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Lasting impacts?
In summary, the Blob had major effects beyond just 
temperature. In the open ocean, the Blob could have 

altered some portions of the Central Pacific from a 
sink to a source for carbon to the atmosphere. In 

coastal regions, the Blob brought warm, high oxygen, 

low carbon water to the CCS and the GOA. Ecosystems 
shifted northwards from the equatorial regions and 

harmful algae dominated the massive plankton bloom 

that erupted on the coast. The source of the nutrients 

that fueled that plankton bloom is the subject of current 

research.  While observations of high nutrients on the 

shelf were made in 2015, these results are inconsistent 

with the oxygen and carbon signals. 

As the 2015-16 El Niño began to influence the Pacific, the 
Blob’s influence was reduced (see Amaya et al., this issue ). 

It is not clear, yet, whether the ocean biogeochemistry and 

ecosystem will also return to a relatively more “normal” 

state or if the Blob’s impacts will continue to influence 
the Pacific post mortem.  Only time and observations will 
tell.
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The prolonged and record-breaking warming of the 

Northeast Pacific Ocean between the winters of 
2013/14 and 2014/15, also referred to as the “Warm 

Blob” or more generally as a marine heatwave (Hobday 

et al. 2016), had extreme impacts on marine ecosystems, 

some of which are ongoing (see Siedlecki et al. this issue). 

Whether these multi-year climate extremes will become 

more frequent under greenhouse forcing is a key 

question for scientists, resource managers, and society. 

Here we interpret the forcing, persistence, and evolution 

of the warm blob in the context of the large-scale climate 

dynamics of the Pacific Ocean. After identifying these 
dynamics, we explore the warm blob mechanisms in the 

Community Earth System Model Large Ensemble (CESM-
LE) to quantify how and if the climate variance of the 

North Pacific is impacted by greenhouse forcing.

Relationship between the Warm Blob patterns and 
Pacific climate modes
It has been previously noted that the spatial pattern 

of the warm blob evolved in space and time from the 

winter of 2014 to the winter of 2015, here defined as the 
January-February-March (JFM) mean (see Amaya et al. 

this issue). While in JFM of 2014, the warm water mass 

is centered in the Gulf of Alaska (GOA), in the following 

winter of 2015 the warm waters spreads along the entire 

Pacific coast of North America to form the so called ARC 
pattern. These two types of patterns are recurrent in 

the Northeast Pacific and captured by the two dominant 
modes of winter sea surface temperature anomalies 

(SSTa) inferred by an Empirical Orthogonal Function (EOF) 

analysis (Figure 1a and 1b). If we compare the timeseries 

of the winter SSTa values averaged in the center of 

the GOA pattern (see Amaya et al. this issue) with the 

timeseries of EOF2, referred to as the second Principal 

Components (PC2), we find a correlation of R=0.95 and a 
clear maximum in 2014 (Figure 1c). The same is true if we 

compare with EOF2/PC2 (Figure 1d). Both the GOA and 
ARC pattern that emerge in the wintertime SSTa EOFs 
are connected to well known modes of climate variability 

such as the North Pacific Gyre Oscillation (NPGO, Di 
Lorenzo et al. 2008) and the Pacific Decadal Oscillation 
(PDO, Mantua et al. 1997). Specifically, the GOA pattern 
is connected to NPGO-like variability (R=0.71, Figure 1c), 
while the ARC pattern tracks PDO-like variability (R=0.75, 
Figure 1d). The NPGO and PDO are ocean expressions 

of atmospheric forcing associated with changes in the 

North Pacific Oscillation (NPO) and in the strength and 
location of the Aleutian Low (AL; Di Lorenzo et al. 2008; 
Chhak et al., 2009). Consistent with this view, it has 
been shown that in 2014 the GOA pattern was forced 

by atmospheric variability typical of the NPO (Bond et al. 

2015; Wang et al. 2014; Hartman 2015; Seager et al. 2015; 
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Anderson et al. 2016; Baxter and Nigam 2015), while in 
2015 a stronger AL forced the ARC pattern (Di Lorenzo 
and Mantua 2016). This result is recovered by a simple 

correlation of the JFM SSTa PC2 (GOA pattern) and PC1 
(ARC pattern) with sea level pressure anomalies (SLPa; 
Figure 2a and 2b). The SLPa correlation patterns show 

the typical dipole structure of the NPO (Figure 2a) as the 

forcing of the GOA pattern and a 

deeper AL (Figure 2b) as the forcing 

of the GOA pattern.

Climate mechanisms underlying 
the evolution and persistence of 
the Warm Blob
The close similarity of the ocean 

and atmosphere patterns of the 

warm blob in 2014 and 2015 with 

known modes of climate variability 

(e.g., NPO/NPGO in 2014, AL/PDO 

in 2015) allows us to use previous 

knowledge of large-scale Pacific 
climate dynamics to interpret the 

forcing, evolution, and persistence 

of the blob. In 2014, the winter NPO-

like atmospheric forcing of the GOA 

SSTa pattern (Figure 2a) is connected 

to well-known El Niño precursor 

dynamics referred to as the seasonal 

footprinting mechanisms (SFM, 

Vimont et al. 2003). Specifically, the 
subtropical expression of the NPO 

(e.g., around Hawaii, SFM region in 

Figure 2a) causes a reduction of the 

trade winds, which in turn reduces 

evaporation and generates warm 

SSTa, as evident in the JFM SSTa EOF2 

(Figure 1a, SFM region). This coupling 

between the ocean and atmosphere 

creates a positive feedback between 

winds-evaporation-SST (Xie et al. 

1999), which energizes the so-called 

“meridional modes” (Chiang and 
Vimont 2004; Vimont 2010). The 

meridional modes propagate and amplify the SSTa in 

the spring from the subtropics into the central equatorial 

Pacific. Once these positive SSTa arrive at the equator, 
they favor the development of the El Niño Southern 

Oscillation (ENSO) (Alexander et al. 2010). Once El Niño 

variability begins to peak in the fall, the re-arrangement 

of tropical convection excites atmospheric ENSO 

Figure 1: Relationship of Warm Blob Patterns to Dominant EOFs. Dominant patterns 

of winter (JFM) SSTa (ºC) variability in the Northeast Pacific inferred from Empirical 
Orthogonal Functions (EOFs; are computed over the region outlined by the blue and red 
bounding boxes, the principal components are then regressed on Pacific JFM SSTa). (a) 

EOF2 and (b) EOF1 capture the GOA and ARC patterns observed in the evolution of the 
Warm Blob from JFM 2014 to JFM 2015. (c) The timeseries of the GOA SSTa pattern are 

strongly correlated to PC2 and exhibit an NPGO-like variability. (d) The timeseries of the 

ARC SSTa pattern are strongly correlated to PC1 and exhibit an NPGO-like variability. 
EOF1 and EOF2 explain ~60% and ~22% of the winter SSTa variance. [Figure redrawn from 
Di Lorenzo and Mantua 2016]
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teleconnections that inject variance into the extratropical 

atmosphere, which ultimately impacts the AL variability 

in the next boreal winter (Alexander et al. 2002). It is 

the changes in the AL that drive the oceanic PDO-type 

expression in winter SSTa (Figure 1b; Newman et al. 
2003; Schneider and Cornuelle 2005). This succession of 
events, which is summarized in Figure 3 in the context of 

the 2014/15 warm blob evolution (Steps 1, 2, 3, and 4), 

is shown to be an important source of the persistence 

and reinforcement of the blob ARC pattern in the winter 
of 2015 (Di Lorenzo and Mantua 2016). Although the El 

Niño expression in the fall of 2014 (Figure 3) appears 

weak, the ENSO teleconnections 

still account for ~50% of the ARC 
warming pattern of 2015 (Di 

Lorenzo and Mantua 2016). Other 

research also strongly suggests that 

teleconnections from the tropics 

to the extratropics contributed 

to the exceptional persistence of 

the NPO-type variability in 2014 

(Hartmann 2015; Seager et al. 2015). 
These teleconnection dynamics, from 

extratropics (winter year 0) to tropics to 

extratropics (winter year +1), have been 

shown to be important mechanisms 

and memory for generating Pacific 
decadal and multi-decadal variability 

(Di Lorenzo et al. 2015), and are here 

recognized as potential mechanisms 

for the multi-year persistence and 

evolution of SSTa ocean extremes in 

the Northeast Pacific.

Changes in variance of the Warm 
Blob patterns under greenhouse 
forcing 
Previous studies have suggested that 

the NPO-type variability that initiated 

the drought in 2014 will intensify in 

response to greenhouse forcing 

(Wang et al. 2015; 2015; Yoon et al. 
2015; Sydeman et al. 2013). This 

suggests that the oceanic expression of the NPO, that is 

the GOA/NPGO-like pattern, will also increase in variance. 

Unfortunately current observations are not sufficient to 
test if the North Pacific variance has increased. In fact, 
Johnstone and Mantua (2014) suggest that observed SST 

variations and trends in the Northeast Pacific from 1900-
2012 are largely a response to atmospheric forcing that 

shows no robust century-scale trends in CMIP5 historical 
forcing experiments and that instead may be one phase in 

the slow (~10 year) progression of atmospheric pressures 

around the North Pacific (Anderson et al. 2016).  
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Figure 2: Atmospheric Forcing of Warm Blob Patterns. Correlation of JFM SSTa PCs in 
the Northeast Pacific with SLPa. PC2 and PC1 track the GOA (a) and ARC (b) patterns in 
the SSTa and are used to extract the corresponding patterns of atmospheric forcing. 

The same analysis is conducted on the Community Earth System Model Large Ensemble 
(CESM-LE, 30 members). The ensemble mean patterns are show in (c) for CESM-LE PC2 
and in (d) for CESM-LE PC1.
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Figure 3: Schematic of SSTa (ºC) evolution associated with the warm blob from the winter of 
2014 to winter of 2015 and relationship to mechanisms of large-scale climate variability.

To better separate the changes in North Pacific SSTa 
variance that are internal (e.g., natural) from the forced 

(e.g., climate change), we explore the variability of the 

GOA and ARC winter patterns in the Community Earth 
System Model Large Ensemble (CESM-LE greenhouse 
simulations, 30 ensemble members from 1920-2100 

under the regional concentration pathway (RCP8.5) 

scenario (Kay et al. 2015). We extract the GOA and ARC 
pattern with the same approach used for the observations 

by computing the EOF1 and EOF2 of the JFM SSTa over 

the Northeast Pacific region (Figure 4a and 4b). The EOFs 
are computed for each of the 30 ensemble members, 

and then the patterns are averaged together to obtain 

an ensemble mean EOF structure. The CESM-LE EOFs are 

almost identical to the observations (compare with Figure 

1a and 1b) and explain a similar amount of variance. 

Given the close similarity between the observations and 

the model simulations, we quantify the anthropogenically 

forced changes in the variance of the GOA and ARC 
patterns by computing the 20-year running variance of 

the CESM-LE PC2 and PC1. The ensemble mean of the 
running variance shows a significant trend in the GOA 

pattern (PC1) with an increase 
of ~16% from 1920 to 2100 

(Figure 4c). The variance of 

the ARC pattern also increases 
but only by ~7% (Figure 4d). 

Given that the forcing pattern 

of the GOA pattern (EOF2) in 

the CESM-LE also captures the 
typical NPO structure (Figure 

2c), there is strong indication 

that the NPO/NPGO-like 

variability associated with the 

GOA pattern may intensify 

under greenhouse forcing (see 

also Sydeman et al. 2013 for an 

observational analysis).

The intensification of the NPO 
activity is likely linked to the 

activity of meridional modes. 

Preliminary analysis of the 

CESM-LE (Liguori et al., personal 
communication) reveals 

that  the thermodynamic 

coupling between ocean 

and atmosphere associated 

with the winds-evaporation-

SST feedback is intensifying. 

This may lead not only to 

and enhanced variance of 

the NPO system, but to a 

stronger coupling between 

meridional modes and ENSO. 

This stronger coupling results 

from the propagation of larger 

amplitude meridional modes SST anomalies from the 

subtropics to the tropics, where they are more likely to 

trigger ENSO and its teleconnections back to the extra-

tropics (e.g., multi-year memory). An intensification of 
the meridional modes/ENSO coupling should translate 

into a stronger coupling between the GOA pattern and 

the following year ARC pattern (e.g., multi-year warm 
events). 
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Figure 4: Warm Blob JFM Patterns under Greenhouse forcing. Dominant patterns of winter 

(JFM) SSTa (ºC) variability in the Northeast Pacific from the CESM-LE (blue and red bounding 
boxes) inferred the two dominant EOFs from 1920-2100 under the RCP8.5 greenhouse scenar-

io. (a) EOF2 and (b) EOF1 capture the warm blob GOA and ARC patterns. The SFM and ENSO 
pattern in the CESM-LE are shifted to the west, a known bias of climate models. The 20-year 
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EOF1 and EOF2 explains ~67% and ~22% of the winter SSTa variance. [Figure redrawn from Di 

Lorenzo and Mantua 2016]
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While the analyses and discussion presented in this short 

article lay out a set of mechanistic pathways/hypotheses 

to understand warm blob dynamics and the climate 

teleconnections that lead to multi-year persistence of 

ocean SSTa extremes in the Northeast Pacific, future 
studies will need to develop numerical experiments to 

test these dynamics under the uncertainties of a changing 

climate with a large range of natural decadal variability.

Climate change is usually assessed over years and  

  decades, and 2015 shattered the record set in 

2014 for the hottest year yet recorded for the globe’s 

surface land and oceans since 1850. The year 2016 

is also expected to set a new record, with the average 

global surface temperature in February 1.35°C warmer 
than the average temperature for the month between 

1951-1980, a far bigger margin than ever seen before 

(see NASA Earth Observatory). Yet, one part of the planet 

is bucking the global sea surface temperature (SST) 

and upper ocean heat content (OHC) trends: southeast 
of Greenland and Iceland, the ocean surface has seen 

record cold  temperatures for the past eight months of 
2015.

The SST anomaly field for June 2015 (Figure 1a; 2a) shows 
temperatures up to 2°C colder than the 1948-2015 
average. The coldest values observed over the central 

North Atlantic between 45°N and 60°N for this month 

of the year (indicated by stippling) encompass much of 

the eastern Subpolar Gyre. This cold “blob” represents 

a striking acceleration of a decadal drop in OHC that 
started in 2005 (Figure 1b). This negative trend may be 

marking a transition toward a new cold phase of the 

subpolar North Atlantic, following a persistent period 

of anomalously warm upper waters (1995-2014). The 

sharply cold feature reaches down to about 700 m depth, 

and opposes a warming trend in the intermediate layer 

(700 m – 2000 m) observed since the early 2000s (Figure 

1d). The result is a cold anomaly in the surface layer, and 

increased stratification below.

Duchez et al. (2016) recently investigated the origin of 

the 2015 North Atlantic cold blob using reanalyses of 

observational data. As described below, a combination 

of air-sea heat loss from late 2014 through to spring 2015 

and a re-emergent 2014 sub-surface OHC anomaly stand 
as the primary sources of the blob. The authors show 

that this cold Atlantic anomaly observed since 2014 is 

likely due to processes acting on sub-annual timescales. 

Consequently, this blob should not be confused with the 
long-term warming hole (located to the south-west of the 

2015 anomaly) described by Rahmstorf et al. (2015) and 
Drijfhout et al. (2012) using numerical ocean models, which 

was identified on interannual and longer timescales. The 
long-term cold anomaly is presumably driven by a longer-

term slowdown of the Atlantic Meridional Overturning 

Circulation (AMOC) and the associated reduction in 
northward oceanic heat transport. It is noteworthy that a 

10-year long decline of the AMOC has been observed at 
26°N by the RAPID array which has been monitoring the 
AMOC since 2004 (Smeed et al. 2014). Both the long-term 
trend as well as the seasonal to interannual variability 

of the AMOC can potentially impact the North Atlantic 
temperature (Duchez et al. 2015, Bryden et al. 2014).

Previous model and observation based studies suggest 

that atmospheric circulation changes can develop in 
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