both local and nonlocal
effects.  The freshened water at  the surface played a local  role in the MLD anomaly.  Interestingly,  the MLD
anomaly was more dependent on the local subsurface salinity anomaly in the 100–150 m depth range in the NEP.
The salinity anomaly in the 50–100 m depth range may be linked to the anomaly in the 100–150 m depth range by
vertical advection or mixing. The salinity anomaly in the 100–150 m depth range resulted from the eastward
transportation of a subducted water mass that was freshened west of the dateline, which played a nonlocal role.
The results suggest that the early salinity anomaly in the NEP related to the warm “Blob” may be a precursor
signal of interannual and interdecadal variabilities.
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1  Introduction
Until recently, large-scale climatic events and related ex-

treme climate responses were observed in association with cli-
mate change under global warming (Yoon et al., 2015). For ex-
ample, during the boreal winter of 2013/2014, sea surface tem-
perature (SST) was remarkably warm in the Northeast Pacific
(NEP, 40°–50°N, 155°–140°W) and the SST body was circular with
a large spatial extent (Freeland and Whitney, 2014). During the
subsequent 23 months, the entire NEP remained significantly
warmer by several degrees than during any other time in the last
few decades. Thus, this SST anomaly was named the warm
“Blob” (Freeland and Whitney, 2014; Bond et al., 2015). The re-
cord-breaking warm SST anomaly (SSTA) in the NEP and the as-
sociated processes induced many extreme weather events in
Canada and the U.S. during the winter of 2013/2014 (Blunden
and Arndt, 2015; Hartmann, 2015; Williams et al., 2015). Thus,

this striking climate event has attracted much attention in the sci-
entific community (Palmer, 2014; Wang et al., 2014; Yu and
Zhang, 2015; Baxter and Nigam, 2015; Kintisch, 2015; van Olden-
borgh et al., 2015; Tseng et al., 2017). In particular, the processes
responsible for the SST variability were crucial for a complete un-
derstanding of the climate variability and the related physics. It is
important to provide insights into the effects of the anomalous
warm ocean conditions under global warming in the future.

Salinity, as a fundamental variable responsible for seawater
density, is governed by surface and subsurface forcings, ocean
advection, mixing and so on (e.g., Fedorov et al., 2004; Huang
and Mehta, 2005; Zhang et al., 2010). Additionally, salinity
change can in turn modify the oceanic temperature by affecting
the ocean stratification vertical distribution (Zhang et al., 2015).
Is this extreme oceanic climate event, the warm “Blob”, linked to
the salinity anomaly associated with freshwater flux?  
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The purpose of this study is to explore the formation pro-
cesses of the warm “Blob” associated with the salinity variability
effects on the mixed layer salinity. Our two-fold analyses aim to
(1) identify the relationship among the warm “Blob”, salinity an-
omaly (SA) and related physics; (2) identify the contribution of
the SA to the warm “Blob”; and (3) determine the possible mech-
anism for the SA associated with the warm “Blob”. The re-
mainder of this paper is organized as follows. In Section 2, the
data and methodology are described. In Section 3.1, the spatial
structures and temporal evolution of the SSTA and SA are
presented. In Section 3.2, the oceanic physics are examined to
determine the exact relationship between the ocean salinity and
“Blob”, and the possible mechanism of the warm “Blob” forma-
tion is deduced. In Section 3.3, the possible mechanisms re-
sponsible for the salinity variations are discussed. In Section 4,
the mechanism responsible for the “Blob” is summarized, and
the relationship between the SA and this extreme climate event is
discussed.

2  Data and method
The following observational and reanalysis datasets were

used in this study. The precipitation data were obtained from the
Global Precipitation Climatology Project (GPCP) dataset (Ver-
sion 2), covering the period of January 1979 to October 2015 with
a 2.5°×2.5° horizontal resolution (Adler et al., 2003). The monthly
evaporation data were derived from the Objectively Analyzed
Ocean-Air Fluxes (OAFlux) dataset (Yu et al., 2008) from 1958 to
present in an even horizontal grid of 1°×1°. The gridded ocean sa-
linity and temperature datasets were acquired from the Array for
Real-time Geostrophic Oceanography (Argo) provided by the In-
ternational Pacific Research Center (IPRC)/Asia-Pacific Data-Re-
search Center (APDRC) (http://apdrc.soest.hawaii.edu/projects/
argo/), with monthly and long-term climatology fields spatially
averaged within 1° bins from 5 to 2 000 m depth covering the
period from 2005 to present. The mixed layer depth (MLD) and
isothermal layer depth (ILD) were also directly provided by the
ARGO dataset. The climatological anomalies in the study were
calculated relative to the climatological monthly mean from
January 2005 to December 2015. All the data were interpolated
on the 1°×1° grids to match the ARGO dataset.

In this study, key oceanic fields, including the MLD and ILD,
were determined using the 3-dimensional salinity and temperat-
ure fields. The ILD was calculated as the depth where the tem-
perature ΔT was lower than that at the 10 m depth, where ΔT =
0.2°C. MLD was calculated as the depth where the density was Δρ
higher than that at 10 m depth. Δρ was the value equivalent to the
temperature decrease in 0.2°C (Kara et al., 2000). In addition,
BLT was defined as the difference between the MLD and ILD
when the MLD was shallower than the ILD (Sprintall and Tom-
czak, 1992; de Boyer Montegut et al., 2004; Bosc et al., 2009). The
same approach provided in the Argo data was adopted for calcu-
lation of the MLD and ILD in this study.

To isolate the contributions of temperature and salinity to the
MLD (using the density criteria) associated with the warm “Blob”
in the NEP, an analysis was performed following Zheng and
Zhang (2012) in determining the MLD anomaly. The density field
was a function of temperature (T) and salinity (S), defined as F (T,
S). The interannual variation in density can be attributed to the
temperature and/or salinity. Then, the relative effects of the cli-
matological or interannual varying temperature and salinity
fields on the interannual density anomaly can be estimated indi-
vidually.

3  Results

3.1  Salinity variations associated with the warm “Blob”
A large circular SSTA body was found in January 2014 in the

NEP by removing the multiyear climatological monthly mean
SST (2005–2015). The most striking feature was that a large mass
of warm water increased obviously and the SSTA magnitude was
exceeding 3 standard deviations above the normal value in the
area (40°–50°N, 155°–140°W) in January 2014 (Bond et al., 2015).
The warm anomaly was named the warm “Blob”, which is
centered at 42°N, 148°W (Fig. 1a). In January 2014, the area and
intensity of this warm anomaly reached the maximum. Such an
SSTA and its large extension were without precedent in the his-
torical record. Furthermore, the SSTA was associated with a large
SA prior to the warm “Blob” in the NEP (Figs 1b–e). The negative
SA in the upper 100 m existed from January 2012 to January 2014,
and a negative peak (< –0.2) occurred in the winter of 2012–2013
in the NEP (Fig. 2b). Although a large SA was positive in the
southwest part of the warm “Blob”, a fresh anomaly remained in
the northeast part in January 2014 (Figs 1c and e).

There were several obvious anomalous physical fields related
to the warm “Blob” in the NEP. During the 2012–2015 period, the
regionally averaged time-depth profiles, including temperature,
salinity and MLD anomalies, are shown in Fig. 2. The peak of the
positive ocean temperature anomaly in the near upper 100 m lay-
er was greater than 2.5°C in January 2014 (Fig. 2a). Notably, in
late 2014, the positive ocean temperature anomaly had extended
downward to a depth of 200 m. A significant amount of heat was
stored in the ocean subsurface. Interestingly, the sea surface SA
(SSSA) followed the SSTA evolution exactly, which had a similar
sign to the SSA and both presented decadal variations from 2005
to 2015. The negative SA first appeared in the spring of 2012 and
lasted until the spring of 2014. The maximal SA reached –0.2 in
the depth range of 100–150 m in the winter of 2012 (Fig. 2b). Spe-
cifically, the negative SA peak led the peak of the warm “Blob” by
approximately 12 months. From the spring of 2014, the negative
SA attenuated and then shifted into a positive anomaly, and the
maximal positive anomaly (>0.5) also occurred in the depth
range of 100–150 m in the spring of 2015 in the warm “Blob”.

Corresponding to the SSTA evolution, the surface and subsur-
face salinities at the 100 m depth anomaly (i.e., SSSA and SSA100)
averaged in the warm “Blob” are shown in Fig. 2c. During the
2005–2013 period, the correlation coefficient between the SSA
100 was as high as 0.87 in the warm “Blob”. The covaried rela-
tionship presented some differences including the amplitude and
tendency during the 2014–2015 period. For example, the SA amp-
litude was greater than that at the surface. However, the salinity
anomalies led the SSTA by approximately 12 months. The corres-
ponding correlation between the SSTA and SSSA or SSA100 was
significantly negative from January 2012 to January 2014. Thus,
both the subsurface and negative surface salinity anomalies may
have contributed to the development of the warm “Blob” by af-
fecting the stratification.

The MLD revealed a shallow trend from 2010 to 2014 with ob-
vious interannual variations in the warm “Blob” region (Fig. 2d).
The MLD was very shallow (MLD anomaly < –10 m) during
2013–2015, reaching the minimum, which was different from the
climatology during 2005–2015. The relationship between MLD
minimum and extreme warm events in the warm “Blob” region
suggests that the development of the warm “Blob” may be re-
lated to the salinity variation and in particular, to the stratifica-
tion due to the SA.

To explore whether the SSSA or SSA was more related to the

  Zhi Hai et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 9, P. 24–34 25

http://apdrc.soest.hawaii.edu/projects/argo/
http://apdrc.soest.hawaii.edu/projects/argo/
http://apdrc.soest.hawaii.edu/projects/argo/
http://apdrc.soest.hawaii.edu/projects/argo/
http://apdrc.soest.hawaii.edu/projects/argo/
http://apdrc.soest.hawaii.edu/projects/argo/
http://apdrc.soest.hawaii.edu/projects/argo/
http://apdrc.soest.hawaii.edu/projects/argo/


temporal and spatial changes in the SSTA, the evolutions of the
SSTA, SSSA, SSA and MLD anomalies during the 2012–2013 peri-
od are shown in Fig. 3. A positive SSTA first appeared in the
Northwest Pacific during 2012, and then exceeded 1.0°C in Au-
gust. Near the dateline of the northern Pacific, the positive SSTAs
increased continuously after April 2013. Then, the SSTAs in the
NEP began to increase and reached approximately 0.8°C in Au-
gust 2013. The warm anomalies developed in the other regions.
One anomaly was located along the Kuroshio Extension and
southwest of the Bering Sea, and another anomaly was off the
coast of Baja, California. Subsequently, the two warm SSTs
merged together, possibly by the oceanic transport. In December
2013, the warm “Blob” showed a circular form and had nearly
reached maturity.

In addition, in the warm “Blob” region, the SSSA and SSA100
remained negative from April 2012 to December 2013 (second
and third columns in Fig. 3). A low surface SA appeared in April
2012. The low surface SA was enhanced and was much more sig-
nificant from August 2012 to December 2012. The low SA was
transported eastward and northward by Ekman transport. The
enhanced salinity signal was mainly from the area southwest of
the warm “Blob”. The low surface anomalies reached minimal
values in April 2013. Notably, the fresh anomaly in the warm
“Blob” became weak in August and December 2013 since the
freshwater mass continued to move eastward and moved out of
the warm “Blob” region. The SSA100 was more obvious than the
surface fresh anomaly. From April 2012 to April 2013, the fresh
anomaly became obvious. Subsequently, the fresh water was
transported northeastward and weakened in August 2013 and
December 2013. The origin of the fresh source may be traced to
the fresh anomaly from the west or southwest.

Both the temperature and salinity variabilities can change the
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Fig. 1.     Sea surface temperature anomaly (SSTA) (a), sea surface SA (SSSA) (c) and sea SA at the depth of 100 m (SSA100) (e) in
January 2014; and SSSA (b) and SSA100 (d) in February 2013. The anomaly is calculated relative to the monthly climatological mean
during January 2005 to December 2015. The thick black box denotes the center region of the warm “Blob” (40°–50°N, 155°–140°W).
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Fig. 2.   The time-depth profiles of the regionally averaged tem-
perature (a) and salinity (b) anomalies in the warm “Blob” (in the
black box in Fig. 1). The time series of SSTA, SSSA and SSA100 (c)
and  interannual  MLD  and  ILD  (d)  anomalies  of  the  regional
mean in the warm “Blob” (indicated by the box shown in Fig. 1).
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MLD, such that the high temperature or low salinity seawater can
shallow the MLD. Notably, in April 2013, the MLD became shal-
low, which was obviously due to the warm and low salinity water
at the depth of 150 m. The negative MLD anomaly covaried with
the negative SA. The SSTA changed from negative to positive and
reached the positive peak despite that a lagged SA at 12 months.
Thus, a hypothesis was proposed that the negative SA from Janu-
ary 2012 to December 2013 contributed to the shallow MLD and
then enhanced the warm SST in the warm “Blob” region.

3.2  Salinity anomaly contributions to the warm “Blob”
According to the conventional theory, both the warm water

and low salinity of the upper ocean can make the MLD shallow.
To clearly distinguish the contribution to the MLD variability
from the salinity and temperature variability, a diagnostic meth-
od proposed by Zheng and Zhang (2012) is used. This method
was used to analyze the BLT and related oceanic stratification in
the El Niño-Southern Oscillation (ENSO) cycle (Zhang and Busa-
lacchi, 2009; Zheng et al., 2014).

Corresponding to the negative salinity peak in the warm
“Blob”, the mean spatial distributions of the MLD anomaly in
February 2013 are shown in Fig. 4. The climatological monthly
mean MLD was already subtracted, which was calculated by the
climatological monthly mean temperature and salinity, i.e., Tclim

and Sclim, respectively. Tinter and Sinter represented the interannu-

al temperature and salinity fields, respectively, which were used
for the MLD calculation. The MLD calculated by the density cri-
teria was the same as that directly derived from the Argo
products (not shown). In Fig. 4a, both the interannual temperat-
ure and interannual salinity were used in the MLD calculation.
The MLD anomaly was negative in the warm “Blob”, which
meant the MLD was shallower than that using the climatological
monthly mean temperature and salinity. In the warm “Blob” re-
gion, the averaged MLD shallowed to approximately 9.3 m con-
sidering the effects of the interannual variations in temperature
and salinity (Table 1, denoted total MLD anomaly in the follow-
ing). Considering only the effects of the interannual variation in
temperature (Fig. 4b), the MLD shallowed to 8.0 m in the warm
“Blob”. The correlation coefficient between the MLD anomaly
considering the interannual variations in both temperature and
salinity and only the temperature interannual variation was 0.87
(Table 2). The relationship indicated the important contribution
of the interannual variations in temperature to the total MLD an-
omaly (~87.5%, Table 1). When considering only the effects of the
interannual variation in salinity (Fig. 4c), the averaged MLD shal-
lowed to approximately 5.8 m in the warm “Blob”. The contribu-
tion of the interannual salinity variation to the total MLD anom-
aly was 62.3% (Table 1). Therefore, the contribution of the inter-
annual salinity to the total MLD anomaly was significant in the
warm “Blob”. This salinity variation contribution to the MLD was
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Fig. 3.   The spatial evolutions of the SSTA (first panels), salinity anomalies at the surface (second panels) and 100 m (third panels),
and the MLD (fourth panels) from April 2012 to December 2013 with an interval of 4 months.
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mainly due to the larger salinity effect on density in the special
temperature-salinity environment, based on the salinity-temper-

ature relationship.
The salinity contribution to the MLD change not only ap-

peared in January 2014 but also in the most recent decade
(2005–2015). As seen in the time series of the MLD averaged in
the warm “Blob” during the 2005–2015 period (Fig. 5), there were
close relationships between the total MLD anomaly, i.e., due to
((Tinter, Sinter), and MLD anomaly due to only the interannual sa-
linity (Tclim, Sinter) or interannual temperature (Tinter, Sclim). The
MLD anomaly due to the combination (Tclim, Sinter) exerted an
obvious contribution to the total MLD anomaly, such as during
the winters of 2010, 2011 and 2012. In Table 2, the correlation
between the MLD anomaly due to the combination (Tclim, Sinter)
and the combination (Tinter, Sinter) was significantly high (~0.75),
although the correlation between the MLD anomaly due to the
combination (Tinter, Sclim) and total MLD anomaly was slightly
high (R=0.87). Those correlations indicated that the MLD anom-
aly can be greatly affected by the salinity interannual salinity vari-
ation.

In addition to the surface, the obvious negative SA was also
located in the depth range of 50–100 m during the winter of
2012–2013 (Fig. 2). Did such a salinity anomaly contribute to the
MLD anomaly in the warm “Blob”? The same method used in
Fig. 4 was used to distinguish the individual effects of the SA on
MLD anomaly at different depths. Hence, the MLDs were calcu-
lated by replacing the interannual salinity variation in only the
upper 0–50 m layer (denoted FirD) and 50–100 m layer (denoted
SecD). Both MLDs were compared using the climatological
monthly mean temperature and salinity. The MLD differences
due to salinity variations in those two layers are provided in Fig.
6. The relative effects of FirD and SecD were regionally depend-
ent (Figs 6b, c). The MLD anomaly calculated by the SecD SA
presented remarkable negative values, whereas the MLD calcu-
lated by the FriD presented slightly negative values. Therefore,
the effects of the SecD played an important role in the shallowing
MLD in the warm “Blob”. For the warm “Blob” event, the negat-
ive SA on the SecD exerted a larger contribution to shallowing the
MLD than that of the SA contribution to the FirD. In fact, the
most obvious SA was located in the depth range of 100–150 m.
This SA can connect with the SA at the depth range of 50–100 m
by vertical mixing during boreal winter (Fig. 2).

3.3  Causes of the SA associated with the warm “Blob”
Through the above analyses, it was confirmed that the effect

of the subsurface SA in the deeper layer was an important factor
in enhancing the warm “Blob” by modulating the upper ocean
stratification. Therefore, to trace the SA source, the longitude-
time profiles of the SSTA, SSSA and SSA100 averaged between

Table 1.   The mixed layer depth (MLD) anomaly calculated by
different combinations (interannual or climatologically monthly
mean) of temperature and salinity relative to the MLD, which is
calculated using monthly climatological mean temperature and
salinity from February 2013 to display the contribution of chan-
ging temperature or salinity

MLD anomaly/m Contribution

MLD (Tinter, Sinter) –9.27

MLD (Tinter, Sclim) –8.04 87.5%

MLD (Tclim, Sinter) –5.77 62.3%
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Fig.  4.     The  spatial  distributions  of  the  MLD  anomaly  in  the
northern Pacific in February 2013, which correspond to the prior
period of the negative salinity peak. The MLD is calculated by the
monthly mean temperature and salinity with an interannual vari-
ation (Tinter,  Sinter) (a),  by the monthly mean temperature and
monthly climatological mean salinity (Tinter, Sclim) (b) and by the
monthly temperature and monthly climatological mean salinity
(Tclim, Sinter) (c). All three of these MLD anomalies were deducted
from the climatological monthly MLD field using the monthly cli-
matological mean temperature and salinity (Tclim, Sclim).
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40°N and 50°N are presented in Fig. 7. As shown in Fig. 7, the
stronger SSTA associated with the warm “Blob” did not present
an obvious eastward propagation (Fig. 7a), meaning that the
SSTA associated with the warm “Blob” was caused by the local ef-
fect, which can increase the amount of heat in the upper ocean.
Notably, for the SSSA and SSA100, the eastward propagations
were obvious in Figs 7b and c. The negative SSSA related to the
warm “Blob” in January 2014 originated from the west coast of
the northern Pacific in December 2010. A low SSS first appeared
in December 2010 and reached the NEP in December 2012, and
then, the low SSS stalled in that location until the warm “Blob”
event occurred. The SSA100 also presented an obvious eastward
propagation along this latitude. The SA in the deeper layer was
more significant than the anomalies at the surface east of the
dateline. The significant signal first appeared near the dateline in
December 2011. The SA in the deeper layer might result from the
subduction close to the westward boundary because the local
surface SA was fresher. As shown in the evolution of the fresh wa-
ter flux (FWF: evaporation (E) minus precipitation (P)) anomaly
(Fig. 8a), there was a negative FWF anomaly near the westward
boundary from July to December 2010. Regionally, the negative
FWF anomaly induced the obvious low surface salinity. The low
SSSA subducted into the subsurface and advected eastward. The
SSSA subduction at the latitude of ~40°N north of the Kuroshio
Extension region, as described by Liu and Huang (2012), could
induce the SSA100 anomaly near the dateline by advection of the
fresh water mass. Therefore, both the SSSA and SSA100 were en-

hanced by the FWF anomaly after December 2012, and then, the
shallower MLD was enhanced beginning in 2013 (Fig. 8b).

3.4  Trace of FWF related to the SA of the warm “Blob”
The aforementioned analyses elucidated the effects of the SA

on the warm “Blob”, and the related subsurface SA mainly de-
pended on the FWF anomaly. However, where did the fresh wa-
ter mass related to the SA originate? To explore the possible ori-
gin and propagation of the fresh water related to the warm
“Blob”, the horizontal distributions of the leading correlation
coefficients (denote r) between the SSSA, SSA100 and FWF an-
omalies with the SSA100 averaged in the warm “Blob” are
presented in Fig. 9.

As seen in the left and middle panels of the correlation maps
between the SSA100 and SSSA with the SSA100 in Fig. 9, the pos-
itive correlations were located in the belt between 40°–50°N near
the dateline, east of Japan and in the eastern Pacific south of 30°N
in the 30-month to 24-month leading correlation maps. The pos-
itive correlations were moving from west and south of the warm
“Blob” in the 18 to 4-month leading correlation maps. Then, the
positive correlations between the SSA100 and SSSA suggested
that the quasibarotropic structures of the SA existed in the upper
150 m prior to the mature period of the warm “Blob”.

Combined with the leading correlation between the FWF an-
omaly and SSA100, the positive correlations were located east of
Japan and in the eastern Pacific south of 30°N in the 36-month,
30-month and 24-month leading correlation maps, respectively
(the right panels in Fig. 9). The FWF anomalies east of Japan at
approximately 40°N and the eastern Pacific south of 30°N were
the possible sources resulting in the SSA100 and SSSA, and sub-
sequently, the SSA100 and SSSA were transported by ocean ad-
vection into the warm “Blob” region. Moreover, the significant
positive correlation was located near the dateline in the 8-month
and 4-month leading correlation maps of the FWF anomaly. This
finding indicated that the FWF anomaly can affect the SA, which
enhances the negative SA. Notably, the obvious high leading cor-
relation of the FWF anomaly was located further northward than
that of the SSA or SSSA (i.e., in the Kuroshio Extension east of Ja-
pan). Therefore, we can conclude that the FWF anomaly induced
the SSSA, and then, the SSSA was quickly advected to the Kurosh-
io Extension by the western boundary current before the appear-
ance of warm “Blob” event. Near the dateline of the northern Pa-
cific, the anomalous freshened water mass subducted into the
subsurface layer in the depth range of 100–150 m and reached
the region of the warm “Blob”.

To trace the source and evolution of the FWF anomaly re-
lated to the warm “Blob”, Fig. 10 shows the distributions of the
leading correlation between the P/E anomaly and SSA in the
warm “Blob”, respectively. As shown in Fig. 10, the E anomaly
can contribute to the SA in the Kuroshio Extension east of Japan
due to the positive correlation in the 36–18 month leading correl-
ation. This finding suggests that the high E anomaly can lead to
the high positive SA, and vice versa. However, the r was negative
in the 36–30 month leading correlation, as shown in the right
panels of Fig. 10, which indicated that the positive P anomaly can
cause the negative SA. These relationship patterns suggest that
the positive P and negative E anomalies can contribute to the
negative FWF anomaly and the negative SA in the Kuroshio Ex-
tension east of Japan for the leading 36–30 months. Only the E
anomaly can contribute to the FWF anomaly and SSA in the Kur-
oshio Extension east of Japan in the leading 24–18 month correla-
tions.

In the eastern Pacific south of 30°N, the P anomaly contrib-
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Fig. 6.   The MLD difference between the monthly climatological
mean temperature (Tclim) and monthly mean salinity (with inter-
annual variation) (Sinter) (a), monthly climatological temperature
(Tclim)  and salinity  except  the surface salinity  (0–50 m) is  the
monthly  mean  (b)  and  monthly  climatological  temperature
(Tclim) and salinity except the subsurface salinity (50–100 m) (c) is
the monthly mean. All three MLD anomalies were deducted from
the climatological monthly MLD field using monthly climatolo-
gical  mean  temperature  and  salinity  (Tclim,  Sclim).  Units  are
meters for MLD.

  Zhi Hai et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 9, P. 24–34 29



uted more to the FWF anomaly due to the negative correlations

in the leading 36–24 months (right panel in Fig. 10), which is in

contrast to the positive correlation in the E anomaly maps (left

panel in Fig. 10). From the leading 18–0 months, the correlations
(negative) of the P anomaly were more significant than those
(positive) of the E anomaly, especially near the dateline along
40°–50°N. This finding suggests that the P anomaly maintained
the SA in the depth range of 100–150 m. Thus, the SSTA in the
warm “Blob” was associated with the ocean-atmosphere interac-
tions of local and nonlocal oceanic processes. Notably, the negat-
ive FWF anomaly in the Northwest Pacific resulted in a positive P
anomaly, which led to the negative SA. Furthermore, the negat-
ive SA (low salinity) was strengthened by more precipitation dur-
ing the eastward propagation of the low salinity mass.

4  Summary and discussion
An unprecedented and remarkable warm anomaly occurred

in the NEP in January 2014. Despite the occurrence of extreme
weather events and climate anomalies in several regions, this
warm anomaly can provide us with an opportunity to explore the
climate variability in the NEP. Until recently, the mechanisms,
dynamics and full consequences of the climate anomaly were
still being assessed. A growing consensus about the dominant
contributing factors to the warm “Blob” development in the NEP
has been attained, and the awareness of the “Blob”’s significance
is growing. In this paper, based on the Argo three-dimensional
salinity and temperature data, the effect of salinity on the warm
“Blob” in the NEP (which appeared during the winter of
2013/2014) was investigated. This study has brought new in-
sights to the understanding of climate change under global
warming.

Due to the obvious SA associated with the SSTA, the warm
“Blob” in the NEP in January 2014 can be described as the feed-
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Fig. 7.   Longitude-time sections along 120°W–140°E in the northern Pacific (averaged between 40°N and 50°N) for SSTA (°C) (a) and
SSSA (b); and the SSA100 derived from the ARGO data (c). The two vertical dotted lines denote the warm “Blob”, and the horizontal
dotted line denotes the date in January 2014. M represents March, J June, S September, and D December.
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Fig. 8.   Longitude-time sections along 120°W–140°E in the north-
ern Pacific (averaged between 40°N and 50°N) for the FWF anomaly
(10–6 m/s)(a) and MLD anomaly (m) (b) during 2005–2015. The
thick dark dashed lines indicate the meridional position and tim-
ing of the warm “Blob”.

30 Zhi Hai et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 9, P. 24–34  



back effect of the oceanic physical process on the SSTA. The neg-
ative FWF anomaly leads to low salinity, stabilizes the upper
ocean and then reduces the mixing and entrainment of the sub-
surface water. Consequently, the loss of surface heat can be re-
duced or prevented, and then, the SST will become higher. The
negative SA in the NEP was very important to the appearance of
the warm “Blob”. For example, prior to the mature state of the
warm “Blob”, the negative SA occupied the surface and the depth

range of 100–150 m in the warm “Blob” region. The largest negat-
ive SA appeared in the depth range of 100–150 m and reached a
value of -0.2. The anomaly was leading the warm “Blob” by ap-
proximately 12 months. In particular, the subsurface SA played a
more important role in the shallowing of the MLD than the sur-
face salinity and was important to increasing the SST of the warm
“Blob” by inhibiting the heat from penetrating into the deeper
layer. This large sea salinity vertical distribution feature in the
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Fig. 9.   The spatial distributions of the correlation coefficients showing that the FWF leads the SSA100 averaged in the center of the
warm “Blob” from 36–0 months (left panels); the middle panels are same as the left panels, but for the SSSA leading the SSA100
averaged in the center of the warm “Blob”, and the right panels are the SSA leading the SSA100 averaged in the center of warm “Blob”
anomaly. The colored areas passed the 0.05 significance test.
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upper ocean of the northern Pacific suggests a physical process
that is obviously different from that in the tropical Pacific. Based
on the above analyses, we can infer that the prior subsurface SA
in the warm “Blob” region was more favorable to the adjustment
of the density stratification at the base of the ML, which led to the
change in the MLD by advection and diffusion rather than being
effected by surface salinity.

The subsurface SA was mainly nonlocal and converged by ho-

rizontal advection from the westward and southward areas. The
westward and southward salinity anomalies were induced by the
FWF anomaly. The anomaly can be enhanced near the dateline
by the FWF anomaly. The FWF anomaly reduced the eastward
transport of the salt water mass by the wind-driven gyre and in-
creased the fresh water to the NEP across the dateline, which was
associated with the atmospheric variability in the northern Pa-
cific. The atmospheric variability was connected to the tropical
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Fig. 10.   The spatial distribution of the correlation coefficients showing that the evaporation anomaly leads the SSA at 100 m averaged
in the center of the warm “Blob” from 36–0 months (left panels); the right panels are same as the left panels, but for the precipitation
anomaly leading the SSA at 100 m averaged in the center of the warm “Blob”. The colored areas passed the 0.05 significance test.
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Pacific by a teleconnection, for instance, the weak 2014/2015 El
Niño (di Lorenzo and Mantua, 2016). Through this teleconnec-
tion, the warm “Blob” event can influence the decadal variability
in the northern Pacific, and thus, the variability exhibits the
ocean-atmosphere coupled effect (Yoon et al., 2015; Whitney,
2015; di Lorenzo et al., 2015).

The warm “Blob” was an extreme climate event in the north-
ern Pacific during 2005–2015. Notably, the warm “Blob” was ana-
lyzed and explained in many ways to understand its mechanism
and the physics changes related to the warm “Blob” event, as well
as the relationship between the characteristics and climate
change. Hence, inspired by the heat budget of the mixed layer
anomaly related to the warm “Blob” mentioned by Bond et al.
(2015), we attempted to analyze the relationship between the SA
and MLD change to explain the cause of the warm “Blob” ’s ap-
pearance. Due to the ocean salinity observation limitations,
many uncertainties about the salinity variability remained in as-
sociation with the climate anomaly in the northern Pacific. In ad-
dition, the salinity and temperature distributions of the middle-
high latitudes in the northern hemisphere were characterized by
the formation and maintenance of the ocean stratifications,
which were different from those in the tropical regions (Liu et al.,
2009). The relevant theories of the tropical low latitudes may not
fully explain the climatic phenomena in the high latitudes (Free-
land et al., 1997; Johnson et al., 2016). For example, the mechan-
ism of the salinity anomalies in response to the climate variabil-
ity in PDO-related atmospheric forcing has not been fully re-
solved. In addition, the impact of the salinity decadal variability
in the northern Pacific remains an open issue. Thus, it is reason-
able that the SA in the northern Pacific may alter the warm
“Blob” ’s thermocline structure and stratification, and thus may
affect the heat budget.

It is well known that the ocean salinity is not the main cause
of the change in SST, and the ocean salinity indirectly affects only
the SST and modulates ocean variability. However, the internal
changes are interrelated and mutually influential in the climate
system. The main purpose of this paper was to analyze the rela-
tionship between salinity and the ocean physical field and we at-
tempted to analyze the presignal from the salinity perspective. As
a prefactor of the warm “Blob” event, the salinity can predict a
climate anomaly. In general, the ocean heat budget may mainly
lead to such events, and similar to the analysis by Bond et al.
(2015), we will further analyze the heat budget in relation to the
warm “Blob”.

The prediction of extreme climate change in the midlatitudes
remains a challenge (Hu et al., 2017). The salinity does not play a
direct role in the atmosphere. It was easier to obtain the origin of
extreme climate change by tracing the SA than by tracing the
temperature anomaly. Adding the salinity role into the coupled
climate models can improve the prediction skills of ENSO (Bal-
labrera-Poy et al., 2002; Hackert et al., 2011; Zhao et al., 2013; Zhu
et al., 2014). Our study showed that the SA likely played a role in
affecting the extreme warm SSTA during the winter of 2013 in the
NEP. Thus, based on the sustained ARGO observations com-
bined with high-resolution numerical model outputs, it is neces-
sary to contain the salinity effects in the prediction of extreme
SST anomalies in the mid and high latitudes in the future.
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