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ii) Abstract
This study examines the characteristics, morphology, and incidence of a persistent positive sea surface
temperature (SST) anomaly previously identified over the North East Pacific Ocean colloquially termed
the "Warm Blob". Observations from the Hadley Centre Sea Ice and Sea Surface Temperature data set
(HadISST) are employed to identify and assess the historical variability of the Warm Blob, focused on
the 155-142.5°W and 37.5-45.5°N region off the Gulf of Alaska. Blob events are defined where SST
anomalies exceed 1°C in magnitude. In addition, a corollary "Cold Blob" is identified as negative SST
anomalies affecting this region are analysed for the first time. The most intense Warm Blob events are
identified in 1986, 1989, 1991, 2000 and 2014 and Cold Blob events in 1987, 1998, 2007, 2016 and
2017. Warm Blobs are more homogenous in shape, size and location in comparison to the Cold Blob
events. Warm Blobs are also more frequent, with 13 Cold Blob events having occurred since 1950 and
22 Warm Blobs, using a base period of 1981-2020. A relationship with anomalous sea surface
temperatures in this region and various atmospheric teleconnection patterns is assessed. The Pacific
Decadal Oscillation index is weakly negatively correlated with Warm Blob region SST anomalies (r=-
0.2). A lag-lead analysis finds a maximum correlation between SST anomalies and El Nifio Southern
Oscillation 9 months later (r=+0.39). Future responses in the Warm and Cold Blob are investigated
using 3 CMIP5 simulations assessing historical and a future high emissions scenario (RCP8.5). To
account for global warming, a 5-year running average is removed. Warm Blob events are predicted to
increase in frequency from 2050-2100 in comparison to 1950-2000, particularly for the IPSL-CM5B-
LR model. The intensity of these Blobs will also increase in this later period as global SSTs increase
due to climate change. Anomalies as large as >+3°C by 2080-2100 are identified, in comparison to a
~+2°C anomaly maximum between 1980-2000. The standard deviation between these time periods
increases by an average of 0.15°C. This occurrence will be mirrored by corresponding changes in
negative temperature anomalies, suggesting the frequency of Cold Blob events will also increase.
Further work can assess the development of the current 2019/2020 Warm Blob and the impacts of future

Warm Blob events in a warmer climate.
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The North East Pacific Warm Blob; past, present and future

1.0 Introduction
1.1 What is the Warm Blob?

In 2015 Bond et al. identified an anomalously warm region of sea surface temperatures (SSTs) in the
North East Pacific. In recognition of this abnormal feature, its persistence, and its potential for
impacting both the regional weather and marine life, they titled the phenomenon the “Warm Blob”
(Bond et al., 2015).

The North East Pacific Warm Blob is a warm region of sea surface temperatures located off the Gulf of
Alaska that stretches along the coast of California and extends from 40°-50°N and 150°-135°W (Bond
et al. 2015). It has appeared periodically since 2013; however, data between 2013 and 2015 has found
that the highest anomalies occurred during the winter of 2014 and the summer of 2015; reaching +2°—
3°C (Liangetal., 2017; Bond et al. 2015; Hu et al., 2017). These large surface anomalies in temperature
are also characterised by sub-surface temperature anomalies (see Figure 2).

Temperature anomalies for DJF 2014
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Figure 1: A plot to show the Sea Surface Temperature Anomalies, seasonally averaged over the
monthly data for December (2013), January and February of 2014. Using the HadISST1 SST anomalies
dataset minus the HadSST global temperature anomaly data set (SST anomalies). The average land
temperature anomalies are from the Berkley dataset. Anomalies were calculated with the base period
1981-2020. The black box here indicated the Warm Blob region of interest 155-142.5°W and 37.5-
45.5°N.

This map identifies the 2014 Warm Blob and displays its common characteristics. It is circular in shape
and is located within the Gulf of Alaska, around 1000km from the coast of California. The box marks
the region of the Blob, temperatures are intensified in the centre and are then seen to dissipate outwards.

Although warm SST anomalies (SSTa) cover a wider region than just the area bounded by the box, the



main point of focus is the highest SSTa concentrated in the centre. Within the area bounded by the box,

temperatures appear to have a maximum SST anomaly >+1.5°C.
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Figure 2: An averaged depth
profile of temperature
anomalies in the North
Pacific in the region occupied
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50°N. This includes data
from 1980-2020 and is
constructed using an
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Figure 2 shows that the warm temperatures are limited to the upper 300m of the surface waters (Hu et
al, 2017), suggesting that more heat is trapped in the upper water column of a shallower mixed layer,
resulting in higher temperatures that sustain the surface warming (Zhi et al., 2019). This Figure
identifies that the Warm Blob was persistent through 2013-2015 in the surface waters (upper ~150m).
Also observed is an anomalous Cold Blob in 2017, with temperature anomalies reaching as cold as-
1.2°C.

The Warm Blob has reappeared, in the Pacific, from the beginning of 2020 (Amaya et al., 2020). This
is supported by the higher temperatures shown in Figure 2 which begin to develop at the end of 2019.



SST Anomalies for April 2020
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Figure 3: A plot to show Sea Surface Temperature Anomalies for April 2020 demonstrating the
redevelopment of the North East Pacific Warm Blob. Using the HadISST1 SST anomalies data set minus
the HadSST global temperature anomaly data set (SST anomalies). Anomalies were calculated with
reference to the base period 1981-2020.The black box here indicated the Warm Blob region of interest
155-142.5°W and 37.5-45.5°N.

Figure 3 demonstrates the redevelopment of the Warm Blob in 2020. In the region bounded by the black
box, temperature anomalies reach as high as >+1.5°C. The concentrated region of high SST anomalies
in Figure 3 are also supported by data in Figure 2 which shows that in 2020, warm subsurface waters
occur reaching ~+1.8°C. Data is limited for this period; however, a greater understanding of this Blob

could be established over time.

1.2 Is there a Corollary of the Warm Blob?

The North East Pacific Warm Blob has a key identity in the scientific community; however, as
demonstrated in Figure 2, this region experiences both above average positive anomalies and negative
anomalies of the same magnitude. This means that it has experienced extreme cold SST anomalies in
relation to the surrounding area and seasonal average and suggests that not only does this region

experience a Warm Blob but a potential Cold Blob too.
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Figure 4: The time-depth profiles of the regionally averaged temperature anomalies of the Warm
Blob using the location averaged area data for 40°-50°N, 155°-140°W. Using data acquired from the
Array for Real-time Geostrophic Oceanography (Argo) provided by the International Pacific Research

Centre (IPRC)/Asia-Pacific Data-Research Centre (APDRC) (Hai et al., 2019)

Figure 4 demonstrates this clearly highlighting warming and cooling phases in comparison to the
seasonal average, as well as anomalous extremes >+/-2°C. This depth profile shows that the largest cold
anomaly was experienced in 2007, ~-2°C in this specific location (40°-50°N, 155°-140°W).

Although the Cold Blob is not as widely researched as the Warm Blob, large anomalously cold
temperatures can be identified intermittently in Figure 4 in 2007, 2008, and 2012. These extreme
temperatures can also be seen in Figure 2 from Zhi et al., (2019), which demonstrates the negative

anomalies in the sub-surface profile.

The Cold Blob can be identified within the timeseries of SSTa when investigating the Warm Blob in
studies by Yu-Heng Tseng et al., (2017), as well as in mapped anomalies by Hu et al., (2017). In these
investigations the magnitude of the Cold Blob matches that of the Warm Blob (as large as +/-2°C), this
suggests that the Cold Blob is as significant as the Warm Blob; however, it has not been as common in

recent years.
1.3 Motivation

It is to be noted that this phenomenon is often referred to as a ‘marine heatwave’ (Di Lorenzo and
Mantua, 2016). This is due to record-breaking high temperatures experienced in this region and the
multi-year persistence of this warm anomaly. However, the effects of the Warm Blob have been
speculated to influence not only the marine environment, but the surrounding land. It is currently
unknown why and on what time frame this anomalous Blob appears and whether it can be forecasted
(Hu et al., 2017).

Initially in 2013, the Blob was not predicted even a couple of months in advance and neither was the
ongoing heatwave in the North East Pacific. However, a marine heatwave that results from a strong El
Nifio event has much greater potential to be predicted (>6 months in advance), in comparison to the
predictability of SST anomalies in the tropical Pacific which cannot be explained by the EIl Nifio
Southern Oscillation (ENSO) (Xue et al., 2013). This is due to weaker prediction skills in the
extratropical northern atmosphere and ocean (Wen et al., 2012; Hu et al., 2013, 2014; Hu and Huang,



2006), meaning that it is more challenging to successfully predict SST anomalies in the midlatitude

oceans.

The forecast ability of this phenomenon will be largely dependent on the ocean- atmospheric
interactions, as well as global teleconnection links. However, the purpose of the present analysis is to

characterise and understand the evolution of comparable Warm Blob events over a longer period.

Atmospheric circulation anomalies played a key role in initiating and maintaining the North Pacific
Warm Blob (Bond et al., 2015). In certain periods when this Blob is apparent, unusually high pressures
off the Gulf of Alaska reduce heat loss to the atmosphere and cold advection over the region. Forcing
of the atmospheric anomalies have been linked to SST anomalies in the western tropical Pacific Ocean
(Seager et al., 2015) and to decadal-scale variability in North Pacific Ocean modes (Di Lorenzo and
Mantua, 2016). According to the mixed layer temperature budget, these anomalies were caused by a
lowering of heat loss from the ocean to the atmosphere alongside relatively weak, cold advection in the
upper ocean (Bond et al., 2019). An unusually strong and persistent weather pattern relate these fluxes
where a resilient ridge of high mean sea level pressure (MSLP) anomalies existed over the region of
interest (Yang et al., 2019).

By assessing these various interactions, it will be determined whether the Blob can be understood both
temporally and spatially, and whether the Blob occurs intermittently over a specific time frame.
Although this topic is widely researched, there is little information regarding how this Blob will change
in the future. Due to the large impacts this Blob has on weather and climate, which will be later

addressed, being able to forecast this anomaly could save both money and livelihoods.

The effects of the Warm Blob are extensive, affecting the marine ecosystem and, the meteorology and
climate in the area. Studies by Bond et al. (2015) discuss how the presence of this anomalous Blob can
be explained in relation to various teleconnections. A teleconnection is a climatic or meteorological
connection or correlation between two phenomena which rarely occur in the same region, for example
a phenomenon in the Pacific may affect, and be affected by, weather patterns in the Atlantic.
Teleconnections of possible relevance to the Warm Blob include the North Atlantic Oscillation (NAO),
El Nifio Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), the Madden Julian
Oscillation (MJO) and the Arctic Oscillation (AO). Studies claim the Blob holds influence over the
drier, winter cold outbreaks across North America (Wang et al., 2014) and enhanced summer warm
outbreaks (Kintisch, 2015). Additionally, it was found that this warming has more remote effects. In
2013-2014, while most countries in Europe experienced a milder winter, the UK experienced its wettest
winter on record (Lee et al., 2015). It has been discussed that this impact on the UK is a result of the
North Atlantic Oscillation as well as effects of the Warm Blob; these teleconnection links will be later

discussed.



1.4 Project Aims

This project aims to investigate the environmental conditions surrounding each instance when the Warm

Blob and Cold Blob are identified. The project also looks to explore:

i) Its characteristics - the morphology, development and influence of this sea surface
temperature anomaly on regional climate using observations and simulations.

i) Links to teleconnections - whether the presence and strength of the sea surface temperature
anomalies are associated with atmospheric circulation patterns.

iii) The ability to forecast - using linear regression to investigate whether teleconnections can
be used to predict the development of this Blob effectively.

Within these subcategories, there will be more specific aims within this project including:

a) How often do the Warm and Cold Blobs occur and is the period between the Blobs constant or
has a pattern developed?

b) What is the spatial structure of sea surface temperature anomalies over the Warm/Cold Blob
periods?

c) What surface pressure systems are associated with the Warm and Cold Blobs?

d) Which teleconnection pattern displays the strongest correlation with the Warm/Cold Blob
events?

e) Is there a lagged relationship between the sea surface temperature anomalies and global
teleconnections?

f) How will the appearance of these Blobs change in the future as well as their frequency and
intensity?
1.5 The Phases of the Warm Blob

The Warm Blob has been identified at several time points throughout history. These are often called
“phases” of the Blob. In the first phase, the Blob appeared off the southern coast of Alaska in 2013 and
persisted for around 8 months, reaching nearly 2000km wide and 100m deep in size (Kintisch, 2015).
During this time, SSTs offshore in the North East Pacific were remarkably warm. It has been suggested
that this was a result of a resilient ridge of high pressure and warming off the Gulf of Alaska (Amaya
et al., 2020).

This resilient ridge of high pressure and warming, partnered with deflected wintertime storms north off
California, led to an intensifying “Mega Drought” (Swain et al., 2014). This ridge was a result of the
high geopotential height (GPH) anomalies, which occurred in the North East Pacific during this time.
This resulted in anomalous geostrophic flow occurring as a result of the large GPH gradients. Over the
Pacific, these gradients were characterised by weakened westerly zonal winds. These winds

strengthened zonal flow over Alaska and a pair of meridional wind anomalies centred in the North



Eastern Pacific around 135°W occurred in Polar and equatorward regions. This atmospheric anomaly
displaced the jet stream north, which led to minimal storm activity and record-low precipitation in
California (Swain et al., 2014).

It has been suggested that the jet stream perturbations within this period, contributed to a historically
cold North American 2013/2014 winter (Hartmann, 2015) and was the main forcing mechanism for the
Gulf of Alaska Warming (Bond et al.,2015).

This ridge of high surface pressure was highly resilient due to three main factors (i) teleconnections to
the North Pacific from the western tropical Pacific (Seager et al., 2015) (ii) loss of Arctic sea ice (Lee
et al.,2015) and (iii) internal variability (Seager et al.,2015). From October 2013 through January 2014,
mean sea level pressure anomalies (MSLPa) were much higher than normal “with a peak magnitude
approaching +10 hPa” (relative to the base period of 1981-2010) (Bond et al., 2015). Bond et al. (2015)
concluded that the Gulf of Alaska Warming was a result of a lack of seasonal cooling. This was a result
of a significant reduction in energy imparted by the atmosphere into the ocean for wintertime mixing

processes due to this resilient high ridge.

The Blob re-intensified in the spring of 2014. In this instance peak temperature anomalies in the upper
100m of the surface waters were greater than +2.5°C, in respect to the base period 1981-2010 (Bond et
al., 2015). In the Boreal winter, at the same time the Blob was visible, many anomalous weather and
climatic events were recorded in the extratropical Northern Hemisphere. This includes an unusually
warm winter in Alaska and the Bering Sea, with anomalies as large as +2°C, wildfires and severe
droughts in California and intense snowstorms and cold temperatures in eastern North America (Lee et
al., 2015). It was thought that these weather events occurred as a result of El Nifio warming, yet the
ENSO index demonstrates that an EI Nifio event did not occur until the end of 2014-2016. Although an
El Nifio warming phase did not occur through 2013-2014, the Warm Blob may have been intensified in
2014 due to this effect (Lee et al., 2015).

It has been suggested that the second phase of the Blob occurred as a result of the dissipation of a high-
pressure ridge. The ridge led to patches of warm water spreading along the coast from Alaska to central
Mexico, under wind driven processes. During the summer of 2014, the Blob was kept well offshore as

a result of Ekman transport associated with coastal upwelling (Kintisch, 2015).

This anomalous ridge of high pressure was observed over the west coast of North America, Alaska and
at high latitudes in the North Pacific extending northwards into the Arctic. The high pressure was
associated with a dipole low pressure system over eastern North America and the extratropical North
Atlantic. A positive pressure anomaly was also observed over the subtropical North Atlantic (Lee et al.,
2015). These anomalous pressures over America have been linked to a reduction in sea ice extent and

concentration, both of which are a predicted result of the warmer SSTs (Gastineau and Frankignoul,



2015). The overall background warming is a result of the increasing atmospheric temperature attributed
to increased greenhouse gas concentrations (Lima and Wethey, 2012). However, the removal of global
temperature anomalies alone does not sustain as evidence for the SST anomalies of the Warm Blob.

While long-term trends in global SSTs are moderately well known, an overview of historical
occurrences of marine heatwaves, as well as the mechanistic understanding of their associated processes
is currently unclear (Frélicher and Laufkétter, 2018). Individual studies note exceptions, indicating that
marine heatwaves have become more common in more than one-third of the world’s coastal oceans
(Lima and Wethey, 2012).

By the summer of 2014, this area of anomalously warm SSTs in the North Pacific extended into the
coastal region and persisted through to the spring of 2015 (Bond et al., 2015). The Warm Blob
continuously developed into a strong EI Nifio, which due to the phase locking to the seasonal cycle,
reached its mature phase by the end of 2015 (Yu-Heng Tseng et al., 2017). An El Nifio phase was
observed between 2014-2016 and has been recognised as one of the strongest on record (Tseng et al.,
2017).

1.6 Links to teleconnection patterns

In a study by Lorenzo and Mantua (2016) it was stated that the development and persistence of the
original 2013 Warm Blob displayed a relationship between the North Pacific and the Tropical Pacific,
as a result of long-distance teleconnections. This is supported by current literature which linked these
anomalous temperature events with an unusually warm winter in Alaska and the Bering Sea, as well as,

wildfires and severe drought in California (Swain et al., 2014).

The Blobs have also been linked to the boreal winter of 2013/2014 where severe snowstorms and cold
temperatures occurred in eastern North America (Lee et al., 2015). Through investigations into this
Blob, its occurrence has been explained as a mixture of other phenomena including: the El Nifio—
Southern Oscillation, the Pacific Decadal Oscillation, the Arctic Oscillation, the North Pacific Gyre

Oscillation, the Madden Julian Oscillation as well as the North Atlantic Oscillation.

The role of climate feedbacks should be emphasised, as they are responsible for amplifying the initial
SST anomalies and the eventual negative feedbacks that reduce these anomalies. Not only may
feedbacks play a part in the initial generation of the Blob but they are also involved in generating the
development and sustaining the Warm Blob. For example, cloud feedbacks are identified to be
important in amplifying warming in this and other stratocumulus regions (Loeb et al., 2020). It has been
analysed that increased SSTa in this region reduces cloud cover, thus further decreasing the short-wave
radiation flux, altering the radiation budget. The radiation budget is vital when investigating SST
anomalies and thus, consequent changes in the net heat budget. The Earth's radiation budget depicts the

balance between incoming solar radiation absorbed by Earth and the resultant radiation reflected back



to space (Loeb et al., 2020). Various teleconnections alter variables including SSTs, land temperatures
and pressure, which in turn modify the radiation budget.

1.6.1 The El Nifio—Southern Oscillation

The first phenomenon of interest in this investigation is the ElI Nifio—Southern Oscillation (ENSO).
ENSO is a coupled ocean-atmosphere phenomenon with global influences. It is an important mode of
variability in the climate system (Chen et al., 2019). An increased understanding of the ENSO has
enabled the creation of useful forecasts of seasonal weather and climate conditions, a season or more in
advance (Hartmann, 2015). This global oscillation has two phases, a warmer phase called the El Nifio
and a colder phase called the La Nina. Both phases of the ENSO have a large impact on weather and
climate in North Pacific.

Lau and Nath (2001) reported that ENSO events coincide with noticeable changes in the midlatitude
SST patterns in the North Pacific and North Atlantic. Their research concludes that multiple processes
may be in action including the extratropical atmosphere response to disturbances in tropical forcing
during ENSO events. Midlatitude atmospheric anomalies, incur local disturbances on the underlying
ocean through changes in the energy flux across the sea—air interface. This leads to subsequent
extratropical SST anomalies (Lau and Nath, 2001).

It has been concluded that changes in the tropical cyclone activity in the Western North Pacific are
associated with the warm phase of the ENSO, a consequence of longitudinal changes in the rising and
sinking branches of the Walker Circulation (Chan, 2000). Chan (2000) states that a year after the mature
phase of the warm ENSO, this tropical cyclone activity over the ocean basin tends to be below normal.
These tropical cyclones occur when sea temperatures are at their highest, usually in autumn after
temperatures have built up over the summer. When ocean temperatures reach at least 27°C, the warm
air rises and evaporates quickly, causing an area of very low pressure. Therefore, the increased
frequency of tropical cyclones acts as a key indicator that the SSTs in this region are very warm,
translating the link between ENSO and SSTs in the Warm Blob region.

ENSO events are related to an anomalous zonal SST gradient over the west Pacific Ocean (Hoell and
Funk, 2013). Various investigations involve research on SST-forced teleconnections to the North
Pacific during boreal winter when important climatic phenomena, like the ENSO, tend to peak (Howell
and Funk, 2013). The intermittent phases between ENSO variations over the North East Pacific can be

large and therefore the predictability of the regional climate is difficult (Hoell and Funk, 2013).

Feng et al. (2014) has demonstrated that the 2014 marine heatwave enhanced the El Nifio event in the
following year. This is a result of air-sea interaction resulting in the warm temperatures near the coast
of Hawaii. These migrate southward to reach the equator. This means that the Blob likely contributed
to the EI Nifio event which occurred in 2015/16 (Jacox et al., 2019).



Although EI Nifio events occur in the tropical Pacific, the effects of this teleconnection are global, and
this phenomenon influences the SSTs in the North Pacific. This is a result of the winds coming from
the southwest near to the West coast of the US during an El Nifio event which warm the ocean
underneath: through downwelling. The ocean then pushes the colder denser water deeper and the
warmer water rises, this warms a very narrow region adjacent to the coast (Bylhouwer et al., 2013). In
2014, an El Nifio did not occur until the end of the year; this likely contributed to the persistence of the
Warm Blob (Newman et al., 2003; Alexander et al., 2010)

Jacox et al. (2019) states that the El Nifio is a very common cause of warm water anomalies in the
Pacific, as a result of heat flux exchanges in the surface waters which induces changes in climate
patterns. The Nifio of focus in this area is Nifio3.4 and located in the region 5°N-5°S, 120°-170°W
(Cheng et al., 2020). El Nifio events tend to produce ocean warming at the international date line, and
the Pacific basin, by changing the wind patterns off the US west coast, these winds typically cool the
coastal ocean. This occurs through oceanic teleconnections, in which coastally trapped kelvin waves
propagate northward along the North American west coast (Jacox et al., 2019). Aforementioned by
Newman et al. (2003), the original Blob wasn’t necessarily caused by an El Nifio event, but the presence
and enhancement of this ENSO is what likely caused the Blob to persist and extend in size.

The formation of the 2014 Blob occurred under a strong, stationary, blocking atmospheric high-pressure
system. The near-surface ocean heated rapidly, associated with weak winds and warm air temperatures
caused by the blocking. These blocking events over the North Pacific are normally common during a
La Nina phase of the ENSO. Weather patterns like blocking can occur randomly due to the chaotic
nature of the atmosphere so may not necessarily be a result of ENSO influences. This warming may
also be related to changes in ocean currents such as the Gulf Stream in the Atlantic and the Kuroshio

current which may have a large influence over longer periods of time (Grossil et al., 2017).

Feng et al., (2014) claim that both the ENSO and the warm water anomalies are likely to be interlinked,
yet it is not clear which is the cause, and which is the effect. Scientific conclusions in relation to the
impacts of the Blob on the weather (e.g. Bond et al., 2015; Hartmann, 2015) and how a strong ENSO
phase and strong Blob are linked should be handled with discretion. Particularly in the North Pacific,
due to the complicated ocean—atmosphere relationship. This teleconnection relationship discussed
played a key role in 2014, maintaining the persistence of the North Pacific atmosphere from 2013-2015
(Di Lorenzo and Mantua, 2016); however, the relationship between the Blob and the 2015/16 EI Nifio

has not yet been addressed.
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1.6.2 The Pacific Decadal Oscillation

Connected to ENSO, another phenomenon of interest is the Pacific Decadal Oscillation (PDO). The
PDO is often described as either a long-lived El Nifio-like pattern of Pacific climate variability (Zhang
et al. 1997) or a combination of two occasionally independent modes, which have very distinct spatial

and temporal characteristics in SST variability (Hare and Mantua, 2000).

The PDO can be identified by widespread fluctuations in both the Pacific Basin and the North American
Climate. The PDO appears to function in parallel with ENSO where extreme phases can be classified
as being warm or cold. These phases can be based on SST anomalies in the northeast and tropical Pacific
Ocean (Mantua et al., 1997). The PDO has a positive value when SSTs are anomalously cool in the
North Pacific and warm across the Pacific coastline and when sea level pressures are below average.
Alternatively, the PDO has a negative value when the climate anomaly patterns are reversed. When
SST anomalies are warm offshore in the North Pacific and cold along the Californian coast, as well as

positive anomalies in sea level pressures (Mantua et al., 1997).

The PDO is defined only by the SSTs in the North Pacific region poleward of 20°N (Mantua et al.,
1997; Zhang et al., 1997). The spatial pattern of the PDO resembles an arc, with opposing SST
anomalies in the central North Pacific in relation to those in the Gulf of Alaska. The phase period of the
PDO is between 20 to 30-years (Jo et al., 2013) which can be studied in relation to the SST anomalies
in the Warm Blob to test for correlation.

Widespread impacts occur as a result of interdecadal changes in Pacific climate including land
temperatures and marine environment conditions in the North Pacific. This explanation, as well as, the
effects of ENSO could support the reason the warm water anomaly develops in the North Pacific. This

will be later assessed in the results and discussion section of this project.

In the period of 2013-2015, where the Warm Blob was identified, the eastern movement of the Blob
closer to the coastline and the cooling in the Central Pacific produced a spatial distribution of SST that
resembled a positive PDO pattern. During this time frame, the PDO index was the highest positive ever
recorded for winter months. The values reached +2.51 in December 2014 and +2.45 in January 2015
(Peterson et al., 2015). This demonstrates that when this Warm Blob was prevalent, the positive PDO
phase strengthened as the SST pattern in this region, at this time, symbolised the anomalies which occur
in a positive phase (Jacox et al., 2015). This suggests that Warm Blobs are linked to a positive PDO
phase (Petterson et al.,2015).

Closely related, the North Pacific Gyre Oscillation (NPGO) describes periodic variability related to the
PDO. This fluctuation occurs on decadal time scales and affects multiple variables including salinity,
nutrients and subsequently marine life (Di Lorenzo et al., 2008). The PDO correlates with the NPGO

as it is the result of the large-scale climate variability in the region driven by the PDO. Fluctuations in
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the NPGO are driven by regional and basin-scale variations in wind-driven upwelling and horizontal
advection (Di Lorenzo et al., 2008). This wind driven variability can also lead to temporal changes in
surface waters (Di Lorenzo et al., 2008) resulting in the transport of warm sea surface temperatures
resulting in anomalous warming effects such as the Blob.

1.6.3 The Arctic Oscillation

Although global atmospheric circulations influence the presence of the Warm Blob, more local scale
influences on the North Pacific can have a substantial impact. Recent warming in the Arctic regions is
thought have strong impacts on midlatitude weather patterns (Cohen et al. 2012, Lee et al. 2015; Yu et
al. 2017). The potential factors for the phase-locking of the Tropical Northern Hemisphere pattern may
stem from the forcing related to specific Tropical Pacific Ocean or polar conditions (Liang et al., 2017).

It is useful to distinguish between unforced variability and variability forced by natural or anthropogenic
causes. Unforced variability arises from the internal dynamics without any specific cause. Whereas,
forced variability can be associated with some change in the boundary conditions of the climate system,
such as changes in the radiation budget on the natural side or increased carbon dioxide (CO,) emissions
on the anthropogenic side. A forced response is defined as the variable’s total response to external
forcing i.e. in this case, the Arctic Oscillation’s (AO) forced response is Arctic warming which occur
as the result of global warming and increased SST (Sipple et al., 2019). However, unforced effects on
the AO could be influences of the ENSO.

Internal variability also strongly affects polar conditions which can be largely characterised by the
Arctic Oscillation. The AO is a large-scale mode of climate variability, it is a climate pattern by which
winds circulate around the Arctic at a latitude ~55°N latitude, in an anti-clockwise motion. In a positive
phase, colder air across polar regions is more confined as a result of a ring of strong winds circulating
the North Pole. In the negative phase, the winds weaken, and the belt becomes more distorted. This
allows for an easier southward infiltration of colder, arctic airmasses and increased storminess into the
midlatitudes (Grossi et al., 2017).

Careful monitoring of the Arctic is of great importance to the scientific community due to amplification
in the Arctic. This involves temperatures in the Arctic increasing at more than twice the rate of the
Northern Hemisphere (Serreze et al., 2009; Cohen et al., 2014). This Warm Blob could be related to
the significant warming, intensifying the rate at which the Arctic warms through the transportation of

the Warm Blobs anomalously warm SSTs via the Alaskan current (Serreze et al. 2009).

An assessment of this suspected relationship can be provided in 2013-2015 where the Warm Blob
occurrence was coupled with a strong positive AO year which occurred in 2013. This correlation
implied a “blocking regime with a wavy jet stream pattern”, where cold north westerly winds penetrated

into Central America (Overland and Weng, 2016). In 2014, a negative phase of the AO occurred, this
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contributed to the formation of positive temperature anomalies in the central Arctic. The timing of these
events could suggest that the two are linked; the Warm Blob occurred in a negative AO phase (2014),
as a result of changes in pressure and therefore changes in the wind pattern (Overland and Weng, 2016).

Subsequently, the Arctic saw widespread regions of temperature amplifications in the winter of 2016,
related to extensive low geopotential heights at 700 hPa extended over south eastern America (Overland
and Weng, 2016). An investigation of the relationship between SSTs in the Warm Blob region and sea

level pressure (SLP) would prove useful in relating the AO with the Warm Blob.

1.6.4 The Madden Julian Oscillation

The Madden Julian Oscillation (MJO) is a global teleconnection pattern which propagates eastwards
concentrated around the equator. It is a migrating assembly of clouds, rainfall, winds and pressure that
rotates longitudinally around the planet in the tropics, returning to its initial location. Its oscillation
period is uncertain and can be seen on a timescale of 30-60 days (Maloney and Hartmann, 2000). It
controls tropical weather however, through atmospheric-ocean interactions it could have an impact on
the warming of SSTs. In comparison to ENSO, which can last several seasons over the Pacific Ocean
basin, there can be multiple MJO events within a season. The MJO consists of two phases; a convective
and suppressed phase. The convective phase enhances rainfall while the suppressed phase reduces

rainfall.

The MJO can influence both the frequency and strength of tropical cyclones in the Pacific ocean basin
through the transportation of heat and moisture (Maloney and Hartmann, 2000). It can cause changes
in the jet stream that lead to cold air outbreaks, as well as extreme heat events and flooding rains over
North America ( Riddle et al., 2013; Johnson et al., 2014).

Warming of the tropical Pacific can also lead to the development of this marine heatwave through
atmospheric-ocean interactions and teleconnections. Atmospheric intra-seasonal oscillations such as the
MJO serve as the major source of intra-seasonal westerly wind events during El Nifio events (Lyu et
al., 2018). This was evident during the early onset of the 2015/2016 El Nifio, where the MJO induced
Westerly Wind Events in the equatorial Pacific (Hong et al., 2017).

1.6.5 The North Atlantic Oscillation

Another teleconnection inducing the seasonal and intraseasonal changes in this region is the North
Atlantic Oscillation (NAO). This involves a positive and negative pressure dipole over the North
Atlantic, resulting in extreme changes in surface pressure off the Azores and Iceland. Although this
phenomenon has a more obvious effect on the North Atlantic than the North Pacific, teleconnections
link the two oceans through the global ocean conveyor belt. The NAO is simply a regional manifestation

of the larger scale AQO pattern (Thompson and Wallace, 1998).
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As well as the Warm Blob in the North Pacific, an opposing Cold Blob was identified in the North
Atlantic. This is also known as ‘the Atlantic warming hole’ (Rahmstorf et al., 2015). The North Pacific
Warm Blob and the North Atlantic Cold Blob have been seen to be concurrent: in 2013-2015 the
appearance of the Warm Blob coincided with persistently cold SSTs in the North Atlantic (Liang et al.,
2017).

The cause of the Atlantic Cold Blob is unclear: multiple mechanisms have been used to explain this
anomaly including atmospheric forcing associated with the NAO (Delworth et al., 2016). This
phenomenon is connected to the Atlantic meridional overturning circulation (AMOC) (Rahmstorf et al.
2015), whereby warm salty water is transported northwards in the upper layers of the Atlantic,
accompanied by a deep southward flow of colder, denser water - all part of the thermohaline circulation
(Rahmstorf et al., 2015). The AMOC is also associated with the melting of the Greenland ice sheet
(Bakker et al. 2016).

There is limited evidence regarding the co-existence of the Atlantic and Pacific Blobs indicating that
scientists consider them separate. This is supported by evidence also suggesting they are driven by
differentiating mechanisms (Liang et al., 2017). However, there is a possibility that the two phenomena

relate and may be linked by atmospheric circulation patterns.

In this dissertation, the relationship between the Pacific Warm/Cold Blob and the NAO will be
statistically analysed to determine whether these are related. If a significant conclusion is reached, this
connection between oceans can be used as a mechanism to explain climate connectivity between the
North Pacific and North Atlantic. This could prove useful as a valuable forecasting tool, establishing

the occurrence of the Pacific and Atlantic Blob events (Liang et al., 2017).

As discussed, multiple phenomena could be the driving mechanisms behind the presence of the Warm

and Cold Blob, each of these teleconnections will be investigated statistically in Section 4.2.
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2.0 Data and Methodology
2.1 Data
2.1.1 The KNMI Climate Explorer

The KNMI Climate Explorer is a web application which analyses climate data statistically and is

available from the following link: https://climexp.knmi.nl/start.cgi (Oldenborgh and Burgers, 2005).

This explorer contains various weather and climate variables in the form of; observations, simulations,
and reanalysis data, as well as CMIP models. The site is maintained by a single member of the Royal
Netherlands Meteorological Institute (KNMI) and all data is freely available. Within this site one can
use statistical analysis and format the data in the desired format required. Many of the variables used in
this report investigate anomalies, which were calculated by the KNMI explorer with a chosen base
period. Plots created in this report were also cross-checked using the mapping tool on this site to ensure

data was read in and mapped correctly.

2.1.2 Observational datasets

This project begins looking at observations in the form of monthly data delivered in a latitude/longitude
grid, with 1.0° resolution. Prior to using this data, an area of focus in the north-east Pacific was
determined, as discussed in Section 3.2.1. The main variable of focus throughout this project is sea
surface temperature anomalies (SSTa). The observational SST anomalies were derived using the base
period of 1981-2020, this has been used for every anomaly variable in this investigation unless stated
otherwise. Certain variables have been investigated in the form of anomalies, in order to identify

relationships between extremes.

One of the most frequently used SST datasets is derived from the UK Met Office’s Hadley Centre: the
HadISST1 dataset (Rayner et al., 2003). It has a horizontal resolution of 1.0° x 1.0° and a time span
from 1870 to the present day. The high grid resolution means the Blob could be accurately mapped in
a latitude/longitude grid, as well as having a large historical record. This record meant that the Blob
could be investigated further into the past than has been examined according to literature. This dataset
is based on carefully homogenised observations and gaps in the data are filled through interpolation.
HadISST1 corroborates well with other published analyses, including trends in SSTs successfully at
different spatial scales; global, hemispherical, and regional, comprising SST fields with more
homogenous variance overtime and improved monthly persistence than other SST models (Rayner et
al., 2003).

There are limitations in the HadISST1 dataset and care should be taken when analysing this data for
investigations of observed climatic variability, particularly if data is sparse in some regions. This is a
result of limitations within the interpolation techniques (Sheppard and Rayner, 2002). It is

recommended that the HadSST dataset be used in conjunction with HadISST1 in order to include the
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effects of climate change (Jones et al., 2001). This collaboration of datasets was used in the Third
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) (Folland et al., 2001).
This is why analysis of the global temperature anomalies dataset from the HadSST 3.1.1.0 northern
hemisphere averaged SST anomalies occurred, in certain aspects of this project, in an attempt to remove
the global warming pattern.

Additionally, early observations of the HadISST1 dataset, i.e. in 1880, were made by collecting water
samples in poorly insulated buckets. This data incurs systematic error as the buckets lose heat as they
were brought up to the deck, therefore introducing a continuous cold bias into the early SST records
(Smith and Reynolds, 2002).

The variables used within this report were not all available for the same time period. The observational
data including the SST anomalies (HadiSST1) as well as the global temperature anomalies (HadSST
3.1.1.0), average land temperature anomalies (Berkley) and mean sea level pressure anomalies
(HadSLP2r) were available from 1880. However, as stated in Table 1, the teleconnection variables were
only available from 1950, with the exception of the MJO dataset which was only available from 1979.
For this reason, initially the period of 1880-2020 is assessed only involving the: SST anomalies, global
temperature anomalies, land temperature anomalies and mean sea level pressure anomalies. However,
as discussed, this early period is not necessarily the most reliable due to poor apparatus so when
correlation coefficients are examined the period of 1950-2020 is used instead in order to minimise

skewness of the cold bias in the early period.

When comparing the SST anomalies to the teleconnection variables, the period of 1950-2020 and the
period of 1979-2020 were assessed. This was because, as stated, the MJO data was only available from
1979 however, for the other variables the longer time period was also assessed as the more data available
the more statistically significant the result would be. When assessing the relationship between the SST
anomalies and the teleconnection variables, the effects of global temperature anomalies are not
removed. This is because the datasets are calculated in relation to the raw SST data so therefore this
would mean that the two datasets would not be comparable if the warming effect was removed. This
conclusion was deduced through the examination of the relationship between the SST anomalies and

the global temperature anomalies which had very low significance.

When comparing the morphology and characteristics of specific Warm and Cold Blob events, the global
temperature anomalies were removed from the raw SST anomalies in order for the magnitudes of the
anomalies in these time frames to be more comparable. This meant that, the effects of increasing

temperatures under global warming would be negligible.

The raw variable data could be extracted in the form of a latitude/longitude grid meaning the variables
are specific to location. However, when looking at the global temperature anomaly data, this is given

in the form of an average global monthly value. For this reason, this dataset is not location specific
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meaning error could occur as warming in this region (155-142.5°W and 37.5-45.5°N) may not match
the global average, as global warming is not spatially homogenous. When the monthly relationship
between global temperature anomalies and the SST anomaly timeseries were compared the r value was
only 0.09, for this reason the global temperature were not always removed as this relationship was not
deemed significant. Further detail of the observational datasets used are described in Table 1.

2.1.3  Assessing the future of the Warm Blob

It is unclear how this Blob will change in both intensity and frequency with time as well as the potential
for impacts to alter in position or variability and become more severe. Using Coupled Model
Intercomparing project 5 (CMIP5) simulations (Taylor et al., 2012), future projections under a specific
emission pathway can be evaluated over time. The assessed pathway is RCP8.5 (Representative
Concentration Pathway 8.5) (Riahi et al., 2011). This is a pathway that leads to CO. concentrations in
2100 that produces a change in forcing of 8.5W/m?. This concentration is what would occur if emissions

continue to rise at the same rate throughout the 21st century.

Through this RCP pathway, relative to the present, these anomalies will become more frequent, due to
expected rising SSTs. However, if a heatwave is defined as a short-lived event with temperatures
relative to the mean climate at that time, the frequency of marine heatwaves could stay the same but
just happen in an overall warmer climate. In this investigation the base period of 1981-2020 continued,
for this reason, a running 5-year mean was removed from its corresponding period, in an attempt to
remove the effects of global warming so that the data is more comparable with the observational dataset.
Further detail of the CMIP5 datasets used are described in Table 2.
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Table 1: A table to summarise the variables (and associated dataset details) used in this report, which have been downloaded via the KNMI explorer.

2006

Variable Name of Dataset Period Base Period Description of Dataset
Available | And reference
Sea Surface | HadISST1 SST 1870- 1981-2020 Hadley Centre sea ice and sea surface temperature data set version 1
Temperature | 1° reconstruction 2020 (for anomalies) (HadISST1), is a constructed dataset from the Met Office Hadley Centre.
Anomalies Rayner et al., 2003 | HadISST1 is an advancement upon previous global sea ice and SST datasets
(such as the GISST). It has been made complete but using interpolations to
eradicate gaps in the SST dataset.
Global HadSST 3.1.1.0 1850- 1981-2020 This dataset identifies changes in SSTs at global and regional levels. This
Temperature | northern hemisphere 2020 (for anomalies) dataset is focused on the ocean in the northern hemisphere. With a chosen base
Anomalies | averaged SST Kennedy et al., period and is averaged monthly.
anomalies 2011a,2011b
Land Berkeley average land | 1750- 1981-2020 Berkley average land temperature is a global temperature dataset that uses a
Temperature | temperature 2020 (for anomalies) statistical analysis to account for inhomogeneities in the dataset (Rohde et al.,
Anomalies | 1° resolution Oyler et al., 2014 2013).
Sea Level HadSLP2r SLP 1850- 1981-2020 HadSLP2 is based on a number of terrestrial and marine data collations. Each
Pressure 2020 (for anomalies) terrestrial pressure sequence used undergoes a quality control process and
Anomalies Allan and Ansell, inaccurate or dubious values were either corrected or removed. The concluding

dataset is presented in a latitude longitude grid by combining together the
processed terrestrial and gridded marine mean sea level pressure data. It is said
that “these fields were made spatially complete using reduced-space optimal
interpolation” (Allan and Ansell, 2006).
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El Nifio HadlSST1 Nifio3.4 1870- Linear regression The HadISST Nifio 3.4 Index takes a monthly average of the sea surface
Southern index 2020 period temperature component bounded by the NINO3.4 region:
Oscillation (1880-2020) Longitude: -170.000 -120.000°E Latitude:-5.000 5.000°N. The anomalies are
Index Rayner et al., 2003; | then calculated with reference to a chosen base period. This ENSO index was
Jinetal., 2008 chosen as it is optimally comparable to the SST anomaly HadISST1 dataset as
the two are the same. These anomaly values are absolute without the effects of
global temperature increase removed so are compared to the raw SST dataset.
Pacific Pacific Decadal 1900- Linear regression This PDO dataset is from the Southwest Fisheries Science Centre. The PDO is
Decadal Oscillation index, from | 2020 period derived as the principle component of monthly SST anomalies in the North
Oscillation | SWFSC (1900-2020) Pacific Ocean, pole-ward of 20°N (Zhang et al., 1997). This dataset is also
Index Mantua et al., 1997 | absolute so again is compared to the raw SST values.
Arctic Monthly AO CPC 1950- Linear regression The AO index is derived from the National Centre for Environmental
Oscillation 2020 period Prediction reanalysis (Kalnay et al., 1996). The index is calculated as the first
(1950-2020) Empirical Orthogonal Function (EOF) for height anomalies poleward of 20°N.
Overland and Wang, | The aim of this process is to identify the maximum amount of deviation in the
2005 “circulation fields” (NOAA, 2017).
Madden Monthly MJO 06 CPC | 1978- Linear regression The CPC MJO index is calculated by conducting an EOF analysis using 200-
Julian 120°W 2020 period hPa velocity potential for the region equatorward of 30°N from the
Oscillation (1979-2020) NCEP/NCAR Reanalysis (Kalnay et al. 1996). This is only determined during

Zhang et al., 2007

the ENSO neutral and weak ENSO winters (November-April) in 1979-2020.
An extended EOF analysis is used to identify ten time-lagged patterns
correspondence with longitudinal locations. In this case 06 CPC is for the
region 120°W (Xue et al. 2002).
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The North
Atlantic
Oscillation

Monthly CPC North
Atlantic Oscillation
(NAO)

1950-
2020

Linear regression
period
(1950-2020)
Feldstein and
Franzke, 2006

The NAO index used by the CPC was based on the methodology of Barnston
and Livezey (1987), which determined teleconnections by applying a rotated
principal component analysis of the 500-hPa geopotential height field
anomalies from the period 1950-2000 (Feldstein and Franzke, 2006), These
anomalies were then recentred for the chosen base period (1981-2020).
Calculating the NAO index using the RPCA approach is a complicated process
and the NAO index is not derived independently of any other extra tropical

teleconnection index.
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Table 2: A table to summarise the Coupled Intercomparison Models (CMIP5) (Taylor et al., 2012) datasets used in Section 3.10 of the Results Section available via the KNM|

explorer.

Name CMIP5 Description Data Available Description of Dataset
Pathway

IPSL- Output The Institut Pierre Simon Laplace 1861-2100 The IPSL is a full earth system model, the specific dataset used in

CM5B- prepared | (IPSL)(France) this report id the CM5B model which is the latest version. This

LR model | for The atmospheric model only has a low- Ying et al., 2016 | model is constructed on an atmosphere-land-ocean-sea ice model,
CMIP5 resolution model. including a full depiction of the carbon cycle as well as the
RCP8.5 Spatial Resolution: chemical influences of aerosols.
rlilpl 1.9° latitude, 3.75° longitude

GISS-E2- | Output NASA Goddard Institute for Space 1861-2100 NASA/GISS, New York.

H model | prepared | Studies The GISS-E2-H is the newest GISS climate model. The model
for Coupled Ocean-Atmosphere model Shindell et al., takes into consideration chemistry related ozone with a large focus
CMIP5 ModelE (Atmosphere)/ Hycom(Ocean) 2013 on methane concentrations in future simulations.
RCP8.5 Spatial Resolution:
rlilp2 2° latitude, 2.5° longitude

GFDL- Output Geophysical Fluid Dynamics Laboratory | 1861-2100 The GFDL model is constructed with a focus on the Earth’s

ESM2G for An Earth System Model (NOAA) biogeochemical cycle. This includes both anthropogenic

model CMIP5 Spatial Resolution: Taylor et al., influences and their effects on the climate system. The ocean
AR5 2.0225° latitude, 2° longitude 2012 aspect has a focus on ocean mixing as well as biogeochemistry.
rlilpl
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2.2 Methodology
2.2.1 Establishing the location of the Warm Blob

When looking at SSTa data, the region of focus is off the Gulf of Alaska in the North East Pacific (Bond
et al., 2015). However, when assessing seasonal changes in land temperatures, a focus is also required

for the North American land mass.

To identify the region of focus, the standard deviation of the raw SSTa (HadlSST1 anomalies) over the
course of 1981-2020 were plotted to identify where the largest variability occurred (using a base period
of 1981-2020). This was achieved by calculating the standard deviation value for each grid point for
the given time period. From this, the region of focus in the North East Pacific, resembling the Warm
Blob could be refined and defined.
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Figure 5: A map to show the standard deviation of SST anomalies (°C) over monthly data for the
period 1981-2020 for each grid point using the HadISST1 dataset minus the effects of global
temperature using the HadSST dataset, using a base period of 1981-2020. The black box marks the
region of interest 155-142.5°W and 37.5-45.5°N

From this investigation it was concluded that the region of focus would be 155-142.5°W and 37.5-
45.5°N, as this was where the standard deviation values were largest in this region (>0.8°C). In
comparison to deviation values off the coast of Florida (deviation of SSTs due to the presence of the
Gulf Stream) and around the equator (Nifio3.4 region) which are >1°C, the standard deviation values
bounded by the black box do not stand out as being largely significant. However, after assessing
composite plots of the Warm and Cold Blob (Figures 11e and 13e), made using the average value of
each grid square at the time frames when the Blob is identified, one concluded this region was

appropriate. The region of high standard deviation located near the equator is that of Nifio3.4. This
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region’s SST anomalies will be later compared to the Blob region to test for a statistical relationship

between the two warm anomalous modes of water.

The method used to identify this area is not optimal and is a simplified approach. If the standard
deviation was higher, this method would have more significance however, concern arises as it is lower
than expected for this highly anomalous region. A limitation of this method is that the process of finding
the highest region of standard deviation is highly dependent on the dataset and the time period used as
a base for the anomalies. However, having mapped the 2014 Warm Blob event in Figure 6, the location

of the Warm Blob also corroborated with the location selected.

This area is more refined than investigated by Bond et al. (2015), where the region bounded by 40°—
50°N and 150°-135°W was used. Bond et al. used this region as the standard deviation in this area had
a record high value of 2.6 standard deviations in 2014 above the normal (using a base period of 1949—
2014). This standard deviation value is much larger than the values experienced in Figure 5, this is
likely because Bond et al. only looked at the standard deviation of one event, the 2014 Warm Blob, as
opposed to the standard deviation across the whole time period. For this reason, the approach taken in
this report is an improvement on this method as more warm events are included as well as cold events.
Freeland and Whitney (2014), again assessed a slightly larger region, similar to Bond using 40°-50°N,
155°-140°W, which was described to be ~500 km wide and ~100 m deep (Freeland and Whitney, 2014).
The area of focus in this report, is likely to be slightly different to the region studied in literature as this

report also assesses the Cold Blob not just the Warm Blob so negative anomalies are also important.

Once this location was defined a timeseries of this SSTa data could then be calculated by averaging all
the values bounded by this region, to conclude a single value per month. This was referred to by Bond
et al. (2015) as the Pacific Blob Index.

2.2.2  Analysing the years with the highest anomalies

To analyse how the intensity and frequency of the Warm and Cold Blob change overtime, a seasonal
timeseries was constructed of raw SST anomalies and one with the effects of global temperature
anomalies removed. This was done by taking a 3 month mean of the timeseries previously explained in
Section 3.2.1. Seasons were defined as; winter: December, January, February, spring: March, April,
May, summer: June, July, August and autumn: September, October, November. From this seasonal

timeseries, the maximum and minimum anomaly years could be identified.

In order to assess the frequency of the Warm and Cold Blobs and to analyse whether a pattern or regular
intermittent period was observed, events with anomalies larger than a chosen value were extracted. This
was accomplished by characterising a Warm Blob as an anomaly with a value >+1°C and a Cold Blob
was an anomaly <-1°C, this included the top 15% of anomaly values across the monthly timeseries

dataset. This 15% value was produced using the SST minus global temperature anomaly timeseries, all
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the anomalies were made positive and the 85" percentile value was calculated. This value was 1.02°C
so therefore, +/-1°C was used. In doing this the largest Cold and Warm Blob events could be
highlighted.

2.2.3 Links to Teleconnections

In order to establish whether Warm and Cold Blob events are associated with other known atmospheric
circulation patterns, linear regression was used to test for a relationship. This was achieved in the form
of an r value (Pearson product-moment correlation coefficient) (Benesty et al., 2009). In statistics, the
r correlation coefficient measures the strength and direction of a linear relationship between two
variables, ranging between -1 and 1. The -1 value indicates a perfectly negative correlation and +1
indicates a perfectly positive. If the r value is close to 0, it indicates that there is no relationship between
the variables. These phenomena were compared to the raw SST anomalies, using a base period of 1981-
2020.

As well as this, a time lag was investigated between SST anomalies and certain teleconnections in order
to distinguish which variable was the cause and which the effect. This was accomplished through
understanding which phenomena appeared to occur first. Capotondi et al., (2019) states that for events
like the ENSO there will be a delay in the effect on the region of the North East Pacific, due to the time
at which it takes for the ocean conveyor to transport water from the Nifio3.4 region northwards. This
can also be true for events like the PDO. As well as this, events occurring in the Atlantic are deemed to
take effect at an even longer time lag due to the distance between where the phenomenon originates and
the North Pacific. This time lag was investigated by finding the r coefficient between the two variables

with increasing monthly delays.

2.2.4 Changes in the future

Three CMIP5 models will be investigated from 1950-2100 in order to identify if the data correlates with
the observational anomaly magnitudes as well as, how the Blob will change in intensity and frequency
in the future. A raw seasonally averaged SST timeseries is constructed through a 3-month average
(seasons as previously defined) and a linear regression trend line will be fitted. Standard deviation will
be used to assess changes in frequency within certain time periods of the same duration. As well as this,
a five-year mean will be removed from the timeseries (as previously explained in Section 2.2.2) in an
attempt to remove the global temperature warming effect overtime. Warm and Cold Blobs will be
defined as >+1°C and <-1°C, so that they can be compared to the Blobs defined in the observational
dataset. The morphology of future Blobs will be mapped using the raw SST CMIP5 data in order to
identify their changed intensity and morphology.
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3.0 Results and Discussion

As stated in Section 1, there are three main objectives of this study. The first is to be able to investigate
the morphology, development and characteristics of the Blob. This will be presented as a series of maps
with seasonally averaged SST and average land temperatures anomalies, and as a comparison with Sea
Level Pressure (SLP) anomalies. Additionally, timeseries data will be examined to identify peaks and
troughs in the anomaly data. From this, the extent and intensity of the Warm Blob can be characterised.

This will be the point of focus in Section 4.1.

The second objective is to assess whether there is a relationship between the Warm and Cold Blobs and
various global teleconnections. This was investigated using linear regression, and in some cases a time
lag, to statistically investigate correlations in the datasets. This objective will be the point of focus in
Section 4.2.

The final objective is an analysis into how the Blob is modelled to change in the future. This will involve
using CMIP5 models to investigate how these warm and cold events will alter in both magnitude and

frequency. This will be the focus of Section 4.3.

3.1 Morphology, Development and Characteristics of the Blob

The anomalous Blob of 2013-2015 has been widely researched and has been characterised as a 2000km
wide and 100m deep circular, concentrated region of above normal SST anomalies (Kintisch,2015).
An enhancement of the 2013/2014 event occurred in December 2014, due to the presence of the El Nifio
(Lee et al., 2015). The winter 2014 Blob will be investigated to analyse these enhanced characteristics
of the Blob.
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Figure 6: Seasonally averaged sea surface temperature anomalies minus global temperature
anomalies for December, January, February for the end of 2013 beginning of 2014. SST data is from
the HadISST1 dataset minus the global temperature anomalies from the HadSST anomaly dataset. As
well as land temperature anomalies from Berkley. The black box here indicated the Warm Blob
region of interest 155-142.5°W and 37.5-45.5°N. An overlay of sea level pressure contours has been
added from the HadSLP2r dataset

25



The Warm Blob can be clearly identified in Figure 6 with temperature anomalies in the centre of this
Blob as high as +1.5°C. The Blob can be seen to stretch from 175-130°W and from 30°-55°N with a
more concentrated region of higher SST anomalies from 160-145°W and 40°-45°N. The concentrated
region represents a Blob with a width of ~1400km. This is on the same scale as the size of the Blob
identified by Kintisch (2015). The Blob here is located off the Gulf of Alaska and is circular in shape.
In the region bounded by the black box, the SST anomalies are noticeably warmer in comparison to any
other oceanic region. It can also be seen that coastal regions, such as the Gulf of Alaska and California,
experience very high land temperature anomalies >+1.5°C. As previously stated, this Warm Blob has
been said to not only impact marine temperatures but can also influence inland weather and climate
(Hartmann, 2015).

It has been stated that the 2013-2015 Warm Blob event occurred as a result of continuous high pressure
over the region. From October 2013 through to January 2014, much higher than normal MSLP were
present over the North East Pacific, “with a peak magnitude approaching 10 hPa” (Bond et al., 2015).
As a result of these large sea level pressure anomalies there was a highly anomalous weather pattern in
this region, during this period. This can be supported by Figure 6 where a +12hPa high pressure centre
was experienced over the Gulf off Alaska.

This anomalous ridge of high pressure was observed over the west coast of North America, Alaska.
Simultaneously, at higher latitudes in the North Pacific a low-pressure system is experienced. Lee et
al., (2015) stated that this high pressure was associated with a dipole low pressure system over the
extratropical North Atlantic. This is demonstrated by Figure 6 where a low-pressure anomaly of -12hPa

is experienced over the north of the UK.

Furthermore, a slight positive pressure anomaly was observed off the coast of Florida. This feature is
also evident in Figure 6, where a high-pressure anomaly over the Atlantic is observed with a high of
+6hPa. This is slightly smaller than was observed by Bond et al.(2015). Over the Atlantic, both a high
and low-pressure anomaly is evident. The dipole pressure system can be seen with a low pressure in the

north, near to the UK, and a high pressure off the coast of Florida.

The high-pressure system observed over the North Pacific has an associated ridge of high pressure. This
feature has been documented in literature, demonstrating that the pressures in this area are much higher
than in the surrounding regions. This evidence explains why this region experiences the warm SST

anomalies and the surrounding area does not.
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Figure 7: A subplot to show a seasonal averaged time series of the 2013-2015 event mapping the Warm
Blob sea surface temperature anomalies overtime a) September, October, November 2013, b) December,
January, February 2014, c) March, April, May, 2014, d ) June, July, August 2014, e) September, October,

November, 2014, f) December, January, February 2015. SST data is from the HadISST1 dataset minus the
global temperature anomalies from the HadSST anomaly dataset. As well as land temperature anomalies

from Berkley. The black box here indicates the Warm Blob region of interest 155-142.5°W and 37.5-45.5°N
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Figure 7 can be used to understand the characteristics associated with the formation and dissipation of
the Blob. In the autumn of 2013, temperatures were close to normal for that season and location;
however, it should be noted that land temperatures in Alaska at this time are high with anomalies
>+1.5°C. Figures 7b and 7c show the peak of the Warm Blob, with a circular feature with warm
concentrated SSTs in the centre which are between +1.2-1.5°C. In this period the land temperatures are
much cooler in the east with anomalies >-1.5°C however, temperatures remain high inland off the Gulf

of Alaska and along the Californian coast.

After this 6-month period, Figures 7d and e show a very similar dissipation, in which the warm SSTs
disperse and dilute along the North East Pacific coast. In this time land temperatures on the west coast
warm significantly, suggesting that the warmth from the Blob is being transported inland. This spread
of warm SSTs could be the result of the transportation of warmer waters along the Alaskan and
Californian current, north and south. By the winter of 2014/2015, Figure 7f resembles the
characteristics of a Cold Blob, with high negative anomalies collating in the Blob region ~<-0.9°C.

The formation and dissipation of this Warm Blob is linked to physical processes, including surface
fluxes and atmospheric-ocean circulation. Liang et al. (2017), states that prolonged Blob events are
induced mainly through anomalies in surface heat fluxes and anomalies in wind-induced ocean

advection.

These significant warm and cold SSTs largely associate with positive and negative surface heat flux
anomalies (Liang et al.,2017). The positive surface heat flux anomalies here are associated with near
surface wind anomalies. In this time period (DJF 2014) this region is dominated by clockwise near-
surface wind anomalies relating to the anomalous ridge (Bond et al., 2015). Clockwise wind anomalies
dominating in the south and east weaken the prevailing westerlies, which decrease the surface heat flux,
leading to this warming. Liang et al. (2017) also examined the vertical heat exchange at the bottom of
the mixed layer, which occurs due to entrainment processes. This is estimated by the wind stress curl
(which determines the rotation a vertical column of air) and in the Pacific Blob region slightly negative

anomalies occurred.
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3.1 Occurrence of warm and cold events in the historical period
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Figure 8: Raw seasonal HadISST1 sea surface temperature anomalies (°C) (calculated using a
base period of 1881-2020) from 1880-2020 calculated by averaging the data points bounded by
the region of interest 155-142.5°W and 37.5-45.5°N. Additionally, a line of best fit is evident
showing the linear relationship overtime. The green circles highlight datapoints which are
discussed below in reference to Warm and Cold Blob events.

From Figure 8, the 2014 boreal winter Warm Blob can be identified as a peak in SST anomalies in 2014
with a value of ~+1.5°C. This Warm Blob event is significant in literature due to its intensity however,
it would seem that historically a warming event of this size has occurred before in this region. Although
Warm Blobs experienced in this region prior to 2014 have not been widely researched Liang et al.,
(2017) noted that they identified five prolonged (=24 months) blob events during the period 1948-2015,
implying that the 2014 event is not the original.

A large positive anomaly occurred in 1964 where SST anomalies reached close to +1.6°C, as well as
another warm event of this magnitude seen in 1991, with a positive anomaly of +1.2°C. Between 1960-
1965 it seems that the appearance of the Warm Blob was a common feature however, this could just be

an extended Warm Blob lasting the entire duration of this time.

It can also be concluded that anomalies of the same magnitude, but opposite sign were identified. An
opposing Cold Blob is experienced in 1930, 1987 and 2017, these cold anomalies are as large as -1.9°C.
Miller and Cheney (1990), stated that the 1987 cold anomaly (~-1.9°C) was associated with the 1987
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El Nifio. It can be seen in the timeseries that prior to this event. A warm anomaly was experienced in
1986, with a warming of ~+1°C, Miller and Cheney (1990) that was also related this to the ENSO

event.

McPhaden and Picaut (1990) state that warm SST anomalies (>+1°C warmer than climatology in the
eastern and central Pacific) experienced in the summer of 1986 occurred in this region as a result of
low level 850mb anomalous westerly winds that sustained west of 0° longitude (the date line). By the
end of 1986, uncharacteristic deep convection and associated atmospheric warming occurred over the
hottest waters in the tropical Pacific as they migrated eastwards towards the equator (McPhaden and
Picaut, 1990).

The ENSO index then decreased to a minimum in summer 1987, reaching its lowest value in over 20
years, excluding the 1982-83 ENSO. By early 1988 the ENSO index normalised to near zero and
anomalously negatively SSTs and strong trade winds appeared across the Pacific basin (McPhaden and
Picaut., 1990), representing the Cold Blob experienced in 1987 in Figure 8. This description
corroborates with the data displayed in Figure 8 however, due to the quality of instrumentation at this
time, this would be difficult to map and compare to data recorded using the highly advanced equipment
of today.

It can be deduced from this timeseries that the region of focus experiences extremes in SSTs with a
range of 3.4°C in anomaly values, between 1880-2020. Additionally, the timeseries suggests that the
SST anomalies in this region do not remain persistently positive or persistently negative for a period
longer than 10 years, as demonstrated by the large fluctuations seen in Figure 8, meaning that this region

does not correspond with climatology.

The trend line in Figure 8 demonstrates that there is a warming trend in this period, shown by the
positive temperature increase, although it is small. To remove this warming effect, which is likely due
to global warming, the next logical step was to remove the effects of global temperature anomalies for

the northern hemisphere ocean.
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Occurrence of warm and cold events in with global temperature anomalies removed
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Figure 9: Seasonal sea surface temperature anomalies (°C) (raw using HadISST1=blue line) with the effects of
seasonal global temperature anomalies removed (global temperature removed using HadISST1 minus
HadSST =grey line) (both calculated using a base period of 1881-2020) from 1880-2020. Calculated by

averaging the data points bounded by the region of interest 155-142.5°W and 37.5-45.5°N. The red circles
highlight datapoints which are discussed below in reference to Warm and Cold Blob events.

Figure 9 shows that the peaks between 1880-1940 appear to increase in magnitude on average by
~0.3°C, despite having removed the effects of the global temperature anomalies. However, between
1940-1980 the adjustments are marginal. In comparison, the troughs appear to decrease in intensity,

supporting this ~0.3°C warming between 1880-1940.

It is important to note that the earlier Warm Blob events become more apparent and the Cold Blobs
reduce in magnitude and frequency, due to warming caused by the removal of global temperature
anomalies. This period in relation to the average global temperature experienced between 1981-2020
(base period), is much colder due to recent global warming so in the removal of global temperature
anomalies, it is warmed. A significant change is noted in 1917, where the positive SST anomaly has
increased by nearly a whole degree. The 2014 Warm Blob anomaly does not appear to change in
magnitude with this effect removed (as the base period is set to 1981-2020) however, the more dramatic

increases are seen earlier in the timeseries, the largest being between 1880-1920.

The removal of global temperature anomalies has increased the anomaly range marginally to ~4°C. The
peak and trough years identified in the previous plot remain at the same time intervals once global
temperature is removed. This suggests that the Warm and Cold Blobs occur independently of global
temperature change and are on a much larger scale. This global temperature anomaly dataset removes
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the overall monthly warming anomaly for the northern hemisphere ocean, so is not necessarily the best

portrayal of background global warming in this specific region.
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Figure 10: A section of time extracted from Figure 9 using a refined period of 1975-2020. All
anomalies are calculated using a base period of 1981-2020 calculated by averaging the data points
bounded by the region of interest 155-142.5°W and 37.5-45.5°N. Using HadISST1 data SST anomaly

data minus the global temperature anomaly dataset HadSST (°C). The red circles have been identified
as chosen Warm Blob years which will be later assessed, and the blue circles indicate chosen Cold Blob
years. These points have been selected randomly out of the largest anomaly values to observe the
Blob’s characteristics in different time frames.

Using the timeseries from Figure 9, but focusing in on the period of 1975-2020, Warm and Cold Blob
events can be detected and mapped. The following Blob events have been selected randomly from the

maximum anomalies to compare events, and to test for similarities and differences in characteristics

and morphology.
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3.4 Comparison of Warm Blob events
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Figure 11: Subplots to show the characteristics of the Warm Blob in maximum SST positive anomaly
years. Both land and SST anomaly data are calculated using a base period of 1981-2020. The SSTs are
calculated using HadISST1 minus the global temperature anomaly HadSST SST data. The land
temperature anomalies are calculated using the Berkeley dataset. Mean Sea Level Pressure contours
have also been added using HadSLP2r data. Each map identifies a different timeframe of seasonally
averaged data: a) Winter 1986 b) Autumn 1989 c) Summer 1991 d) Autumn 2000 and e) Winter 2014
and f) A composite image of all 5 events averaged. The green crosses represent the centre of the
anomalously high warm temperatures. The black box indicates the region bound by 155-142.5°W and
37.5-45.5°N.
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Figure 11 highlights the characteristics of the Warm Blob in 5 randomly chosen Warm Blob time
frames. These were selected based on having average SST anomalies greater than +1°C in the selected
region. It can be concluded that the position of the Blob moves slightly westward in certain time frames,
due to the change in location of the green cross. However, the black location box is predominantly

located over the maximum anomaly values.

It is evident that the 1986 Blob appears to involve the largest anomalies in the black box region, with
temperatures exceeding +1.5°C covering the largest area. This is supported by the timeseries shown in
Figure 10. In 4 out of the 5 plots the warm anomalies appear to be fully detached from the coastal region
with colder anomalies seen at the coast -0.3 to -0.9°C. However, in the autumn of 1989 (Figure 11b)
the warm temperatures extend into the Gulf of Alaska and the warming seems to move inland. Resulting
in an area of average land temperatures ~+0.6°C. This difference could be explained by variance in
seasonality and surface winds during the 1986 to 1987 Warm Blob-Cold Blob transition, as observed
by McPhaden and Picaut (1990).

Both the Blobs identified in the autumn do not appear to be as intense as the summer or winter-time
Blobs and the warming is not as concentrated. During the 2014 event (Figure 11e) the Blob was said to
have remained offshore as a result of Ekman transport associated with coastal upwelling (Kintisch,
2015). This transport was a result of northerly winds and southward flow that lead to westward
movement caused by the Coriolis effect and upwelling which replaced the transported water (Peterson
et al., 2015). This feature was associated with the 2014 Warm Blob, however, has not been linked to

other Blob occurrences.

The effect that the warm water anomalies have on land temperatures is difficult to deduce. In each event
it would appear that the land responds differently. In both the winter seasons (Figures 11a and 11e), the
land temperatures warm in correspondence with the Blob. This is most obviously seen along the coast
of California and in the more northern regions around the Gulf of Alaska, here average land

temperatures are greater than +1.2°C.

Ocean currents, warm air and winds advect warmth overland and can cause areas to be affected by the
warmer temperatures of the Blob event. The North Pacific current transports these warm temperatures
eastward towards the land, then from here the warm water diverges northwards and southwards as a
result of the Alaskan and Californian current (Hickney and Royer, 2001). These land anomalies may be
warmer than in the other months, as the Blob in these periods have persisted for longer. This means that
the land has had time to respond to the ocean warming. Looking at the timeseries in Figure 10, it appears
that the 1989 event followed previous warming. This previous warming may explain why the land
temperatures are warmest in this plot, as the warm water has had time to be transported along the

currents to inland regions.
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In comparison, in the summer of 1991 (Figure 11c) coastal land temperature anomalies are negative,
again looking at Figure 10 it appears that, prior to this, an extreme cold anomaly was observed. This
suggests that the Blob here has only just developed, and the warmer SSTs may not have had the
opportunity to impact the land temperatures as the effects of the cold event are still influencing the land.

Figure 11 shows that warm SSTs extended southwards over the summer of 1991. This could be a result
of the strong Californian current. The Californian current causes upwelling all year round but is
strongest in the summer months (Huyer, 1983). For this reason, these warm SSTs may have been
transported southward quickly along this current. This may explain why positive SST anomalies are

evident in region such as Central America, ~+0.9°C.

It appears that in the winter and summer seasons the Warm Blob is mirrored by an area of cooler SSTs
(-1.2°C) off the east coast of America. This is representative of the North Atlantic Cold Blob which has
been previously linked to the Warm Blob (Liang et al., 2017). However, in the autumn, this Cold Blob
is not apparent and SSTs in this region are warmer. The relationship between these two anomalous
modes will be assessed in relation to the NAO.

It is interesting to note that in relation to pressure both winter events (Figures 11a and 11e) demonstrate
significant anomalies in positive MSLP values over the North Pacific. In 1986 positive anomalies are
as large as +6hPa and in 2014 +12hPa. This suggests that if a Warm Blob occurs in the winter, it could
be a result of or linked to MSLP. In the other three-time frames, pressure anomalies in this region are
negligible. This could suggest that both the characteristics and causation vary seasonally and are not

necessarily a consequence of the same mechanisms.

Overall, the Warm Blob effects on the land are quite different in summer and winter. As even if the
circulation response is the same, seasons respond differently (i.e. winter cold high pressure, summer

hot high pressure, this is due to different seasonal factors).
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3.5 Comparison of Cold Blob events
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Figure 12: Subplots to show the characteristics of the Cold Blob in maximum SST negative anomaly years.
Both land and SST anomaly data are calculated using a base period of 1981-2020. The SSTs are calculated
using HadISST1 minus the global temperature anomaly HadSST SST data. The land temperature anomalies
are calculated using the Berkeley dataset. Mean Sea Level Pressure contours have also been added using
HadSLP2r data. Each map identifies a different timeframe of seasonally averaged data: a) Winter 1987 b)

Spring 1998 c) Summer 2007 d) Summer 2016 e) Winter 2017 and f) A composite image of all 5 events
averaged. The green crosses represent the centre of the anomalously large Cold temperatures. The black
box indicates the region bound by 155-142.5°W and 37.5-45.5°N.
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Using data from Figure 12 it can be concluded that the Cold Blob’s location and characteristics change
between timeframes. This is evident from the movement of the green cross in Figure 12. Figure 12 also
shows that the Blob varies significantly in width. In Figure 12b the negative SSTs cover a large
longitudinal stretch. This is also the case in Figure 12d, suggesting that the Cold Blob is less
homogenous in shape than the Warm Blob. Although Cold Blobs appear to cover a much larger area
than bounded by the box, the largest anomalies are located near to or within the box region. Overall, it
appears that the Cold Blob has largest magnitude anomalies (<-1.5°C), similar to the Warm Blob, the

largest anomalies are located in the centre of the Blobs.

In corroboration with the winter Warm Blobs appearing to have warm land temperature anomalies, the
Cold Blob event that occurred in the winter of 2017 (Figure 12e) was coupled with cold land
temperatures inland (-1.5°C along the western coast and in the Gulf of Alaska). This could suggest that
the land is more susceptible to temperature influences of the Blob in the winter months. However,
Figure 10 shows cold anomalies in this region prior to 2017, meaning that the land had already been
cooled through the transportation of these cold anomalies along the North Pacific current.

The Cold Blobs which occur in the spring (shown in Figures 12b and 12d) have very similar anomalies
for both the SSTs and the land. This could suggest the ENSO does impact the Cold Blob, as both 1998
and 2016 are El Nifio years (Jin et al., 2008). The Nifio3.4 can be highlighted in these Figures as
anomalously warm SSTs located around the equator. Land temperature anomalies exceed +1.5°C in the
north and the east coast is also warm (>1.2°C). The effects of the 2016 Cold Blob appear to be warmer
and more extensive than the 1998 Blob; however, the 1998 Cold Blob influences a larger area of cold

SST anomalies within the North Pacific.

It is evident from these maps that the Cold Blob is less homogenous than the Warm Blob. It is not
primarily circular in shape and appears to have a more elliptical shape in spring (MAM 1998 and 2016)
and winter (DJF 2017). The composite image in Figure 12f shows that the Cold Blob extends more
laterally from ~140°W to 180°W, whereas the Warm Blob does not appear to extend this far (~140°W
to 165°W). This could be evidence that the drivers of the Cold and Warm Blob, although similar, may

involve slightly different mechanisms which alter the area experiencing these extremes.

The appearance of the North Atlantic Cold Blob appears to be less consistent with the North East Pacific
Cold Blob in comparison to the Warm Blob. From these images there is very little evidence to suggest
that the Atlantic Blob appears in unison with the Pacific Cold Blob, as temperatures in the Atlantic

appear to be highly fluctuating.

Focussing on the MSLP patterns, 4 out of the 5 time frames display an anomalous pressure pattern
located near to the region. Figure 12e (winter 2017) demonstrates that a significantly low-pressure

centre was observed over the Cold Blob in 2017, with anomalies of -10hPa. Figure 12d (spring 2016)
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shows a positive anomaly of +6hPa in the centre. Comparatively, in 2007 a low-pressure centre anomaly
was observed reaching a low centre of -3hPa (summer 2007). This supports the conclusion that pressure
relates to the occurrence of the Cold Blob differently depending on season and that the effects of
pressure incur different impacts seasonally. The composite image (Figure 12f) shows negligible
pressure anomalies, which could suggest that pressure plays no part. Alternatively, the negligible
pressure anomalies could be a result of large positive and large negative anomalies cancelling each

other out.

Table 3: A table to summarise the frequency and intensity of the Warm and Cold Blobs from 1950-
2020 using the raw SST anomalies (using a base period of 1981-2020). It should be noted that this
table includes persistent events, not just the season the Blob was first identified in.

Warm Blob (>+1°C) Cold Blob (<-1°C)
Frequency of Average Frequency of Average
events in this magnitude of events in this magnitude of
period (Total=22) events in this period (Total=13) events in this
period (°C) period (°C)
Autumn 2 +1.23 7 -1.25
Winter 6 +1.20 2 -1.25
Spring 5 +1.21 0 0
Summer 9 +1.18 4 -1.55
Average +1.21 -1.35

To assess the seasonality of the Warm and Cold Blobs a raw SST timeseries was used and Cold and
Warm Blobs were identified based on anomalies >+1°C and <-1°C (see methods for details). The raw
SSTs were used because the timeseries with the effects of global temperature removed (as seen in

Figures 9 and 10) shift the temperature values, meaning that a very low frequency of Cold Blobs occur.

Table 3 demonstrates that more Warm Blob events were recorded in comparison to Cold Blob events
in the period of 1950-2020. The Warm Blob has the highest frequency of events in summer, with an
average anomaly value of +1.18°C. This average magnitude is the lowest of all the seasons. This may
be due to climatology ,as temperatures are already warm in summer. This means that there will be less

discrepancies between average temperature and anomalies.

It was found that autumn incurs the largest average anomaly (+1.23°C) in relation to Warm Blobs.
However, the Blob only occurs twice in this season and the average anomalies of the Warm Blobs are

very similar with an average of +1.21°C. If the average anomalies in Table 3 were rounded to 1 decimal
place, each seasonal average anomaly would be +1.2°C. This supports the statement that the Warm Blob

is homogenous.
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The Cold Blob data is more limited due to a lower frequency of events. It appears that over half of the
events occur in the autumn (54%), with an average anomaly of -1.25°C and the largest anomaly values
occur in summer -1.55°C. This is as expected, as the warm average climate experienced in summer
would need to deviate more from climatology in order to show a significantly Cold Blob. No Cold Blob
events between 1950-2020 occurred in the spring and very few in the winter.

On average, the intensity of the Cold Blobs are higher than that of the Warm Blob, by an average of
0.14°C. However, this value is relatively small, and the anomalies are very similar, corroborating the

fact that these Blobs are very similar.

3.6 Comparison of sea surface temperature anomalies and mean sea level pressure
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Figure 13: A global map to show the standard deviation of the monthly sea level pressure anomalies
(calculated with a base period of 1981-2020) overtime from 1880-2020 for each grid point. This data
uses the HadSLP2r dataset.

It is important to assess the standard deviation in this region to see if this highly deviating location of
SSTa is related to highly deviating MSLP anomalies. The North East Pacific experiences a very large
sea level pressure standard deviation (>3.4 hPa) in comparison to regions in the same latitude in the
northern hemisphere. This is conclusive evidence that a large variation of pressures are observed. This
suggests that there is some relationship between pressure and the extreme temperatures the Blob
experiences. However, this high standard deviation could also be a consequence of the storm track in
this area (Hakim, 2003) as America is prone to cyclones and hurricanes, caused by a large range of
pressure. Figure 13 shows an even larger MSLP deviation north of the region bounded by the black
box. This could suggest that the correlation between the SSTa in the box could have a stronger

correlation with MSLPa more northward as deviations are larger here.
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Figure 14: A scatter graph to demonstrate the relationship between the raw SST anomalies (°C) and
SLP anomalies (hPa) with an added line of best fit (orange line). The blue dots represent a Cold Blob
and the red dots represent a Warm Blob. Each time variable was calculated using an average value
of the chosen region 155-142.5°W and 37.5-45.5°N for both SST and SLP. The SST anomalies used,
come from the HadlISST1 dataset and the SLP anomalies used are from the HadSLP2r dataset. This is
for the period of 1950-2020.

The SST minus global temperature anomaly dataset was used to successfully compare the mapped SST
anomalies shown in Figures 11 and 12 with the correlation between SST aand SLP anomalies for the
period of 1950-2020. Therefore, Figure 14 has also used the SST minus global temperature anomaly
dataset. From this scatter it can be deduced that there is a very minor positive relationship between SST
and SLP anomalies (r value=+0.1). This suggests that as SSTs increase so do SLP anomalies. Through
analysing the Warm Blob events, it is evident that the majority of SLP values lie either just below 0 or
between 0 to +5. In comparison, during Cold Blob events the SLP anomalies are more scattered around
0.

This weak relationship is not statistically significant and thus can not support the fact that the Warm
Blobs occur due to high pressure in this area, such as the ‘ressilient ridge’ 2014 event (Bond et al.,
2015). The lack of correlation shown in this graph fails to support the hypothesis that the higher the
pressure anomaly, the more likely a Warm Blob will occur in this region,.This negligable relationship
could be affected by corresponding pressures from other regions. For example the corresponding
pressures associated with this warming may not occur in the specific region surrounding the Warm Blob
but by pressures located in a region nearby (Overland and Weng, 2016). Figure 13 suggests that the

highest deviation is located more north than the location of the box. This means that the relationship
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could occur more northerly that the region that was used in the timeseries for the mean SLP anomalies
of the box region. This is corrobrated by the location of the pressure anomalies in Figures 11a, 11c, 12c,
12d and 12e. This northerly area could be further investigated in future work in comparison to the SST

anomalies.
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Figure 15: A timeseries to show SLP anomalies (HadSLP2r) between 1950-2020. The anomaly
data was calculated using a base period of 1981-2020. Each time datapoint was calculated using
an average value of the chosen region 155-142.5°W and 37.5-45.5°N.The black line here shows
the trendline of SLP anomalies overtime.
The linear regression relationship between SST and SLP anomalies shows that there is a negligible
positive relationship, with an r value of 0.002. This value demonstrates that there is no correlation

between SLP anomalies and time.

The timeseries between 2000-2020 shows a large variation between both anomalies. When comparing
the standard deviation between 1980-2000 and 2000-2020, it was found that the more recent period has
a larger deviation. The years 2000-2020 had a standard deviation of 4.88hPa compared to 3.64hPa in
the earlier period of. This corroborates the statement that recently SLP anomalies have been more
anomalous. The 2014 Warm Blob event was said to be a result of a resilient ridge of high pressure
(Bond et al., 2015), this was supported by the analysis shown in Figure 15. The 2014 peak SST anomaly
(+1.4°C) also experiences an SLP anomaly peak (+7hPa). Whereas, the identified Cold Blob year of
2017, saw a trough in the SLP dataset as low as -10hPa. These values support the link between Blob

events and the high and low- pressure systems found in Figures 11e and 12e.
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Figure 16: A timeseries to show the raw SST anomalies (°C) (with the effects of global temperature
removed) minus the modelled SST anomalies calculated using linear regression with the Sea Level
Pressure variable. All the raw anomaly data was calculated using a base period of 1981-2020. Each
datapoint was calculated using an average value of the chosen region 155-142.5°W and 37.5-45.5°N.
The SST minus global temperature data used the HadISST1 minus HadSST and the SLP anomalies
used are from the HadSLP2r dataset.

Figure 16 shows the SST anomaly timeseries with the linearly regressed SST anomlies, modelled using
SLP anomalies, removed. From this Figure it would appear that in recent years, the removal of SLP
effects has reduced the peak experiences (i.e. in 2013-2014, 2000, 1991 and 1989) however, the peak
observed in 1964 was not affected by the removal of SLP effects. For the period between 1940-1960,
the SST anomaly values do not seem to have significantly changed in comparison with Figure 14. This
would suggest that the high anomalies seen around this time did not occur as a result of SLP; however,
as previously stated it could be SLP in a different region from the Blob which has a larger influence.

The removal of the effects of SLP has also reduced the intensity of the cold anomalies, with some
exceptions. The 1987 and 2017 cold anomaly seems to have slightly increased in negativity. This cannot
be explained through the trendline shown in Figure 14, where a negligable, marginally positive trend is

seen with an r value of +0.1.
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3.7 Frequency and intensity of Warm and Cold Blobs
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Figure 17: A timeseries to show the occurrence of the Cold and Warm Blobs and their associated
intensities for the time period 1880-2020. In this circumstance a Warm Blob has been defined as
>+1°C and a Cold Blob <-1°C. Each time datapoint was calculated using an average value of the
chosen region 155-142.5°W and 37.5-45.5°N. The raw SST Blobs are displayed as unfilled circles and
the SST minus global temperature dataset used (HadISST1 minus the HadSST data) Blobs are shown
as filled circles.

This timeseries shows the Warm and Cold Blobs for both the raw SST data (no fill) and the SST data
with the global temperature removed (filled), identified using the method stated in Section 2.2.2. It can
be deduced from this timeseries that the occurence of Cold and Warm Blobs changes significantly
between the raw SST anomaly dataset and the dataset with the effects of global temperature anomalies
removed. By removing global temperature effects, these results would suggest that both the warm and
cold events have experienced warming. This has resulted in more warm events than the raw dataset and
less cold events. This could mean that an artifical trend has been added in both these datatsets and is a

limitation of the method using in this project.

Figure 17 shows that the Warm Blobs do not appear to have any recurring pattern on which they evolve
over time. From 1922-1942 there was a large period where no Warm Blobs occurred in either of the
datasets however, numerous Cold Blobs appeared. Between 1980 and 1995 many Warm Blobs and

Cold Blobs occur, suggesting the marine climate of the North East Pacific, at this point, was unsettled.

Since 1970 the Cold Blob has been more recurrent as evident from the raw SST anomaly data. As
mentioned previously, the occurrence of the Cold Blobs appears to associate with ENSO years. Between
the period of 1970-1990, where these Cold Blobs appear most frequently, major ENSO events occurred
from 1972-73 and 1982-83 (An and Jin, 2004). The 1987 Cold Blob was also thought to be a result of
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the rebound from the extreme low ENSO index which occurred in 1986 (McPhaden and Picant, 1990).
The importance of the ENSO in this time period could be essential in predicting future Cold Blobs.

3.8 Links to atmospheric circulation patterns

As discussed, the link between SST anomalies and various teleconnections has been investigated in
order to see if the combined impacts of these phenomena can be used as an explanation of appearance
of the Warm and Cold Blobs. This has been done using linear regression to investigate both the monthly
and seasonal r coefficient values and to depict the significance of the relationship (i.e. to see whether
the relationship is positive or negative). Additionally, certain teleconnections have been compared to
the SSTs using a lag time to explore whether this region has a delayed response to these phenomena.

To investigate the correlation coefficient between the SST timeseries and the variable timeseries, the
raw SST data was used in place of the dataset with the effect of global temperature anomalies removed.
This was chosen as otherwise the datasets would not be comparable as the teleconnection variable will
incur this underlying global temperature warming.

Table 4: A summary table to show the r correlation coefficient values found using linear regression

for each teleconnection variable in comparison to the SST-global temperature anomaly dataset.
These values are all representative of a 0-month time lag.

rvalueusing  rvalueusing [rvalue using r value using
raw SST raw SST raw SST raw SST
Anomalies Anomalies Anomalies Anomalies
Variable DEVEIST: Bl (monthly) for  (monthly) for  |(seasonal) for (seasonal)
the period 1950-the period 1979- [the period for the
2020 2020 1950-2020 period 1979-
2020
El Nifio Southern iHadisst1 0.05 0.08 -0.00 0.03
Oscillation
Pacific Decadal SWFSC -0.20 -0.20 -0.30 -0.28
Oscillation
Arctic Oscillation CPC 0.07 0.06 0.10 0.08
Madden Julian CPC -0.09 -0.14
Oscillation
North Atlantic CPC 0.07 0.06 0.024 -0.02
Oscillation

Table 3 suggests that the monthly relationship between the SSTa and the AO and NAO is negligible
with almost no statistical significance (0.06 for period 1979-2020). The monthly relationship between
the MJO and the SST anomalies is also very small, with an r value -0.09 (1979-2020). Although, the
NAO is a phenomenon located in the Atlantic basin as opposed to the Pacific, it is thought that the
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North Atlantic Cold Blob and the North East Pacific Warm Blob could be linked. This would suggest
that there would be a more significant relationship between the SSTa representing the Warm Blob and
the NAO (Rahmstorf et al., 2015). This is because it is predicted that the NAO, accompanied by the
AMOOC, is the main mechanism for driving the North Atlantic Cold Blob. A likely explanation that
these relationships appear negligible is that a phenomenon occurring in the Atlantic basin that affects

the Pacific basin incurs a time lag. This will be further investigated later in this study.

Using data from Table 3 it can be concluded that the SST anomalies have the most significant seasonal
relationship with the Pacific Decadal Oscillation with an average r value of -0.3. This value suggests
that there is a negative relationship between the PDO and the anomalies, meaning that when the PDO
decreases the SST anomalies increase and vice versa. This is was expected, since in the negative phase
of the PDO, warm SST anomalies are usually apparent in the interior of the northeast Pacific Ocean,
while the coastal regions cool (Mantua, 1999). This negative phase is often accompanied by above
average sea level pressures over the North Pacific and could in turn be the reason why these high-
pressure ridges have become apparent when this Warm Blob has been identified.

With reference to the literature one would expect the relationship between the ENSO and the SSTa to
be more statistically significant. A seasonally averaged r coefficient of 0.08 shows no statistically

significant relationship.

Tseng et al., 2017 also investigated this relationship by analysing the r values between these variables
to test for a statistically significant relationship. A much stronger relationship was observed between
the two teleconnections and the SST anomalies. This investigation also used the HadISST1 SST dataset
however, it used a base period of 1958-2016. Using this analysis, it was found that after the removal of
monthly mean climatology the Nifio3.4 index correlation coefficient was 0.88. The PDO also showed
a very strong relationship of 0.67. These differentiating values would suggest that in more recent years
the PDO and the Nifio3.4 index have played a lesser role in the development of the warm and Cold

Blobs than in previous time periods.
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Figure 18: A seasonal timeseries to show the raw SST anomaly data (blue) (HadISST1) as well as the
Nifio3.4 index (red) (the HadISST1 Nifio3.4 index dataset) for the period of 1950-2020. The anomaly
timeseries data was averaged for the chosen location of 155-142.5°W and 37.5-45.5°N and have
units of °C. The anomaly variables both use a base period of 1981-2020.

Overall, the relationship between ENSO and SST anomalies overtime can be quantified by an r value
of 0.08, suggesting there is almost no relationship. Peaks and troughs shown in Figure 18 do no align
suggesting that these variables do not intensify simultaneously. This could mean a time lag between the
two occurs. These two datasets assess the relationship between the SST anomalies in the Blob region,
155-142.5°W 37.5-45.5°N, with the SST anomalies in the Nifio3.4 region, 170-120°W -5-5°N. Due to
the distance between these location, it is assumed that a time lag will incur due to the distance the water

mass would need to travel.

A proposed time lag between these two variables has been investigated by Feng et al. (2014) who argued
that the SST anomalies in this chosen Warm Blob region could act as a possible precursor of ENSO
instead of a response to ENSO. This is thought to occur through the PDO dynamics (Feng et al., 2014).
Capotondi et al.,(2019), also investigated a time lag between ENSO index and the SST anomalies in
this region, to investigate why in some periods, SST anomalies respond very sensitively to ENSO events
and others do not. It was concluded from this investigation that the optimal correlation (r=0.66) occurred
for a time lag of 7 months (Capotondi et al.,2019). Figure 19 shows that the peak SST anomaly in 2014
(1.4°C) is located around 6-months before and after a peak in the Nifio3.4 index (2010=1.4°C,
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2016=1.6°C). A lag time investigation was performed to assess if whether either of these are related to

the 2014 event.
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Figure 19: A graph to show the tropospheric temperature time lag between the Nino3.4 index and
the raw SST anomalies which are constructed using a base period of 1981-2020. The linearly
regressed are coefficient is calculated monthly using the period of 1950-2020 (blue) and 1979-2020
(green). The raw SST anomaly data is from the HadISST1 dataset and the Nifio3.4 index from the
HadISST1 Nifio3.4 index.
A time lag between the raw SST anomalies and the Nifio3.4 index was investigated by shifting the time
series by 1 month at a time and computing the r correlation value between the time series. In Figure 19
a negative lag would mean that the SST anomalies lead the ENSO and a positive lag would mean that

the ENSO leads. This dataset looked at all months from 1950-2020.

It appears that the strongest relationship between ENSO and the SST anomalies arises when there is a
positive lag, which the ENSO leads by 9 months (r value= 0.39). This would imply that the ENSO is a
precursor of the SST anomalies and indicates that a 9-month temporal lag occurs in the SST pattern as

a response to ENSO related forcing in the tropical Pacific.

Lau and Nath (2001) suggest that a time lag occurs in respect to the Nifio3.4 variable as important
atmospheric circulation changes over the North Pacific and Atlantic occur under ENSO forcing during
midwinter. These teleconnection patterns alter the exchange of heat across the local ocean-atmosphere

interface.

Through a correlation investigation between the two variables, it is evident that the North Pacific SST
anomalies have more statistical significance when they lag the ENSO index (Lau and Nath, 2001). In
an experiment by Lau and Nath (2001), an ENSO lead of 2 months was compared to no lag time and to

an SST lead of 2 months. It was concluded that the ENSO 2 month lead had the strongest correlation
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with the SSTs in the North Atlantic when compared to the other two-time frames. Although this lead is
7 months smaller than the results obtained in Figure 19, there is corroboration that the ENSO leads the
SST anomalies. It should be noted that this experiment was in relation to the North pacific basin and
not specifically the Blob region.

The data presented in Table 4 assessed a more refined period of 1979-2020. In this data the overall r
value with no time lag was higher than that for 1950-2020 (0.08). However, the time lag investigation

shown for the later period was lower than for 1950-2020.

Using the base period 1979-2020, the results show corroborating r values to those seen in 1950-2020.
The maximum r value can be seen when the SST anomalies are delayed 8 months after the ENSO. This
r value (0.28) is lower than the maximum values for the previous base period (1950-2020, maximum r
value = 0.39) and incurs a reduced lag by one month.

Additionally, a high r value (in relation to this magnitude) was also observed when the ENSO occurs at
a 12-month time lag after the SST anomalies (r value = -0.25). Although this value is not as high as the
positive 8-month time lag, the values are close. This means that this relationship is difficult to assess,

and that it is inconclusive which variable is a precursor.

Although the r values found in these two experiments do differ, the lag relationship appears to show a
very similar arc shape increase of a relatively similar magnitude, suggesting that this time lag is

significant.

To conclude, it appears that the ENSO is weakly associated with SST anomalies and has the highest
correlation coefficient value when the ENSO precedes the SST anomalies by 8/9 months. This suggests

that the Nifi03.4 associated warm SSTs, take 8/9 months to influence the Blob region.
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3.8.2 Pacific Decadal Oscillation
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Figure 20: A scatter to show the relationship between the PDO index (SWFSC) and the raw SST anomalies
(°C) (filled circle- HadISST1 data) as well as the PDO and the SST anomalies with the effects of global
temperature removed (°C) (HadISST1-HadSST), for the period of 1950-2020. Each variable is representative
of averaged data for the chosen location of 155-142.5°W and 37.5-45.5°N. Lines of best fit using linear
regression have been added to demonstrate a relationship. Anomalies have been calculated with a base
period of 1982-2020.

Data in Figure 20 highlights that there is a negative relationship between the PDO and SST anomalies
(for both datasets). This is supported by Table 4, which demonstrates that the seasonal correlation
coefficient is -0.3. This means that as the PDO index increases anomalies become more negative and
that the lower PDO values are indicative of higher positive anomalies. This supports the description of
the PDO given by Mantua et al, (1997) which states that the PDO has a positive value when SSTs are
anomalously cool offshore in the North Pacific. This is also supported by the negative SST anomalies,
on average, having a larger PDO index. Alternatively, the PDO has a negative index when SST
anomalies are warm offshore in the North Pacific (Mantua et al., 1997). This relationship implies that
the location bounded by 155-142.5°W and 37.5-45.5°N (Blob region) follows the generic SST
relationship with the PDO for the larger region of the offshore North Pacific basin.
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Figure 21: A timeseries to show the SST anomaly data (°C) (blue) (minus the effects of global temperature

anomalies- HadSST1 minus HadSST) as well as the PDO index (brown) (SWFSC dataset) for the period of

1950-2020. Each variable is representative of averaged data for the chosen location of 155-142.5°W and
37.5-45.5°N. The SSTa data uses a base period of 1981-2020.

Figure 21 supports the negative relationship observed in Figure 20, that there is an inverse correlation
between the PDO index and the SST anomalies. This means that positive temperature anomalies are

corelated with a negative PDO and negative SSTa have a positive PDO.

In 1987 a clear peak in the PDO index at +2 incurs a clear trough in SST anomaly at -1.6°C. This can
be seen later in the timeseries. In 2017 a substantial peak in the PDO is accompanied by a drop in SST
anomalies (-1.1°C). As noted in previous results (Figure 12), 2017 is identified as a Cold Blob year.
This suggests that this Cold Blob was accompanied by a high PDO index of +2.3. Between 1976-1986,

this relationship is less evident as well as between 2000-2010.

Although the r coefficient depicts a relatively weak seasonal relationship of -0.3, it would appear that
within specific time frames this relationship is much stronger. A time lag was investigated for the
relationship between the PDO and the SST anomalies however, it was concluded that the correlation

was maximised where there was a zero-month lag.
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3.8.3 Arctic Oscillation
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Figure 22: A timeseries to show the SST anomaly data (°C) (blue) (minus the effects of global
temperature anomalies- HadSST1 minus HadSST) as well as the AO index (magenta) (CPC dataset) for
the period of 1950-2020. Each variable is representative of averaged data for the chosen location of
155-142.5°W and 37.5-45.5°N. The SSTa data uses a base period of 1981-2020.

Figure 22 demonstrates that at different time frames in the timeseries, opposing relationships can be
seen. From 1950-1970, it appears that the AO and the SST anomalies are of opposite sign (when the
SSTa peaks there is generally a trough in the AO index). This occurred in 1966 where a peak in SST
anomalies of +1.9°C was accompanied by a trough in the AO index -1.5. From 1970-2010, this
relationship continued however, it was weaker than the relationship identified between 1950-1970. The

relationship also dissipates between 2010-2020, and a lack of correlation is apparent.

Table 5: The r values for decadal seasonally averaged data to demonstrate the relationship between
the SST anomalies and the Arctic Oscillation Index during specific time frames. Produced using the
data from Figure 22.

Year r Value
1950-1960 -0.04
1960-1970 +0.25
1970-1980 +0.41
1980-1990 -0.02
1990-2000 +0.29
2000-2010 -0.08
2010-2020 +0.07
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Table 5 shows that the relationship between the AO and the SST anomalies changes on a decadal scale.
The most significant relationship occurred between 1970-1980 with an r value of +0.41. In certain

decadal periods a negative correlation is observed.

A significant trough in the AO was identified in 2010 and reached -3 however, its corresponding SST
anomaly value remained weak at -0.9°C. The difference in magnitude of these two variables at this time
corroborates with the weak relationship seen in this period of -0.08 however, the 2010 relationship is
positive. The range in values can be seen in Table 5. The lack of consistency in this data can be used

to explain why the seasonally averaged r value is low (0.07).

3.8.4 Madden Julian Oscillation
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Figure 23: A timeseries to show the SST anomaly data (°C) (blue) (minus the effects of global
temperature anomalies- HadSST1 minus HadSST) as well as the MJO index (green) (CPC dataset) for
the period of 1979-2020. Each variable is representative of averaged data for the chosen location of

155-142.5°W and 37.5-45.5°N. The SSTa data uses a base period of 1981-2020.

Table 4 shows that the correlation between SST anomalies and the MJO is insignificant, with a r value
of -0.1. Although the data for this variable is limited within this timeseries, different correlation patterns
can be identified. A significant negative relationship can be seen in certain aspects of the timeseries.
Meaning that a peak in SST anomalies is often accompanied by a trough in the MJO. In 2014 there is a
peak in SST anomalies (+1.5°C), representing the Warm Blob, and a trough in the MJO (-0.6). Figure
23 shows that peaks in one variable are accompanied by troughs in the other, however, the magnitude
of these peaks and troughs do not match. Although a positive SST anomaly is normally accompanied
by a negative MJO index, the magnitude of these values were highly differentiating with little obvious

pattern. This could explain why the r value is so low.

52



3.8.5 North Atlantic Oscillation
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Figure 24: A scatter to show the relationship between the NAO index (CPC) and the raw SST
anomalies (°C) (HadISST1 data), for the period of 1950-2020. Each variable is representative of
averaged data for the chosen location of 155-142.5°W and 37.5-45.5°N. A line of best fit using linear
regression have been added to demonstrate a relationship. Anomalies have been calculated with a
base period of 1982-2020.

Figure 24 shows a small positive correlation between the SSTa and NAO index. This positive
relationship supports the r value for the NAO that was included in Table 4 (r value = +0.07), suggesting
that the relationship between the NAO and SST anomalies in this region is negligable. As this
phenomenon primarily influences the North Atlantic, there may be a delay before the effect of this

teleconnection reaches the North Pacific. For this reason, a time lag investigation was undertaken.

According to Seager et al. (2015), the effect the NAO has on the Pacific basin is likely delayed. This is
because the changes in pressure associated with the NAO are located at near to 0°W. Consequently, for
this climatic phenomen to reach this region it must travel a large distance, as jets travel from west to
east. Barry et al. (2004), state that there is a significant relationship between the ENSO index and NAO
where the r =-0.66 however, the two are out of phase with a suggested time lag on a decadal scale. The
relationship between the ENSO, NAO and SSTa could be further investigated using multi-linear

regression in future work.

After investigating this time lag relationship, the r value was unstable, fluctuating month on month. The

maximum r value of +0.15 demonstrates a negligable relaitionship between the SSTa and the NAO.

53



3.9 How will the Blob respond to climate change?

Cavole et al., (2016) states that the Warm Blob represents an indication of things to come, as SSTs are
predicted to rise with increasing global temperature. To assess whether this scenario is realistic Cavole
et al., compared predicted SST anomalies off the Gulf of Alaska, from 2050 to 2099 with the averages
of 1956 to 2005 (using data from Riahi et al. (2011) and NOAA, (2016)).

In this model, the anomalies ranged from +1.5°C—4°C above the historical temperature values. These
temperature anomalies were comparable to those observed throughout the Warm Blob in extreme SST
anomaly years such as 2014 (Figure 5). This supports the argument that the Warm Blob could be an
optimal representation of future ocean conditions (Cavole et al., 2016; Kintish, 2020).

In the future, the entire water column is expected to warm, and anomalies are to be less focused to the
surface layer and develop deeper, warming the water column more evenly. This will alter the
characteristics of future SSTs and will improve stratification in the vertical profile. A process that can
already be observed in the North Pacific in subarctic regions (Larsen et al., 2007). Increased ocean
stratification reduces the freshening of interior waters which could potentially lead to waters being
deoxygenated (Cavole et al., 2016). This will have severe knock-on impacts to both the environment
and economy as fisheries would deplete. The consequences would be similar to that of the Warm Blob.

In December 2014, Peterson et al., (2015) suggested that the EI Nifio event, which was developing at
the equator, would induce another Warm Blob event in 2015/2016. However, this ENSO feature was
also apparent in 2013 but the EIl Nifio never materialised. The equatorial waters became anomalously
cool during much of the summer of 2014, whilst the North Pacific was anomalously warm. Peterson et
al. also suggest that ‘a canonical pattern of positive phase’ PDO from 2014 would be seen in North
Pacific SST charts. This would have indicated that things are returning to normal SST patterns,
however, a Warm Blob has developed in 2020 (Figure 3) meaning that SST patterns have not

normalised.
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Figure 25: An SST timeseries
constructed using CMIP5
RCP8.5 models which
demonstrate concentration
pathway that lead to
concentrations in 2100 that
produces a change in
forcing of 8.5W/m?. These
raw seas surface
temperature anomaly
values were calculated with
a base period of 1981-2020
for the region bounded by
155-142.5°W and 37.5-
45.5°N. The blue in each
plot represents the trendline
overtime. Each Figure is
representative of a different
CMIP5 model: a) GISS-E2-H
b) GFDL-ESM2G c) IPSL-
CM5B-LR.



Figure 25 predicts that SST anomalies will increase significantly over time in the region bounded by
155-142.5°W and 37.5-45.5°N.

When comparing the three models, it was found that the most extreme anomalies were evident in the
IPSL-CM5B-LR dataset, reaching a maximum anomaly of >+6°C between 2080-2100. The GFDL-
ESM2G model forecasts anomalies with a similar size, between 2080-2100, and show a maximum of
+5.2°C. The GISS-E2-H data set shows values that are approximately 50% of the magnitude seen in the
IPSL-CM5B-LR dataset and has a maximum SST anomaly value of +3.5°C. With the future impacts of
global temperature warming, the values in this particular timeseries seem to be low, especially under

the RCP8.5 conditions, which were explained in Section 2.1.3.

The IPSL-CM5B-LR dataset shows increased fluctuation between 2050-2100, suggesting that a sudden
increase in SSTa will occur and that extremes will become more frequent. This also occurs in the GFDL-
ESM2G dataset, where an increase in fluctuations can be seen from 2080. This can also be seen in the
GISS-E2-H dataset from 2080.

This can be quantified by assessing the standard deviation value in each model between the years 2080-
2100. The largest value is 1.08°C, in the IPSL-CM5B-LR model, followed by a value of 0.70°C in the
GFDL-ESM2G model and finally 0.53°C for the GISS-E2-H model. All trendlines demonstrate a clear
positive trend, which will be the evidence of global warming with increasing CO- concentrations (Riahi
et al., 2011). The correlation coefficient values with time are as follows; GISS-E2-H =0.701, GFDL-
ESM2G =0.773, IPSL-CM5B-LR =0.624.
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Figure 26: An SST timeseries
constructed using CMIP5
RCP8.5 models which
demonstrate concentration
pathway that lead to
concentrations in 2100 that
produces a change in forcing
of 8.5W/m2. These sea
surface temperature anomaly
values were calculated with a
base period of 1981-2020 for
the region bounded by 155-
142.5°W and 37.5-45.5°N. An
individual five-year average
value was removed from its
corresponding time period in
each model, with an incentive
to remove the effects of
global warming. Each Figure
is representative of a different
CMIP5 model: a) GISS-E2-H b)
GFDL-ESM2G c) IPSL-CM5B-
LR. The red circles
demonstrate a suspected
Warm Blob (>1°C) and a blue
circle indicates a suspected
Cold Blob (<-1°C).



Figure 26 was constructed using the same three raw timeseries observed in Figure 25; however, for each
individual model a 5-year mean value was removed to its corresponding time period. This was done in

an attempt to remove the effects of global warming.

Overall, Figure 26 demonstrates that, under RCP8.5, the frequency of Warm Blobs are expected to
increase from 2020. Figures 26b and 26¢ also suggest that the frequency of Cold Blobs will increase.
The largest increase in frequency and intensity of the SST anomalies is observed in the IPSL-CM5B-

LR model however, some of these circles may just represent a prolonged period, not separate events.

This increase in frequency can be quantified by assessing the standard deviation value for the period of
2080-2100 in each model. The largest value is 0.88°C in the IPSL-CM5B-LR model, followed by a
value of 0.63°C in the GFDL-ESM2G model and finally 0.46°C for the GISS-E2-H. In comparison to
the deviation between 1990-2010 are; IPSL-CM5B-LR =0.59°C, GFDL-ESM2G =0.59°C, GISS-E2-H
=0.45°C. This demonstrates that in the GISS model the variance of values do not largely differ between
the two time periods however, for the IPSL-CM5B-LR and GFDL-ESM2G model, the standard
deviation is higher in the later period. This suggests that the intensity and/or frequency of the Warm
and Cold Blobs will increase in the period of 2080-2100 when compared to 1990-2010.

The intensity of the Blobs appears to vary significantly in the models with anomaly peaks as large as
+3°C even with the effects of the 5-year warming removed. A few spikes in Warm Blob events show a
much larger maximum anomaly than is previously observed (Figure 5). The IPSL model shows a peak
anomaly of +3.2°C, whilst the GFDL model shows peaks of +2.3°C. This means that these warm and
cold anomalies could increase in intensity in addition to there being in an overall warmer climate. This

means that the knock-on impact of the Blob could be more detrimental.
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Figure 27: Mapped anomalies to identify future Warm Blobs (a,c,e) and Cold Blobs (b,d,f). These time
frames have been identified using Figure 26 highlighting the largest positive and negative values. These
Figures use the raw SST data (°C) so therefore include the global warming trend. For this reason,
negative anomalies are not seen as the base period is set to 1881-2020. Therefore, the lower values are
representative of that of a colder anomaly. Each row is representative of a different model: a) GISS-E2-
H b) GFDL-ESM2G and c) IPSL-CM5B-LR. The black box marks the region 155-142.5°W and 37.5-45.5°N.
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Figure 27 demonstrates that all three model runs found that the Warm Blob will increase in size in the
future (Figure 27 a,c,e). The Blob is seen to stretch into the more coastal regions. This characteristic is
especially evident from the IPSL-CM5B-LR dataset analysis shown in Figure 27e. It is also expected
that the Warm Blob will increase in intensity. Figures 27c and 27e show that temperatures in the centre
of the Blob will be greater than +3°C. This intensity is not restricted to the centre of the Blob but affects
the entire region. It can also be seen that the Blob is located more northerly than the black box suggested
the Warm Blob location has shifted.

In comparison the Cold Blob is less identifiable in Figures 27 b, d and f. Although a Cold Blob can be
identified in Figures 27b and f, this region of low SST anomalies is very small. In comparison to the
2094 North Atlantic Cold Blob displayed in Figure 27f, the North Pacific Cold Blob is not as cold. The
lower the anomaly the colder the region. Temperature anomalies in the North Atlantic are near to 0
whereas in the North Pacific they are +0.8°C. This could signify that in the future Cold Blobs in this
region will weaken and shrink. Figure 27d appears to show anomalies representative of a Warm Blob
to the left of the black box. This supports the statement that the location of the Blob has changed and
that the centre is perhaps located more westerly. The area bounded by Figure 27d, is most representative
of a Cold Blob however, in this year the whole image displays low anomaly values suggesting this is
due to climatology rather than the existence of a Cold Blob.

Having mapped these CMIP5 datasets it is noticeable that the GISS-E2-H Figures (27 a and b) are lower
resolution than the other datasets. Having assessed Figures 25, 26 and 27, the model deemed most
appropriate for this particular study is the IPSL-CM5B-LR. Although the magnitudes in Figure 26 are
the largest, having mapped a particular peak magnitude anomaly, it would appear this is most
representative of a Warm Blob. The magnitude of the events shown in the timeseries are similar between
the GFDL-ESM2G model and the IPSL-CM5B-LR model ( Figures 25 and 26) , however, as
demonstrated by Figure 27d, the suspected Cold Blob event is in fact just a homogenously cold time
period. Unfortunately, only one suspected Warm and Cold Blob were mapped using these models,

making it difficult to complete a reliable analysis of future trends.

60



4.0 Conclusions
4.1 Summary

In addition to identifying several Warm Blob events, this study has identified a corollary Cold Blob off
the Gulf of Alaska within the location 155-142.5°W and 37.5-45.5°N. Since 1950, the study found that
the Warm Blob has occurred 22 times whereas, the Cold Blob has only occurred 13 times seasonally.
This suggests that the Cold Blob is less common than the Warm Blob. The analysis of the SST anomaly
timeseries, found that the Warm and Cold Blobs occurred frequently before the 2013/2014 event

however, this has not been previously discussed in the literature.

During Warm Blob events the centre of the Blob generally exceeds an SST anomaly of ~+1.25°C. The
peak anomaly also occurs in the centre of the Cold Blob with a value <-1.20°C. The Warm Blobs occur
more often in the summer (41%) however, Warm Blob events that occur in the summer also have the
lowest average seasonal anomaly value (+1.18°C). One explanation for this could be the climatology in
this period, as summer in this region generally experiences warmer SSTs. With this addition of
climatology, the temperatures in the centre of the Blob will still be as high as in other seasons
respectively. Alternatively, the Cold Blob occurs most frequently in the autumn (54%). However, the

Cold Blobs are largest in intensity in the summer, with and average SST anomaly of -1.55°C.

A comparison between the Warm Blob composite image (Figure 11f) and the Cold Blob (12f)
demonstrates that the Warm Blob is more homogenous in shape and size whereas, the Cold Blob is
more stretched in the longitudinal direction and not as concentrated to the region bounded by the box
(155-142.5°W and 37.5-45.5°N).

The relationship between anomalous SSTs in this region and atmospheric teleconnection indices are
weak. It was conclusive that the Pacific Decadal Oscillation had the largest seasonal correlation value
(r=-0.3 for the period 1950-2020), suggesting that the PDO and SST anomalies incurred a negative
relationship. With a zero time lag the relationship between ENSO and the SST anomalies were weak (r
value close to 0). Therefore, a time lag relationship was tested with the EI Nifio Southern Oscillation,
as it takes time for global teleconnections to alter the atmosphere and ocean circulation and for SSTs to
warm or cool in response. It was found that the highest r value incurred an SST anomaly lag of 8/9
months after to the Nifio3.4 index (r=0.39).

Coupled climate model simulations demonstrating the historical and future predictions under the
RCP8.5 high emissions scenario, were compared to investigate how the Blob region will change in the
future. A 5-year mean was removed from its corelated time period in order to minimise the effects of
global warming, so the data was more comparable to the observational data. In comparison, it was
concluded that Warm Blob events will increase in frequency from 2050-2100 in comparison to 1950-

2000. Additionally, with estimated global temperature warming removed the intensity of these Blobs
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will increase in comparison to observations significantly, potentially reaching as large as +3°C. The
maximum recorded in the observations peaked at +1.9°C. This means that with the addition of the
underlying global warming trend, these temperatures could exceed +6°C. This occurrence will also be
mirrored in negative temperature anomalies, where the frequency of Cold Blobs will also increase
however the magnitude will not (remains with a maximum negative anomaly value of -2.0°C) in
comparison to observations. However, in this warmer climate these negative anomalies will be warm
values in comparison to the climate observed in 2020. The morphology of the Blob is also seen to
change. It is apparent that Warm Blobs will increase in size and stretch into the more coastal regions.
In comparison, Cold Blobs will significantly decrease in size.

4.2 Limitations

A limitation of this study is that the SST anomaly dataset differed between raw SST anomaly data and
SST anomaly data with the effects of global temperature warming removed. The global temperature
dataset is a monthly average anomaly for the northern hemisphere ocean which intends to represent
global warming. However, this may not be representative of the change within this specific region.

In this study it was difficult to determine whether to use the raw or modified dataset. When assessing
teleconnection patterns the raw dataset was used as these indices were relative. This means that they
included global warming trends. However, when assessing mapped SST anomalies, global temperature

was removed to identify the largest events independently of global warming.

As demonstrated in Figure 17, the Warm and Cold Blob occurrences differ largely between the raw
SST dataset and the modified SST dataset. This is attributed to the method used, which means that each
dataset incurs a bias. The raw data set has an underlying cold bias, displaying more Cold Blobs and less
Warm Blobs. The other dataset incurs a warm bias, which occurs due to the fact that the mean global
temperature effect is not location specific. This reduces the number of cold events and significantly

increases the number of warm events.

Future research could analyse absolute teleconnection indices and SST anomalies with a location-based
warming removed. If this experiment was to be further developed, instead of using a global dataset, the
removal of the 5-year running mean could more accurately determine the warming trend, as was done

in Figure 26,.

Another limitation in the methods is the classification of a Warm and Cold Blob. The criteria for
identifying a Blob event was determined following an analysis of the HadISST1 data, as criteria had
not been created in any previous studies. The Warm Blob is universally defined as a large mass of water
in the North Pacific, which has anomalously warm temperatures in relation to climatology and its
surrounding region. However, this definition does not define the magnitude of the Blob. To encompass

the largest anomalous events, this investigation defined the Blob as the largest 15% of anomaly values
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for the period 1880-2020. This was determined using the SST anomaly dataset minus the global
temperature anomalies. This ensured that only the largest 15% of anomalies were selected to
demonstrate the most intense events above the 85" percentile. This definition could exclude Blob events
where less extreme SSTa were observed. Additionally, as no previous research has been done into the
Cold Blob, it was assumed that the characteristics of the Cold Blob mirror that of the Warm Blob.
Another issue with this method is that the temperate range (+/- 1°C) was determined using values
between 1880-2020. Alternatively, the majority of the timeseries in this investigation focus on 1950-
2020. This could mean that temperate changes in the largest 15% differ from the temperature range

used to define these events.

Aforementioned the process of locating the area of focus is limited as the method used is relatively
basic. The region was defined using the standard deviation of each grid point overtime for the period
1880-2020. To validate the region chosen (155-142.5°W and 37.5-45.5°N), a standard deviation using
only the selected time frames in which the Warm and Cold Blob events are noted to have occurred using
Figure 17 (anomalies >1°C and <-1°C) could be mapped and cross-referenced to test for similarity.
However, as previously mentioned, this timeseries is limited by the dataset used and the warm and cold
biases observed.

A limitation of this study also includes the lack of focus on surface energy fluxes. In understanding and
guantifying these changes a better explanation of these events could be interpreted as well as a better
prediction of the mechanisms. Lau and Nath (2001), investigate the Blob with highlighted attention on
atmosphere-ocean fluxes identifying alterations between the ocean through changes in energy and
momentum across the sea—air interface. Additionally, they investigate changes in shortwave radiative
fluxes associated with variations in cloud cover which further effect the Warm Blob region. The Warm
and Cold Blobs could have links with relatively large wind and heat anomalies, these variables should

be further investigated.

The correlation between the ENSO index and SST anomalies was investigated to test for a time lag
between the two variables. The relationship between teleconnection patterns and the SST anomalies
may incur a delay as the atmosphere and ocean can take time in responding to this alteration and be
subsequently influenced. Although, this test did identify a time lag of 9 months (the SST anomalies
after ENSO), without fundamental evidence of ocean mechanisms, energy budgets of the upper mixed
layer, heat advection by ocean currents, and mechanisms which demonstrate how heating alters

atmospheric circulation, this time lag cannot be explained.

Additionally, obtaining a longer timeseries of the teleconnection variables may increase the statistical
significance of the relationship between the Blob and the atmospheric patterns. The datasets used here

only date back as far as 1950; however, data from 1920 may highlight a more robust relationship.
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Obviously earlier observations could be less reliable due to the systematic error explained in the
methods section of this report.

The linear regression statistical significance test is just one way to assess a correlation between two or
more datasets. Through using linear regression, a large assumption of linearity between the dependent
and the independent variable is made. However, a non-linear relationship may be more likely if Warm
and Cold Blobs are driven by the same mechanisms,. In relation to climate, data is rarely linearly
separable due to the chaotic nature of the atmosphere. This linear assumption is a significant limitation
in the results section. A T-Test could have been used to examine the statistical difference between the
means of two variables. This T-Test could be used determine a correlation between two datasets.
Additionally, the phenomena assessed are interconnected and interdependent, each influencing each
other in the climate system. This means that a multiple- regression could have been used to test for a
relationship between the SST anomalies and all the teleconnections. This test would examine whether
the extent of anomalies could be explained by a combination of the phenomena which are deemed to

influence this region.
4.3 Future work

Further work is required to investigate a correlation offset between the SSTa of the Blob and SLP
anomalies. This should be investigated at each grid point to create a correlation map, showing where
the SLP deviation is largest (between the years 1950-2020). Figure 13 shows that the largest deviation
of SLP occurs more northward of the box. This is also reflected in the pressure systems that occur during
Warm and Cold Blob events. Indicating that the largest SLP anomalies are likely to occur north of the
box. Additional research should focus on regions north of the box, to determine whether a correlation
exists between the SST anomalies within this box region and SLP anomalies within the largest deviation

area.

As identified in Figure 11, the Warm Blob is more homogenous than the Cold Bob. The Cold Blob
appears to spread significantly in a longitudinal direction between timeframes and deviates more from
the bounded region. The displacement of the Cold Blob should be examined in relation to the location
of the bounded region. Further research should identify time frames in which the Cold Blob is furthest
from the study area and when it is closest. The seasonality of this displacement could also be assessed
to evaluate whether a certain season is susceptible to this spreading characteristic. The corresponding
intensity of the anomaly should be noted, to establish if a more intense anomaly associates with more

or less spreading from the identified region.

Aforementioned in limitations (Section 4.1), the result from the ENSO time lag investigation cannot
answer the question: is the Warm/Cold Blob a consequence of the teleconnection pattern, or do the
anomalies induce the teleconnection? Further studies should build on the ENSO time lag results, from

Figure 19, to assess ocean and atmosphere mechanisms. This will provide an explanation for the ENSO
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time lag results. This analysis should investigate variables such as; cloud cover (to understand the
radiation budget), heat content (to understand the transportation of heat overtime from the
teleconnection region), wind speed/direction, and wind stress (to develop an understanding of how the
atmosphere circulates these warmer temperatures). All these variables are available via the KNMI
explorer and would support the results of this project. A further time lag analysis, investigating SST

anomalies, should be completed for other teleconnections such as; the PDO, NAO and AO.

A greater number of CMIP5 models would provide a more significant simulation of future Blobs under
RCP8.5. Assessing more models would develop the understanding of changes this region could
experience approaching the year 2100. This will better allow for the identification of Warm and Cold
Blob events and their corresponding magnitude.

The use of multiple CMIP5 models and observations would also allow for the comparison between
models and observations. This would enable the identification of the optimum simulation and would
minimise any limitations caused by one specific model. Through this assessment, a composite of the 5
models deemed most appropriate to this investigation could be created and the frequency and intensity

of Warm and Cold Blobs with time could be determined.

In future work that uses the CMIP5 models, the global warming signal would need to be removed to
allow for a more reliable comparison between the dataset and observations. This could be done by
removing a running mean of a chosen timeframe (i.e. 5, 7 or 10 years). Analysis should then be
completed to compare the effect of the removal of the running mean at different timeframes. From this
analysis the most similar time series to the observational run should be identified and used in future

studies.

In addition to this further CMIP5 investigation, it may be of interest to examine CMIP5 model runs of
average land temperature anomalies and associated sea level pressure anomalies under RCP8.5. These
variables should be compared to the SST anomalies to test for a relationship at different time frames.
This will enable a greater understanding of how the Blob will characteristically change with time, and
the impacts of the Blob on the surrounding climate. These variable simulations could also be compared
to observational datasets to test for corroboration. From this analysis, we can identify the characteristics

and effects of the Blob in the past, present and future.
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