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Abstract The 100-year record of daily sea-surface temperature (SST) acquired at the Hopkins
Marine Station (HMS) in Pacific Grove, California, is one of the longest oceanographic records
in existence. It is exceeded in length by the record at Scripps Pier by only 3 years. The history of
the record at HMS, the methods used to gather the data, the problems that were encountered, and
finally, the scientific significance of this record are presented.

Reconstructing a complete version of the 100-year time series record was not straightforward.
Two major gaps had to be filled using data from another site, and variation in the time of day for
sample collection was addressed to better standardise the SST values presented.

The observations were first examined for their oceanographic content based on the relevant
timescales involved that ranged from daily to the record length, i.e., centennial. The major sources
of variability included the El Nifio phenomenon, the Pacific Decadal Oscillation, and the Marine
Heat Wave (MHW) that began in 2014. The impact of the MHW cannot be overstated, and it was
well represented in the data from the HMS. The use of the historical temperature record for studies
of long-term changes in species and communities in the biological literature is highlighted.

Finally, a set of conclusions is presented highlighting the important contributions of the SST
dataset that are only possible through dedicated long-term environmental monitoring programmes
such as the one reported here.

Keywords: Daily Sea-Surface Temperature; Hopkins Marine Station; Monterey Bay; 100-Year
Record; Physical Oceanography; Marine Biology; North Pacific Marine Heat Wave; Coastal
Upwelling; El Nino Episodes

Introduction

Sea-surface temperatures (SSTs) in the coastal zone are increasing at rates that often exceed global
ocean warming trends by 50%—-150% (Lima & Wethey 2012) and the impact of urbanisation in its
many aspects may increase warming rates near urban centres by up to an order of magnitude (Amos
et al. 2015). These trends, coupled with other anthropogenic impacts in the coastal zone, have
important implications for coastal climate change (Halpern et al. 2008). The trends in warming near
shore are often less representative of the data that are being acquired further offshore and beyond
the coastal zone. As a result, the importance of data collection in these nearshore regions, rather
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than being considered as unrepresentative of the regions further offshore, might deserve greater
consideration because they are the regions that are experiencing the greatest change.

Unlike the Permanent Service for Mean Sea Level (PSMSL) which provides a global data-
base for sea level, we have no such centralised database for long-term nearshore or shoreline SST.
The establishment and maintenance of nearshore SST monitoring programmes has been under-
taken by various individual research and government agencies, and in some cases, in more recent
decades, these efforts have been coordinated on a national level by organisations such as the
British Oceanographic Data Center (BODC), the National Oceanographic Data Center, and the
International Comprehensive Ocean-Atmosphere Data Set (ICOADS). Continuous records of SST
at fixed locations of at least 50years or more are uncommon and most of the coastal data during
the past century have come from ship reports, and more recently, from coastal buoys and satellites,
which add greatly to the spatial and temporal coverage of the surface temperature field. The many
benefits of oceanographic time series were enumerated as part of the Global Ocean Observing
System Programme in a report published by Send et al. (2001).

In the late nineteenth and early twentieth centuries, several sites worldwide began regularly
sampling SST at permanent observing sites along the coastal boundary or at the water’s edge. A
record that stands out is the time series from Port Erin on the Isle of Man in the Irish Sea in the
United Kingdom. This record was started in 1904 and is continuing till this day with observations
made twice daily. Significant gaps occur only during each of the two world wars.

Several groups have generated long-term records of SST for the eastern coast of North America.
Nixon et al. (2004) compiled what was believed to be the longest ‘coherent’ record of SST in North
America (as of 2002). It extended from 1886 through 2002 for a record length of 117 years. According
to the authors, the near-surface measurements were obtained almost daily with just a few gaps at Great
Harbor, Woods Hole, Massachusetts. Overall, there was no significant trend for the first 60 years after
which some cooling during the 1960s was observed followed by warming at a rate of +0.04°C/year
since 1970. Shearman and Lentz (2010) compiled a composite dataset consisting of monthly aver-
aged observations from lighthouses, lightships, coastal buoys, and shore-based observations which
included 128 sites from Eastport, Maine, to Dry Tortugas, Florida. This dataset spanned the period
from 1875 to 2007. Of these, 46 sites had more than 25 years of observations, 15 sites had more than
50years of observations, and four sites more than 75 years of observations off the U.S. east coast. A
total of 30 time series were chosen for length and completeness over the last century to estimate the
long-term trends. Due to two world wars and a significant number of major hurricanes, it was not pos-
sible to construct complete records at most locations. Thus, a patchwork quilt of observations along
the east coast was required to perform the final analysis. Maul et al. (2001) examined seven records
of SST from adjacent tide gauges during the twentieth century from Boston to Key West that varied
in length from 49 to 80years. The data were monthly averaged and contained significant gaps. Such
gaps in SST data occur throughout Europe and along the U.S. east coast.

Since 1910, the Korean National Fisheries Research and Development Institute has collected
oceanographic and meteorological data along the coast of the Korean Peninsula. These observations
included SST, but data collection was interrupted during the Korean War (1950-1953). In total, the
observational network includes some 40 observing sites. Jo et al. (2014) used the daily SSTs from
three locations along the eastern coast of Korea for the period from 1966 through 2004 to examine
long-term changes in water temperature off the eastern coast of South Korea. Although this analysis
only included a 38-year period, the data collection programme, as it is presently understood, is still
in operation with its primary goals unchanged.

Daily observations of SST have been acquired at several locations along the coast of British
Columbia (BC) since the early years of the twentieth century with most having served as light sta-
tions (i.e., former lighthouses). The data were obtained starting in 1914 at the Pacific Biological
Station in Departure Bay, BC, and have essentially been in continuous operation since 1914, i.e., with
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no significant gaps (Amos et al. 2015). Several stations have been added since that time although
the number has varied somewhat since the programme began. This programme is referred to as the
British Columbia Shore Station Oceanographic Program (BCSOP) with 12 stations participating at
this time. The sampling used in this programme to obtain the daily observations corresponds to the
stage of the tide which has been chosen to be at or near the time of high tide. This sampling strategy
differs from most programmes which employ a fixed time of day for data collection.

Along the coast of New Zealand, regular observations of daily SST have been collected at
the Portobello Marine Station, University of Otago, since 1953, and at the Leigh Marine Station,
University of Auckland, since 1967 (Greig et al. 1988).

In addition to the individual and combined records of SST that have been described above, it
would be remiss of the authors not to mention the work of Shears and Bowen (2017) who have com-
piled half a century of coastal temperatures using three separate records to study warming trends in
the South-west Pacific boundary current region. In a similar vein, we reference the work of Morris
et al. (2018) who reported on over 10 million seawater temperature records over the continental shelf
of the United Kingdom between 1880 and 2014. This truly monumental effort brings together a vast
collection of observations over a 130-year period from many sources.

The concept of monitoring SST along the California coast on a continuous basis appears to
have originated at the Scripps Institution of Oceanography (SIO) in San Diego with a measurement
programme that started in 1916. The record of daily SSTs from Scripps Pier in La Jolla, California,
which began in 1916 is, as of this writing, now 106 years long and essentially complete. This record
has recently been documented in Rasmussen et al. (2020). The programme that emerged at SIO
was soon followed by the establishment of a similar programme 3 years later in January 1919 at
Hopkins Marine Station in Pacific Grove, California, located at the southern end of Monterey Bay
(Figure 1). The Pacific Grove record measured at Hopkins serves as a companion piece for the
record at Scripps since they were, in part, inspired and coordinated by the same people. The names
‘Hopkins Marine Station’, ‘Hopkins’, ‘HMS’, and ‘Pacific Grove’ are used interchangeably here
and should be taken to represent the same location in all cases.

The importance for acquiring continuous records over time was apparently recognised from the
outset of these measurement programmes. Although data archiving is not discussed in this report,
this important task has been the responsibility of the Shore Stations Program at Scripps over many
years and they have continued to perform this duty with excellence. Despite the efforts of the record
keepers, in some cases, records went missing, necessitating the reconstruction of a complete record
using data from other sources. In addition, changes in the methodology, particularly with regard to
the time of day (TOD) of sample collection, have introduced potential variation in the record that
warrants attention.

The Pacific Grove historical temperature record has found use among students and scientists in
two primary groups, the oceanography and marine biological communities. It is estimated that the
number of published and unpublished reports utilising the long-term SST record from Pacific Grove
approaches 100. The bibliography alone contains almost 50 reports that have appeared in the literature.

This review is organised as follows. The history of the programme is followed by a brief descrip-
tion of the measurement site which, in turn, is then followed by a description of the procedures that
were and are, for the most part, still in use today in acquiring the data. There is a discussion of
some of the problems that transpired, as indicated above, and the steps taken to fix those issues in
the record. The observations of SST themselves and what they represent are then summarised and
discussed in terms of physical oceanography. The use of the HMS time series in a variety of bio-
logical studies is summarised, including its use in historical ecology work, biophysical modelling,
and fisheries studies. In the final section, a discussion of the results and a number of conclusions
regarding the data that have been acquired at the Hopkins Marine Station in Pacific Grove over the
past century are presented.
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Figure 1 Map of the west coast of North America from Canada to Mexico. Monterey Bay is located in cen-
tral California. Inset map: the long-term sea-surface temperature record has been collected at Hopkins Marine
Station, located in the city of Pacific Grove at the southern end of the Monterey Bay. The Farallon Islands,
Santa Cruz, and Granite Canyon, additional sites with shorter historical sea-surface temperature records dis-
cussed here, are also indicated. The photo at the lower left shows a view of the Agassiz Beach sampling site at
low tide, looking east. Water samples were generally collected near the rocky area on the right.

History of the programme

The Shore Stations Program for the U.S. west coast started at the SIO in 1916 for the purpose of col-
lecting SST data at a single location along the coast of southern California (Rasmussen et al. 2020).
The programme was expanded in 1919 when the Hopkins Marine Station in Pacific Grove on the
coast of southern Monterey Bay became the second measurement site.
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A key player during the early days was Dr. George F. McEwen at SIO, whose name frequently
appears in the various communications that were exchanged between SIO and Hopkins (i.e., HMS).
A set of similar but distinct procedures were adopted and have been followed at both institutions.
This is primarily due to the fact that Scripps Pier itself served as the actual measurement site at SIO,
necessitating the manual lowering of containers into the water. In contrast, the measurement site at
HMS has been on the beach near the main laboratory where bucket samples of seawater are taken
within the swash zone.

Daily observations of SST were first acquired on 20 January 1919 at Hopkins. The observa-
tions have been made on a continuous basis up to the present time except for the year 1940 and for
several smaller gaps of at least a month. These gaps have been filled using standard methods of
regression and interpolation in order to create a continuous record to enable taking advantage of
some of the methods that are used in time series analysis. Of the most serious problems that were
encountered, however, were variations in the TOD when the observations were acquired. A simi-
lar problem was encountered at SIO (Rasmussen et al. 2020). SSTs and similar data from other
locations along the U.S. West Coast are collected and archived by the Shore Stations Program
at SIO (https://shorestations.ucsd.edu/data-pacific-grove/). Finally, since its inception, the pro-
gramme has continued to grow as more stations along the coast have started to collect data and
report their results, totalling 10 active stations in California in 2021. These stations from North to
South along the coast are Trinidad Bay, Trinidad Beach, Farallon Islands, Pacific Grove, Granite
Canyon, Santa Barbara, Point Dume/Zuma Beach, Newport Beach/Balboa Pier, San Clemente,
and La Jolla/Scripps Pier.

Location

The observing site at Hopkins Marine Station is located on Agassiz Beach on the eastern side of
Point Cabrillo just east of the main laboratory (Figure 1). This location has an excellent exposure
to the incoming waves and swell from the north-west as it passes Point Pinos, providing waters that
are generally well-mixed and thus representative of conditions at the southern end of Monterey Bay
(e.g., W. Nirenberg 1975).

Procedures

The instruments that have been and are being used in the data collection over the course of the time
series have been as follows. High-grade mercury-filled glass thermometers similar to those used at
Scripps Pier were almost certainly used at Hopkins since the observations were first acquired in 1919.
These instruments were considered to be the scientific standard at the time and were used for at least
several decades thereafter (Rasmussen et al. 2020). Since the early 2000s, NIST-traceable alcohol-
based thermometers were used when SIO transitioned away from mercury thermometers after mer-
cury was banned in California, although the initial date of the transition is unknown. The alcohol
thermometers were used until 2008, when calibrated digital thermometers became the standard.

A bucket is used at Hopkins to collect a water sample at the shore line in the swash zone. The
temperature of the water sample is measured immediately and then recorded according to the
instructions given for the particular instrument that is used. This temperature has been considered to
represent the upper ~30cm (approximately 1 foot) of the water column (Surface Water Temperatures,
U.S. Coast and Geodetic Survey, Pacific Coast, Washington, DC, 1945). The precision of the mercury
and alcohol thermometers from 1956 onwards was generally taken to be 0.1°C, and the precision
of the current digital thermometers is taken to be 0.01°C, though the usual practice is to round the
temperatures to the nearest 0.1°C. According to SIO Report 81-30 (1981), the final temperatures are
recorded either manually or by an automated device with an accepted accuracy +0.2°C. To illus-
trate the accuracy of these instruments based on a sample of readings obtained several years ago by
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comparing two instruments at different times, the differences between them ranged from 0.04°C to
0.1°C. Correspondence between Scripps and Hopkins indicates that the thermometers in recent years
were often calibrated at least once a year and may be calibrated as often as every 6 months.

The temperature time series

From 1916 at Scripps Pier and then 3 years later at Hopkins, daily SSTs were being acquired for
the first time on the Pacific coast of North America, producing time series with daily resolution
where the information content is greatly increased and patterns emerge that might otherwise be
missed. One of the benefits of employing coastal observations at a set location is that they may be
of slightly higher quality than data that are obtained from models where spatial and/or temporal
interpolation is required to obtain values from the nearest grid point. Estimated values from these
models obtained from such geographically based grid systems are inherently low-pass filtered (i.e.,
smoothed), and therefore they could actually be of slightly lower quality.

The degree to which the measurements of SST and other parameters at various locations along
the coast are independent is a different matter. Their independence depends on both their correlation
timescales and their correlation length scales. It is not difficult to estimate the correlation timescale by
simply calculating the autocorrelation function (ACF) of the daily observations and observing the rate
of decay once any long-term trends in the data have been removed. Breaker, Lewis and Orav (1983)
calculated the ACF from SST along the central coast of California at Granite Canyon just north of
Pt. Sur and observed an e-folding decay timescale of approximately 1 week. Calculating representa-
tive length scales presents similar problems, but are more difficult to estimate because the problem
is essentially 2-dimensional if considering the correlation length scales in both the alongshore and
cross-shore directions.

Investigations of methodology

When the programme began at Hopkins, the observers were instructed to collect the data at 8:00
am local time (UTC-8:00) each day of the week except on Sunday (Dr. G.F. McEwen, 1919). The
records show that data collection on Sundays was first introduced on 25 November 1928.

A potential problem developed over the reason for a relatively abrupt and significant increase
in SST (~1°C) that occurred in May 1929 where colder temperatures had prevailed for the previ-
ous 10years. Figures 2 and 3 show the dramatic increase in temperature that apparently occurred
at that time. Could it have been due to an observational or instrumental error, or was it due to
natural causes? Several possible explanations arose. As one possibility, the original data collection
site could have been moved to a different location. To address this question and others, Dr. Mark
Denny of Hopkins compared the daily observations from the current sampling location on Agassiz
Beach at HMS with those acquired from a shoreline site approximately 250 metres away on the
north-west side of Cabrillo Point, adjacent to an older HMS seawater pump house. These data were
acquired between August 2007 and January 2008 for a period of almost 6 months. The two data-
sets turned out to be almost identical with a mean difference of less than 0.1°C. Not surprisingly,
it was concluded that the measurement site had probably not been moved, and furthermore, that
it did not matter anyway. Two points supporting the possibility of a natural shift in temperatures
are worth noting. First, corroborating data from Skogsberg (1936) was found and his results are
discussed in the section that follows in this review (Daily and short-term variability). Second, sig-
nificant increases in SST were observed elsewhere around the world during the 1920s and 1930s
(e.g., Kaplan et al. 1998, Enfield and Mestas-Nunez 2001, Hawkins et al. 2003, Southward et al.
2004, Philippart et al. 2011). It may come as a surprise that such a change would occur so rapidly,
but perhaps the most significant aspect of this event was the degree to which it appears to have
been sustained.



ONE HUNDRED YEARS OF DAILY SST FROM THE HOPKINS MARINE STATION

—— Daily SST —— Monthly average SST

1945 1950 19556 1960 1965

Sea Surface Temperature (°C)

1970 1975 1980 1985 1990

15 F

10

1995 2000 2005 2010 2015

Date

Figure2 One hundred years of reconstructed temperature time series from Pacific Grove, CA, from 1920 to
the end of 2019. Daily values are shown in black, and monthly average temperatures shown in red. The light
grey period in 1940 represents 1 year of missing data that had to be imputed based on a regression against SST
data from South Farallon Island.
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Figure 3 The complete 100-year record of monthly averaged SSTs is shown as a two-way layout by month
along the ordinate and the year along the abscissa. Black isolines represent 1°C intervals.
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In 2006, Breaker, Broenkow, and Denny (2006) published a report entitled “Reconstructing an
83-year time series of daily SST at Pacific Grove, California”. In this report, a number of problems
with the record were brought to light which were addressed or at least partially addressed. These
problems included gaps in the record, possible outliers, variations in precision, and variations in the
TOD when the observations were taken. The problem of possible outliers was not serious and only
affected a small number of observations. Variations in precision, i.e., the number of decimal places
to which the observations were recorded, were also a relatively minor problem. As a result, these
problems are only mentioned in passing (for further details, see Breaker et al. 2000).

At HMS, the intended time at which the observations were collected, to the best of anyone’s
knowledge, was 08:00 am Pacific Standard Time (PST, UTC - 08:00); however, over the years,
observation times may have varied, in some cases, significantly. For the early portion of the Pacific
Grove record, more than one source has recalled that most of the observations were collected at,
or at least near, 08:00 am because a single person, a Mr. Ted Balesteri, was in charge of collecting
the data from 1919 to almost 1950. In later years, graduate students living in the caretaker’s cottage
were employed in the data collection process. Although conjecture enters the picture at this point,
one test was applied to the data to see if temperatures tended to be higher on weekends than during
the week since students are often known to rise later in the day on weekends. Later observing times
would of course be expected to produce higher temperatures on average if such a pattern could be
established. Although it was somewhat surprising, the pattern that was anticipated to indicate later
observation times was not found (Breaker et al. 2006). Although this period is uncertain, the goal
of achieving an 08:00 am observing time was almost certainly maintained, but the degree to which
it was actually adhered to is less certain. Since the early 2000s, Dr. Joe Wible, the head librarian
for 22 years at Hopkins, strongly encouraged students to adhere to the 08:00 am observation time
in order to help maintain the quality of the record, particularly after one period with a student care-
taker known to frequently have difficulty rising before noon.

Although the targeted sampling time was 8:00 am Pacific Standard Time (UTC — 8:00), the
implementation of ‘War Time’ from 1942 to 1945 and the subsequent observance of ‘Daylight
Saving Time’ starting regularly in California in 1954 introduced the likelihood that sampling times
may have shifted by 1 hour, to Pacific Daylight Time (UTC — 7:00), during spring, summer, and fall,
for many years of the record.

TOD corrections have been applied for observations acquired since 1 January 1969, but it has
not been possible to apply these corrections prior to 1969 because the log sheets that contained
this information were lost. The earlier records that contained the TOD information may have been
lost during the move to the new building (personal communication, Alan Baldridge) at Hopkins in
1989 as a result of the construction of a new library and shift in location. In any case, since 1969,
it has been possible to apply approximate corrections for variations in the TOD, including shifts in
sampling time due to the seasonal change from Pacific Standard Time to Pacific Daylight Time. An
examination of the available log sheets from 1969 onwards shows no evidence that data collectors
adhered to Pacific Standard Time (UTC — 8:00) when the time zone shifted to Pacific Daylight Time
in the spring each year, but instead collected samples based on the adjusted time on their watch.

The diurnal variation in SST is due to a number of factors that include cloud cover, incoming
solar radiation, turbulent mixing due to the wind, the latitude, and the time of the year (Roll 1965).
Cloud cover can reduce the diurnal range in SST by up to 0.5°C depending on the time of year
(ibid.). In addition to the TOD, information on cloud cover is also available since 1969. A cloud
covered sky is present in Monterey Bay much of the time particularly during the morning hours and
in the summer. However, the cloud cover often dissipates later in the day. Thus, these conditions
may not have prevailed for a significant portion of the day. As a result, because of the ephemeral
nature of the cloud cover in Monterey Bay, this information could not be incorporated within the
framework of the model that was initially adopted. To address this problem, an effective method of
stratifying the data to reduce the scatter was needed. It was found that by binning the observations
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by month as well as TOD, a slightly modified version of the model could be used to obtain a TOD
correction. This model can be expressed as follows:

T, ()= A, cos(2nt/ P)+ B, sin(2nt / P), for 0.0<r< 24.0 andi= 1,...., 12 1)

where T(f) represents the predicted temperature as a function of time and # is in hours, 7 is the month
of the year, and P=24hours. A, and B, are estimated by the method of least squares (Bloomfield
1976). Since the diurnal cycle varies in a generally cyclic manner, the selection of harmonic basis
functions was a natural choice.

The results indicate that the diurnal cycle clearly increases during the summer, as expected,
and has a maximum range that approaches or may even exceed 2°C. The magnitude of the diurnal
range in this case is almost twice that is predicted for the open ocean (Monin et al. 1977). It was also
found that the rate of increase in temperature during the summer is at its maximum between 08:00
and 12:00 hours with rates of increase that approach 0.4°C/hour. Finally, because the observations
when they were not collected at 08:00 am were usually collected later in the day, the final corrected
values are in most cases lower than the values that were usually recorded. In conclusion, the aware-
ness of the sampling problem and the importance of collecting the observations at the same time
each day has apparently been a gradual learning process. Almost certainly in the early days of the
programme, there was little awareness of how large the diurnal signal actually was. The TOD issue
also appears to have been the most significant problem encountered in evaluating the 100-year
record of SST at Scripps Pier (Rasmussen et al. 2020).

Gaps in the record which required filling if a complete record was to be produced, albeit a par-
tial proxy, are finally discussed. The gaps varied in length from 1day to one entire year. The year
was 1940. According to Alan Baldridge who was the chief librarian at HMS for many years in the
decades that followed, it is most likely that the observations during that year were acquired but mis-
placed during the archiving process. Consistent with this argument is the fact that the observations
that were missing were very close to 1 year in length.

To fill the 1-year gap, the first option that was considered was to use the mean annual cycle
(MAC) as the basis. The problems with using the MAC were two-fold. First, during the year
1940, two maxima in SST occurred, the first of which was the major 1940-1941 EI Nifio and the
second was a maximum in the Pacific Decadal Oscillation. Figures 2 and 3 clearly show a major
maximum approximately centred on 1940 in the record that has since been recreated (although
the year 1940 is missing from our record, there were several other records including the Farallon
Islands and Scripps Pier that were examined during the period in question and clearly supported
our interpretation). However, to distinguish between these two events, the reader is referred to
Breaker and Carroll (2019) who used Empirical Mode Decomposition to separate them based
on timescale differences. Thus, in the first case, the MAC would not have served as a represen-
tative proxy. In the second case, since the MAC produces an inherently smoothed version of
the desired product, much of the smaller-scale variability would be sacrificed in the averaging
process.

Because SST measurements have also been acquired at the Farallon Islands since 1925
(Figure 1), the possibility of using this record as a proxy for the year in question arose. Using
the Farallon Islands as a proxy assumed there was a significant relationship between the two
records. Work by Robinson (1960) and Roden (1961) suggested that this was the case at least
on seasonal and annual timescales. As a result, a lagged linear regression was used as the basis
for establishing this relationship following standard procedures given in Thomson and Emery
(2001). The results of the lagged regression between Hopkins and the Farallons revealed an
overall lag between the two records of 1 day for the 1925-1943 period and a lag of zero days for
the 1955-onward period (a gap exists in the Farallons record from 1943 to 1955). The infilling
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procedures that were employed depended on timescale and are described in detail in Breaker
et al. (2006). Several smaller gaps of slightly less than a month were also filled using this rela-
tionship. At shorter timescales from 1 day to 16 days, linear interpolation was used after testing
several more sophisticated methods of interpolation only to find that linear interpolation worked
equally well or better than other common methods, consistent with the findings of Weedon
(2003). Finally, the complete record that incorporates all of the corrections described above is
shown in Figure 2 as a time series and Figure 3 as a two-way layout by month and year.

Scientific contributions

Although a number of topics could be addressed based on the observational database that resides
at Hopkins, most of what follows has been devoted to the subjects of physical oceanography and
marine biology. We provide examples of biological studies that utilise the Hopkins record to show
the importance of such time series for diverse disciplines, including addressing emerging concerns
about individual species’ and community responses to climate change.

A number of studies have been conducted that were based primarily or at least in part on the
Hopkins time series where physical oceanography was the primary focus. First, the daily observa-
tions are examined which in turn is followed by an examination of the longer timescales of vari-
ability. The importance of the diurnal influence in the early years may have been underestimated in
part because its variability off the coast, where more data had been collected, was often found to be
relatively small. In the early 1900s, oceanography was still a ‘blue water’ science and observations
along the coast were less common.

Daily and short-term variability

To illustrate the importance of the daily samples, the spring transition to coastal upwelling was first
reported by Huyer et al. (1979) off the coast of Oregon, an event that was preceded by a major rever-
sal in wind direction with a corresponding oceanic response that occurred over a period of approxi-
mately a week. Typically, the spring transition takes a week or longer with significant decreases in
temperature often observed on a daily basis. The coastal wind is a major driving force during the
spring transition, and although its speed and direction are often poorly defined and variable at the
outset, as the event progresses over the course of several days, the winds change direction, now
coming consistently from the North-west with speeds that approach or even exceed 8m/s (e.g.,
Hayes et al. 1984). The upper panel of Figure 4 shows daily SST at three locations in March 1980:
Pacific Grove, Granite Canyon, and Santa Cruz (upper and lower panels taken from Breaker 2005).
The greatest change occurs at Granite Canyon (>3°C) on the open coast where it occurs first. The
transition is delayed by at least 5days at Pacific Grove and the decrease in temperature is closer to
2°C. According to Gunter Seckel, the director of the National Marine Fisheries Service Laboratory
in Pacific Grove during the 1980s (personal communication), he could often tell the exact day when
the spring transition first arrived from his office overlooking Monterey Bay based on shifts in the
wind and currents.

An autumn transition was observed in 1956 at Pacific Grove (lower panel of Figure 4)
which in most years is less pronounced than the transition to coastal upwelling. In this case, the
decrease in temperature at Pacific Grove is at least 3°C and it occurs over a period of approxi-
mately 2days. The fall transition represents a major seasonal change that usually signals the
arrival of the poleward flowing Davidson Current. It would be impossible to interpret these
events without daily observations. With monthly or even weekly sampling, these events would
almost certainly be overlooked. To further summarise, the observations at Hopkins (as in many
cases) played an important role in contributing in our ability to interpret these data with greater
certainty.
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Figure 4 The upper panel shows the daily SSTs for the year 1980 for three locations: Pacific Grove (black),
Granite Canyon (light blue), and Santa Cruz (red) (see Figure 1 for the locations). Our primary focus is on
March because that is when the spring transition to coastal upwelling occurred. The lower panel shows the
daily SSTs for the year 1956 from Pacific Grove and Santa Cruz, a year when the fall transition was particu-
larly evident at these locations. It occurred during the month of October. (Taken from Breaker 2005.)

Let us now return to the rapid long-term increase in SST that occurred in 1929. Figure 5 shows
the monthly averaged data from 1920 to 2020 with mean values plotted in red for the periods from
1920 to 1929 and from 1930 to 2020. The actual date of this abrupt increase was in mid-May 1929.
It took place in just 2 or 3days based on the daily observations. Separate calculations show that the
overall sustained increase was almost 1°C between the periods before and after this event.

Skogsberg (1936) acquired observations of SST aboard ship in southern Monterey Bay over the
5-year period from 1929 to 1933 within approximately 10 km of HMS that provide additional insight
into the event in 1929. According to Skogsberg, “These data again demonstrate that during the first
five months of 1929, the temperatures at the surface by and large were subnormal. From June, 1929,
until August, 1931, inclusive, they were generally speaking above normal.” Several points are rel-
evant. First, further in-depth analysis of Skogsberg’s data also indicates that temperatures actually
began to increase in May 1929, and second, that subsurface temperatures down to at least 100m
were increasing in unison with the data at the surface.

This event was also searched for in the data from Scripps Pier; although a significant increase in
temperature was found in early April 1929, a subsequent sustained long-term increase in SST as far
south as Scripps Pier could not be identified. This observation is consistent with that of Parrish et al.
(2000) who found extensive cooling off the coast of northern California between 1908 and 1930, but
that these anonymously cool waters did not extend as far south as southern California.
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Monthly—averaged Sea Surface Temperature at Pacific Grove, 1920-2020
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Figure 5 Monthly averaged SSTs from 1920 to 2020 with the mean values included for the periods from
1920 to 1929 and from 1930 to 2020 (dashed red lines).

It is important to emphasise that although no short-term increases in SST along the coast of
southern California could be found that were necessarily consistent with the event that was observed
at Hopkins, long-term increases in SST did occur off southern California during the 1920s and
1930s that are well-documented based on independent data including data that were obtained from
planktonic foraminifera (e.g., Field et al. 2006).

As an aside, it was stated in Breaker (2006) that the event observed in the Hopkins time series in
1929 was a regime shift, even though it is now almost certain that it was not. Regime shifts almost
by definition correspond to significant changes in the climate system that often affect both the physi-
cal and biological properties of the ocean. More specifically, regime shifts usually correspond to
changes in the phase of the Pacific Decadal Oscillation (e.g., Newman et al. 2016). The results of
Breaker (2007) indicate that several regime shifts have occurred between 1920 and 2000, but that
they did not include a regime shift in 1929 because the timescales associated with regime shifts
range from roughly 4 to 9 months, which are far too long to match the abruptness of the event that
occurred in May 1929, which appears to have taken place in just a few days or less. Also, regime
shifts do not exhibit any obvious surface manifestations, whereas the primary manifestation of this
event may well have been its surface signature — the step-like increase in temperature of almost 1°C.
Although the cause of this event is unknown, because it appears to have been sustained, perhaps
indefinitely, it may represent a significant shift in the state of the ocean or climate system.

Extreme values

Next, the highest values in temperature that have been observed are indicated based on daily
observations during the period between 1920 and 2020. Before the Marine Heat Wave (MHW)
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starting in 2014, the highest value was 19.0°C, which was recorded on 26 September 1983 dur-
ing the 1982-1983 EI Nifio, widely regarded as one of the strongest events of the past century
(e.g., Quinn et al. 1978). The highest overall temperature in the 100-year record occurred during
the MHW in 2015 where a raw value of 21.02°C was observed at 8:10 am PDT (adjusted in the
100-year dataset presented here to 21.24°C at 8:00 am Pacific Standard Time) on 20 July during a
period of calm seas.

Record low temperatures, based on the entire record, of 6.9°C were recorded on 23 and 24
December 1998 (adjusted from observed values of 7.0°C at 9:20 am and 9:30 am PST). Each of these
events can be easily identified in Figure 2. These low temperatures corresponded to record low air
temperatures over the Monterey Peninsula which matched the coldest temperatures on record dur-
ing the past 50 years as of December 1998 (Renard 1999).

Hopkins and its relationship to the open coast

The closest neighbour to Hopkins is Granite Canyon located approximately 30 km south of Monterey
Bay along the open coast (Figure 1). Granite Canyon started collecting daily observations of SST in
1971 and so has a relatively short history. Recent work has addressed the nature of the relationship
between Granite Canyon and Pacific Grove in more detail. When events such as the spring transi-
tion occur, a significant correlation is found in the data with an average delay of approximately
5days for the signal to reach Pacific Grove. During these infrequent periods, coastal trapped waves
may be generated that contribute to the higher correlations that are observed. In any case, it can be
inferred that the path is most likely indirect since a signal entrained in steady uniform flow with
a speed of 15 cm/sec would take at most 3days to travel between the two locations. The findings
indicate that, in most cases, the primary sources of variability along the open coast tend to act inde-
pendently of those well inside the bay at least at these locations because there is a lack of correlation
between these sites.

In contrast to the results above, it has been found that when the records at Granite Canyon and
Pacific Grove were compared at longer timescales, i.e., decadal and longer, that estimates of long-
range persistence or correlation at the two sites were almost identical, suggesting that the lack of
similarity between the records discussed above is clearly a scale-dependent issue (see subsequent
section on Long-range persistence).

Seasonal and intraseasonal variability

Next, seasonal and intraseasonal variability are examined. First, a power spectrum of the Hopkins
data taken from Breaker and Lewis (1988) as of 1983 (Figure 6) is shown. Before addressing the
annual cycle, note the source of intraseasonal variability that has a period of approximately 47 days.
The central frequency of this oscillation is not fixed but varies within about+10% of this value. A
weaker indication of its influence appears as the second harmonic at a period of 23.3 days. This
oscillation whose source lies in the tropical atmosphere is often referred to as the Madden—Julian
Oscillation (Madden and Julian 1971) or simply the 40-50-day oscillation. Its influence is trans-
mitted from the tropics to mid-latitudes primarily via atmospheric teleconnections although there
is an oceanic component as well (e.g., Anderson and Rosen 1983). The 40-50-day oscillation is
most likely connected to the ENSO cycle and it may, in fact, contribute to its onset (e.g., Zhang et
al. 2001). This work and that of Spillane et al. (1987) were the first to report the presence of this
oscillation along the central California coast. However, List and Koh (1976) in an earlier study
analysed SST data from a number of locations along the California coast including the record from
Pacific Grove, observing eight or so distinct temperature cycles each year during the 5-year period
from 1966 to 1971. It is almost certain that they had discovered the 40—50-day oscillation but were
unaware of its origin or significance.
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Figure 6 The power spectrum of daily SST from Pacific Grove from 1920 to 1983. The vertical axis is
10Log,, of the relative variance expressed in dB and the horizontal axis is in cycles per year (cpy). The num-
bers shown above selected peaks indicate the corresponding periods in days. Beyond 10 cpy, the peaks are
primarily related to the tides and harmonics associated with peaks in the lower part of the spectrum. (Taken
from Breaker and Lewis 1988.)

The annual cycle

Next, we consider the annual cycle with a period of 365 days (i.e., 1.0 cycle per year or cpy) where
its importance is apparent, and even its second harmonic is noteworthy with a frequency of 2.0
cpy (182.5days) (Figure 6). A third harmonic can be detected as well with a period of 121.7 days.
Breaker (2006) shows that these oscillations are indeed harmonically related to the annual cycle
and thus do not arise independently. In essence, they show the departure of the annual cycle from a
purely sinusoidal wave form.

The mean annual cycles for Pacific Grove, Granite Canyon, and Santa Cruz are shown in
Figure 7 together with unsmoothed versions. The annual cycle at Pacific Grove has a relatively
small amplitude with a minimum in January of just under 12°C and a maximum in September
of about 14.3°C. This reduction in amplitude is characteristic of regions strongly influenced by
coastal upwelling, where temperatures in the summer are significantly lower than temperatures off
the coast at similar latitudes. This limited range of temperature is further reduced by the relatively
warm waters that flow northwards along the California coast between November and February due
to the Davidson Current whose origins lie at lower latitudes.

In slightly more detail, the data from Hopkins also show that the annual cycle is asymmetric
with seasonal warming that begins as early as in April and continues through most of September
with seasonal cooling that starts in October. Based on model results, this asymmetry is primarily
due to the net surface heat exchange which is positive for most of the year, and to a smaller extent,
the influence of colder upwelled waters that enter the bay through advective processes during the
spring and summer (Breaker 2005).

The dominant feature of the mean annual cycle (MAC) at Granite Canyon is the minimum that
occurs in April and May due to the proximity of upwelled waters from the Pt. Sur upwelling centre
located just to the south (e.g., Traganza et al. 1981). The MACs at Pacific Grove and Santa Cruz are
similar, but greater warming occurs at Santa Cruz during July, August, and September, which may
be primarily due to reduced cloud cover at the north end of Monterey Bay.
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Figure 7 Smoothed and unsmoothed versions of the annual cycles for Pacific Grove, Granite Canyon, and
Santa Cruz. The data for Pacific Grove are for the period from 1920 to 2001, for Granite Canyon from 1972 to
1991, and for Santa Cruz from 1955 to 1968. (Taken from Breaker 2005.)

El Niiio and interannual variability

On interannual timescales, El Nifio episodes are a dominant source of variability along the cen-
tral coast of California. These events occur on average every 3—7 years and can last from roughly
6 months to up to 2years (e.g., Talley et al. 2011). All of the major and a number of the lesser
El Nifio episodes that have occurred during the past and present centuries are shown in Figures
2 and 3. It may not be clear as to how many events should be expected during this period, but,
according to Quinn et al. (1978) and other sources, if weak, moderate, and strong events are
included, there have been 19 separate episodes during the period from 1920 to 2020, or, on aver-
age, one almost every 5years. With the exception of the annual cycle, El Nifio episodes are the
largest source of variability in the data accounting for approximately 18% of the total variance
(Breaker 2005). Using a threshold of 0.5°C above the mean value for each month, this upper limit
was exceeded 27% of the time over the period from 1920 to 2002 thus implying the presence of
El Nifio conditions.

Decadal and interdecadal variability

Based on the record at Hopkins, Denny and Paine (1998) applied spectral analysis to the
Hopkins record and found a maximum in the spectrum at 18.6 years, consistent with the lunar
nodal tide, and that the temperature of the nearshore waters was shown to vary with the lunar
oscillation. It is argued that at least two complete cycles of this tidal component would be
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required for a positive identification. Thus, without a record that was at least ~40 years long, it
might be impossible to identify the lunar nodal tide and further points to the value of relatively
long records.

On interdecadal timescales with periods generally in the range of 20-30years, the Pacific
Decadal Oscillation (PDO) is the single largest source of variability in the record and accounts for
about 6% of the total variance (Breaker 2005). More recent results from Breaker (2019) indicate that
the amplitude of the PDO is almost twice as large inside Monterey Bay as it is outside the bay and
that this is most likely due to the fact that the bay is partially enclosed. Thus, the bay may serve as
a reservoir of energy for the PDO.

Regime shifts

It may not be surprising that the timescales associated with regime shifts are similar to that of the
PDO, i.e., 20-30years. However, the timescale associated with a single regime shift per se is far
shorter. Based on SSTs from Hopkins and several other locations, it has been possible to deter-
mine the times of occurrence of a number of regime shifts during the past century, observe how
they evolve, and estimate their duration. Their durations range from about 4 to 9 months (Breaker
2007). Based primarily on SSTs, although several other variables were examined, the times of
occurrence, how the process evolves or changes over time, and the duration of the entire event,
once complete, were identified and estimated. The method of cumulative sums was employed
which represents the summation of a sequence of values that is continually refreshed after each
new value is added to the sequence (e.g., Hawkins and Olwell 1998). A cumulative sum or CUSUM
as they are often referred to enhances the detection process particularly when changes in the mean
value of the process occur.

Figure 8 shows the CUSUM s for Hopkins (red) and Scripps Pier (black) during the 1976-1977
regime shift. The CUSUM trajectories for each location are similar suggesting that the magnitude
of this event was about the same in each case. The duration of this event was estimated to be about
7months at each measurement site. Since the CUSUM also serves as a low-pass filter, it may show
at a deeper level how similar, in fact, these two records are.

CUSUM turning points in 1976
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Figure8 Cumulative sum trajectories for Pacific Grove and Scripps Pier during the 1976-1977 regime shift.
The green box indicates the approximate duration of this event which was about 7 months. See text for further
details. (Taken and adapted from Breaker 2007.)
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Long-range persistence

Long-range persistence (LRP) or long-range correlation as it is often called, since it implies
greater correlation at the longer and longest timescales, is a property that is frequently observed
in geophysical time series such as hydrology and oceanography (e.g., Pelletier and Turcotte
1997). When we consider the correlation that is expressed in a time series, we usually consider
values that are relatively closely spaced in time or adjacent, but LRP essentially represents the
degree of correlation that may occur between distant neighbours (e.g., Blender & Fraedrich
2003). LRP in SST was recently estimated at three locations along the central California
coast: Pacific Grove (i.e., Hopkins), Granite Canyon, and the Farallon Islands (Breaker 2019).
Measures of LRP are obtained by calculating the Hurst exponent (Hurst 1951), which has fre-
quently been used in hydrology, the atmospheric sciences and, to a lesser extent, in oceanogra-
phy. In the coastal ocean, it provides information on how the influence of coastal waters tends
to decrease as the distance between coastal and oceanic waters increases. It also provides infor-
mation on long-term memory in relation to the global climate (e.g., Zhu et al. 2010). Although
only 20-year segments of these records were used in the analysis, the differences in the scaling
exponents obtained showed that LRP increased by almost 15% at the Farallons, located almost
20 miles offshore, compared to Pacific Grove (i.e., Hopkins) and Granite Canyon, both of which
are located along the coast where similar values were obtained. These results are consistent
with the few values that have been reported elsewhere in the north Pacific (e.g., Fraedrich &
Blender 2003).

Using power law scaling and SST data from Hopkins and Scripps Pier, Breaker and Carroll
(2019) found that the scaling behaviour changed significantly during the ~30-year period between
regime shifts that occurred in 1945-1946 and 1976—1977, concomitant with changes in the winds
and SSTs along the California coast.

Long-term trends

At the longest timescales, previous work is reviewed in estimating long-term trends in the data from
Hopkins. However, as stated by Liebmann et al. (2010), long-term trends can be difficult to esti-
mate because different time periods from the same record can lead to different results. In any case,
several estimates of long-term trends have been made starting with the work of Barry et al. (1995)
who studied climate-related, long-term faunal changes in the intertidal community at the southern
end of Monterey Bay at Hopkins. In a 60-year period between 1931 and 1993 (the exact dates are
uncertain), they employed SSTs from the record at Hopkins (1921-1993) from which they obtained
an annual mean warming rate of +0.013°C/year (endnote 19 in Barry et al. 1995). They concluded
that global climate change was primarily responsible for the results they obtained. In a similar
study, Sagarin et al. (1999) for the same location and time period, i.e., ~60 years, used Hopkins SST
data from 1920 to 1995 to calculate a warming rate of +0.0125°C/year for the time period, which is
close to the value obtained by Barry et al. (1995). They concluded that although climate change was
primarily responsible for the observed warming, other factors could have been involved.

Breaker (2005) also calculated long-term trends from the Hopkins data but employed slightly
different periods, first from 1920 to 2001 (82 years) and second from 1930 to 2001 (72 years), each
including the 1997-1998 El Nifio warming event, which occurred after the Barry et al. (1995) and
Sagarin et al. (1999) periods of analysis. For the first period, Breaker obtained a rate of +0.0105°C/
year. As stated earlier, the second period was employed to examine the influence of the cold period
from 1920 until 1929 just before the cold period ended. According to Parrish et al. (2000), the cold
period off northern California actually began in 1908 and ended ca. 1930. Based on the two periods,
the slope decreased from +0.0105°C/year to +0.0042°C/year. This reduction in the slope was over
50%, and in the first case (the full 82 years), the slope was statistically significant with a confidence
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Figure 9 Yearly averaged temperatures at Hopkins with linear trends included. The dashed line shows the
entire period from 1920 to 2020 and the solid line shows the period from 1930 to 2020.

level of 95%, but in the second case (72 years), the slope was not statistically significant at the same
level. We repeated the same analysis here with the 100-year dataset, comparing the effect of includ-
ing the first decade of data (1920-1929) versus excluding it. With the inclusion of 20 more years of
data through the end of 2019, the slope for the full 100 years was 0.0111°C/year (R?>=0.27), and when
the colder period from 1920 to 1929 was excluded, the slope decreased to 0.0071°C/year (R>=0.12),
though both versions of the regression were now significant (P <0.001).

The two trends are shown in Figure 9 making it a simple matter to see the impact of the first
10years. It comes as no surprise that the location of the cold period is crucial to its impact on the
slope. If, for example, the cold period had occurred at a more central location within the record, its
impact could have been minimal.

To summarise, the results of Breaker (2005) are generally similar to those obtained at Scripps
regarding the long-term trends. Rasmussen et al. (2020) state that trends for records longer than
a few decades are positive during the twentieth century and that trends for more recent records
acquired since ca.1950 are not only positive but also strongly positive. Supporting these results,
the more recent results from Checkley & Lindegren (2014) also concur with the warming patterns
observed earlier. Regarding the results from HMS, if the cold period during the 1920s is included,
then the long-term trends are positive and on the order of +1.0°C/100 years. Although the trends are
still positive, they are weaker for records that do not include the cold period during the 1920s. Also,
our results over the long term are consistent with those obtained at SIO except for the cold period
observed prior to 1930. Finally, the impact of the MHW, which started in 2014 and is discussed in
the next section, has been compelling at both Hopkins and Scripps Pier. This impact takes the form
of an increase in temperature that is due to several factors. First, it is due to the overall magnitude of
the sustained increase in temperature which has been reported to be from 2.0°C to 2.5°C; second,
the duration of the MHW which has been at least 5 years (and may still be ongoing); and third, due
to its location within the record (at the tail end), it will undoubtedly have a major impact on the
long-term linear trend.

The marine heat wave since 2014

The final section has been reserved for what has occurred since 2014, which are considered highly
unusual and unexpected oceanographic conditions along the west coast of California and Monterey
Bay. A brief overview of what has transpired off the west coast since 2014 is presented and then
the data from Hopkins is examined to see if any evidence can be found to support the larger-scale
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picture. The year 2013 is included as a point of reference since it serves to separate the most recent
period of unusually high temperatures from the past 93 years, which have generally been more qui-
escent aside from a number of El Nifio episodes.

Starting in the winter of 2013-2014, a large thermal anomaly formed in the north-eastern
Pacific. By the summer and fall of 2014, the warming had reached the Pacific coast, and by the end
of 2015, the anomaly extended from the Gulf of Alaska to Baja California essentially encompassing
the entire coast of California (e.g., Di Lorenzo & Mantua 2016).

During 2014 and 2015, much higher SSTs were observed off the west coast and warm conditions
prevailed in the North-east Pacific. This major warming event is called the North Pacific Marine
Heat Wave (MHW). The term is attributed to the fact that 2014—2016 was the warmest 3-year period
on record at Scripps Pier (Frolicher & Laufkotter 2018 and Frolicher et al. 2018). It is important to
note that the processes leading up to this event, its persistence, and its decay are poorly understood.

By 2015, SSTs had decreased slightly along the west coast but were still well above average.
Along the coast, SST anomalies in some cases exceeded 2.5°C during this period (CalCOFI Report
2016). Also, during this period, not only was the MHW in effect but also an El Nifio occurred that
started in the winter of 2015. The effects of this El Niflo, i.e., the El Nifio of 2015-2016, contributed
to the overall observed warming, but its impact according to the same CalCOFI Report was signifi-
cantly less than the impact of the 1997-1998 event.

Following the MHW that arrived along the central California coast in 2014 and lasted until
2016, oceanographic conditions north of Pt. Conception during the period from mid-2017 to mid-
2018 gradually approached those more typical of the region. SSTs were close to expected values
along most of the California coast but warmed to record levels by the summer of 2018 off southern
California (CalCOFI Report 2018). Overall, north of Pt. Conception, the California Current System
(CCS) by mid-2018 had returned to an approximately normal state, although ‘remnants’ of the
MHW could still be detected further north (ibid.).

According to Thompson et al. (2012), the CCS has largely been in a warm state since 2014. A
mild El Nifio started in late 2018 further continuing the prevalence of relatively warm waters along
the coast of California and further north well into 2019. Finally, to complete the year, although
temperatures along the coast of California remained near normal or slightly cooler than normal dur-
ing the spring and early summer of 2019 (https://www.ncdc.noaa.gov/oisst), another MHW formed
off the Gulf of Alaska in May, and by August, its impact had been observed as far south as central
California (Amaya et al. 2020).

Since 2014, significantly higher SSTs have been observed off central California. Specifically,
higher SSTs were first observed in early 2014 at HMS and have persisted throughout the remainder
of the record. Figures 2 and 3 show the period from 2014 to at least 2017 with the highest monthly
averaged temperatures ever observed at Hopkins. Figure 10 shows the 7-year period for the daily
values from 2013 to 2020. Figure 10 in the upper panel shows these observations together with the
MAC and in the lower panel shows the SST anomaly or difference between the observations and the
MAC. As indicated earlier, the year 2013 is included to provide a link to the past and shows close
agreement with the MAC, the only year that does so from that point on.

The observations from Hopkins reveal temperatures during 2014 and 2015 that were often
as much as 3°C higher than expected values with the extremes occurring primarily during the
summer and fall months. In addition to the MHW, as mentioned, a moderate El Nifio developed
during the 2015-2016 time frame that may well also have contributed to the observed warm-
ing. Some cooling had occurred by 2016 as indicated in Figure 10 (upper panel), but tempera-
tures were still almost 2°C higher than normal for most of the year excluding the last 2 months.
Although temperatures generally indicated a return to near normal conditions along the coast of
California by 2017, SSTs reached values of 18°C or higher in September at Hopkins. According
to Wells et al. (2017), areas of warmer-than-average hot spots were detected during the year
in the northern CCS, but a more detailed explanation for the unusually high values observed
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Figure 10 The upper panel shows SST for the period of daily observations from 2013 to 2019 with the mean
annual cycle (MAC) included (dashed in red). The lower panel shows the difference between the original data
and the MAC, or the anomaly. Note the strong positive bias in the anomaly starting in 2014.

in southern Monterey Bay during this period would be preferable. Higher-than-expected tem-
peratures in southern Monterey Bay were recorded during 2018 as well, but the mild El Nifio of
2018-2019 may have also contributed to these higher values. Although temperatures were close to
normal along the coast of California starting in 2019, in southern Monterey Bay, they were clearly
higher than average between the months of April and September. After September, temperatures
decreased sharply, but by the end of the year, it is possible that the first signs of a second MHW
were detected (CalCOFI Report 2019).

Returning to the lower panel in Figure 10, from 2014 through 2019, the anomaly, which is based
on the full 100years of data, is strongly biased towards positive values. Typically, the anomaly is
expected to be centred approximately on zero as it appears to be in 2013. However, the average
anomaly is almost +1.39°C during the years of 2014 and 2015. And for the entire period of 2014—
2019, almost 67% of the anomalies are positive. Thus, this period is truly unique making it difficult
at best to compare it with any other period of significant duration in the entire record.

Evidence for an increase in non-stationary behaviour since 2013 in the Hopkins record is
apparent and suggests that significant changes in the processes involved (both oceanic and atmo-
spheric) are at work. Changes in the mean value are observed that are readily apparent from
inspection, but more specifically, from the sign and magnitude of the anomaly which is based on
the entire record. Although not shown, changes in the variance or second moment have occurred
as well. Also, the tendency towards increased peakedness, most apparent in 2014 and 2015 and
in 2017, is consistent with increases in the variance and in non-linear behaviour (e.g., Kantz and
Schreiber 2004).
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The period from 2014 to 2020 based on the record from Hopkins represents a period of change
that appears to be unprecedented. In this regard, 2013 serves as a link that connects essentially
different oceanic regimes whose properties and processes most likely differ to a significant degree.
Whether oceanic conditions gradually return to pre-MHW conditions or this change represents a
permanent reset to a new initial state may take years to determine.

Non-linear behaviour

The topic of non-linear behaviour could have been introduced at almost any point earlier in this
section since the timescales associated with non-linearity are highly variable. Perhaps one of the
best questions one could ask about non-linearity is why does it matter? When the system under
study changes from one that is essentially linear to one that is non-linear (or vice versa), it often
indicates that the oceanic process or processes that govern the system have changed significantly.
Also, a number of the methods that are used in statistics and spectral analysis assume that the data
are linear or at least approximately linear.

Breaker (2006) found indications of non-linear behaviour in the Hopkins record from relatively
large, rapid increases in temperature that corresponded to intrusions of warm water into Monterey Bay
that lasted for periods as short as several days. It is also most likely that many of the major peaks in
SST that occurred in 2014 and 2015 during the MHW (and in years following) are non-linear as well.

El Nifio warming episodes have also been shown to exhibit non-linear behaviour during the
periods of higher-than-average temperature. Because El Nifio warming is a rather frequent occur-
rence, we must assume that non-linearity, although not necessarily a constant companion, is a com-
mon occurrence as well. Finally, the question was addressed of whether or not the annual cycle and
the semi-annual cycle which usually accompanies the annual cycle are harmonically related? It was
found that these two cycles are indeed harmonically related, and thus, the semi-annual cycle does
not arise from a separate source. In Figure 6, a third harmonic can also be observed at a period of
approximately 121.7 days. These harmonics essentially represent the degree to which the annual
cycle departs from a linear basis.

Biological studies utilising the temperature time series

The utility of the long-term record of daily SST at Hopkins Marine Station for studies of the biologi-
cal community at the station and surrounding areas has been illustrated in several groups of studies.
Within the first decade of its establishment, the HMS temperature record was being held up as an
exemplar of the types of long-term environmental records that would be useful in tracking changes
in fisheries and biological communities (Hubbs & Schultz 1929). Hubbs and Schultz were primarily
reporting on the occurrences of southern warm water species such as Mola mola sunfish, Velella vele-
lla Portuguese man-o’-war, and Atherinopsis californiensis californiensis jack smelt in the waters of
Oregon, Washington, and BC during the 1925-1926 El Nifio. They lamented the fact that there was
no historical record of SSTs in those regions similar to what was available for the Monterey Bay at
the time. In more recent years, the SST record has been used in a number of studies that are grouped
broadly here into historical ecology studies, fisheries and life-history studies, and biophysical studies.

Historical ecology

The work of Barry et al. (1995) and Sagarin et al. (1999) was previously discussed as well-known
examples of ‘historical ecology’ studies that attempt to discern patterns in community change over
long time intervals based on revisiting the sites of earlier community surveys. The study first detailed
in Barry et al. (1995) was initiated as an undergraduate research project to reoccupy and resurvey a
fixed transect located in the intertidal zone at HMS. The transect was originally established in 1930 by
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a Stanford graduate student, W.G. Hewatt, who carried out detailed counts of animal species (and some
algae community observations) from 1931 to 1933 through the high, mid, and low intertidal zones.
In his original publication, Hewatt (1937) included a time series of water temperature data from the
HMS record and remarked on the potential effect that water temperature, in addition to other factors
such as emersion time and weather conditions, might have on the identity and abundance of organisms
found in the survey site. After an approximately 60-year interval, Barry and co-authors found that
several species of invertebrates with range centres predominantly in southern California had become
more abundant at HMS, while species with northerly range centres had declined compared to Hewatt’s
1930s baseline. They hypothesised that those changes might be linked to the increases in minimum,
mean, and maximum water temperatures found in the HMS temperature record.

Denny and Paine (1998) noted that the surveys carried out by Barry et al. (1995) in the years
1993-1995 coincided with a minimum in the 18.6-year lunar inclination cycle, while Hewatt’s original
surveys occurred around the time of a maximum in the 18.6-year cycle, which could have influenced the
makeup of the intertidal community due to changes in emersion time and associated changes in water
temperatures on the shore. In more recent years, Micheli et al. (2020) have continued re-surveying
the Hewatt transect and found evidence that the abundances of southern species present in the 1990s
had declined in the intervening two decades (1995-2015). Species with more cosmopolitan coastwide
distributions also declined for much of that time, but the more recent warm period (2014-2019) saw an
uptick in those wide-ranging species. These continuing surveys will rely on the long-term water temper-
ature record to assess the potential for climate change-related impacts on the shoreline flora and fauna.

Additional historical ecology studies have similarly made use of the Hopkins temperature
record to investigate the role of water temperature in affecting species distributions, body size, and
abundance on the shore. Hopkins graduate student L.J.H. Hunt (2006) used historical photographs
to identify shifts in the upper shore limit of the algae Endocladia muricata on the Hopkins shore-
line, where it creates a highly visible dark band against the native granite bedrock’s light tan colour.
Among these historical photographs were images taken in the 1960s by P. Glynn while working on
his own graduate thesis (Glynn 1965) on the Endocladia and barnacle zone interface. Both Glynn
in the 1960s and Hunt in the 2000s relied on the Hopkins water temperature record to determine
whether shifts in the algae or barnacle distributions might be linked to water temperature. The
historical reconstruction of Endocladia shore height distributions by Hunt indicated that relatively
sudden shifts in the upper limit were likely driven by a combination of recruitment pulses and sub-
sequent cooler local weather conditions that relaxed desiccation and temperature stress at low tide,
with water temperature perhaps playing a less direct role.

Elahi et al. (2020) carried out re-surveys of snail and limpet body sizes, abundances, and shore
height distributions on the Hopkins shoreline, again making use of older studies and the long-term
water temperature and weather records to evaluate hypotheses regarding the role of climate warm-
ing. Body size distributions for three intertidal gastropod species generally trended downwards
between initial samples taken in the 1940s, 1950s, and early 1960s, compared to re-surveys done
in the 2014-2015 time frame. The observed trend was consistent with the temperature-size rule for
ectotherms (Atkinson 1994), although the authors indicate that a variety of other environmental and
biological influences could potentially be operating in this system.

Fisheries and life-history studies

The long-term temperature records have also been used in the analysis of Monterey fisheries
trends. Brady (2008) found significant correlations between market squid (Loligo opalescens)
body sizes and SST and upwelling dating back to the 1940s. Smaller body sizes were associated
with warmer temperatures at the time of capture and also for the period of 7-11 months prior to
capture, which could be tied to temperature and upwelling conditions around the time of egg
deposition or hatching in this short-lived species. Dalton (2001) compared the Hopkins SST data
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against historical fisheries catch reports from 1981 to 1999 for albacore tuna (Thunnus alalunga),
Chinook salmon (Oncorhynchus tshawytscha), sablefish (Anoplopoma fimbria), and market
squid in Monterey Bay. Periods of warmer water temperatures associated with the 1983-1984 and
1997-1998 ENSO events were associated with a temporary increase in albacore tuna landings but
a decrease in other species.

The daily SST dataset has also served as evidence of upwelling periods, which have been linked
to abundance and growth rate changes in several species around the Monterey Peninsula. Larval
fish abundance offshore of Monterey was associated with colder water temperatures linked to sea-
sonal upwelling and a reduction in abundance during the anomalously warm 1983 ENSO event
(Wallace 1988). Giant kelp (Macrocystis pyrifera) cover and productivity increased after periods
of high water movement, followed by upwelling of cold water and nutrients to support high growth
rates (Gerard 1976). Densities of several species of intertidal and subtidal spider crabs increased
with increasing water temperatures and reduced ocean swell during the summer and autumn sea-
sons (Hines 1982). For each of these examples, temperature alone was likely not the sole or primary
driver of the changes in abundance or productivity, but the Hopkins temperature record served as
a record of probable upwelling events until more direct measures such as ocean buoys and satellite
ocean colour data could be brought to bear on the problem of documenting coastal upwelling.

Biophysical studies

The Hopkins daily SST dataset has also proved useful in a variety of biophysical studies that attempt
to reconstruct time series of intertidal organism temperatures (Johnson 1975, Denny et al. 2006,
Harley et al. 2009, Miller et al. 2009, Miller & Denny 2011, LaScala-Gruenewald & Denny 2020).
These studies use heat-budget modelling methods to estimate temperature fluxes into and out of the
rock surface or the animals or algae themselves, and rely on a variety of environmental parameters,
including SST. Heat-budget modelling can operate from gridded environmental data interpolated
from ground stations or remote sensing sources (Mislan & Wethey 2011), but environmental data
measured in situ, particularly at daily or shorter time intervals, are often desirable for these methods.
In a similar vein to the hindcasts of organismal body temperatures, the HMS water temperature
record has also been incorporated into statistical approaches to forecast the frequency and intensity
of future extreme temperature conditions on the shore and how those might impact organismal sur-
vival (Gaines & Denny 1993, Denny et al. 2009, Denny & Dowd 2012).

Discussion

The record of daily SST at the Hopkins Marine Station in Pacific Grove, California, has now passed
the 100-year mark, a record that started in January 1919. It has only been surpassed along the U.S.
West Coast by the record of SST acquired at Scripps Pier in La Jolla, California, a programme that
started 3 years earlier (1916). Based on the information that is available, it would be fair to say that
the programme at Hopkins was ‘modelled’ after the one at Scripps allowing for small differences in
the procedures that have been used in the data collection process.

In a record of daily observations that has grown to be 100years long, it is almost inevitable
that problems in data acquisition would arise. Two problems arose in data quality that were highly
significant and they were discussed earlier in the text. Briefly stated, the first problem was due to
variations in the TOD when the observations were acquired although the intention had always been
to collect the data at 08:00 am PST each day. Problems of a similar nature were also encountered
with respect to observation times at SIO (Rasmussen et al. 2020).

The second problem was due to missing data or gaps that occurred in the record. One gap
spanned the entire year of 1940. With respect to this gap, it appears that there was no intent to dis-
continue data collection at that time but rather the data for that year were simply lost. As discussed
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earlier, approximate solutions for these problems were found. In the future, one solution for the
TOD problem would be to implement an automated data collection system, but SIO and Hopkins
have, to date, not done so. Noteworthy is the obvious fact that existing procedures are basic and
simple to perform in practice, and as a result, it may be more reliable.

The possibility of using satellite data in support of the analyses that have been presented was
considered particularly with regard to the missing year of data from 1940. If we could have used
satellite data as a proxy for the missing year, it would have been very helpful. The primary source
would have been satellite-derived SSTs using daily observations from the AVHRR (Advanced High
Resolution Radiometer). Unfortunately, there were several factors that weighed in heavily against
this possibility. First, no satellite data with application to the ocean existed prior to the mid-1970s
off the west coast of the U.S., and of course, the year we were missing was 1940. Second, because
the temperature data are acquired at the shoreline, the spatial resolution of most satellite instru-
ments has not been high enough (~1 km) to separate the water from the adjacent land at the water’s
edge. Satellite instruments in operation today, however, may have sufficient resolution to address
this problem depending on the nearshore gradients in SST.

With regard to uncertainties in data quality, the periods of greater uncertainty are generally
known as well as the nature of the uncertainties (random or biased). Clearly, the uncertainty is greater
during the periods of missing data, but the uncertainties associated with the TOD problem are less
clear. It was suggested that, in the earlier years of the record without available TOD information, the
data might show a bias towards higher temperatures on the weekends due to later observation times,
but that hypothesis was subsequently disproved. As a result, this gave greater confidence in the qual-
ity of the observations that were acquired during the week. Overall, however, uncertainty in the data
due to the TOD problem, to the degree that it does exist, will, for the most part, contribute to positive
biases because the data tend to be collected later rather than earlier in the day.

Finally, what climate-related questions can or cannot be adequately addressed or will be
adversely affected by variations in data quality perhaps similar in nature to those we have already
encountered? Estimating the magnitudes of major events should be largely unaffected, such as El
Nifio, which includes their beginning and end times. However, some smaller-scale events might be
more problematic in nature. Estimating the timing and the relative impact of regime shifts as well
as detecting and identifying them should not be a problem. Also problems are not anticipated in
identifying change points such as the one observed in May 1929. Though not necessarily due to
problems in data quality per se, the issue of weaker signals and delayed arrival times at Hopkins, as
discussed earlier, may make it more difficult to identify the spring and fall transitions. There should
be minimal impact on periodic phenomena such as the annual cycle and the 40-50-day oscillation.
Likewise, there should be little or no impact in the ability to identify and characterise the Pacific
Decadal Oscillation. Thus, the problem of data quality should have at most a minimal impact on
detecting and describing major events regardless of timescale in most cases.

At least one exception occurs when one attempts to identify precise values of temperature to
obtain the highest and lowest values in the record. If there had been a significant bias (or random
error) in temperature for either of the two dates in question, then, of course, there would be a seri-
ous problem. In this case, an analyst has to rely heavily on neighbouring values for support. In each
case, such support was observed but still there is a question on the validity of the exact values that
are quoted. Also, further problems could arise when comparing different time periods, estimating
rates of change such as long-term and local trends, and using derived parameters where small errors
can be magnified. Overall, however, for the applications that are anticipated in the future, data qual-
ity is not expected to be a limiting factor. This will be due, at least in part, to what is hoped to be an
increased awareness of such problems that have occurred in the past.

Next, the question arises as to why longer records are of greater value? It might be argued that
the value of a record is in direct proportion to its length, but this may be an oversimplification
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depending on the nature of the processes involved. Longer records, however, do allow one to iden-
tify or resolve processes that might otherwise be unknown. It also helps to distinguish between
processes that are basically oscillatory in nature from those that are trend-like. Longer records also
help to identify stationary versus non-stationary processes. Another benefit from longer records
is that it allows one to put various processes in perspective so that their frequency of occurrence,
their repeatability, and their uniqueness can be examined. The El Nifio phenomenon is a primary
example of the latter.

Next, consideration is given to the location of the observation site at Hopkins. Oceanic signals
tend to be delayed in time and reduced in amplitude at Hopkins located inside the bay, compared
to Granite Canyon and elsewhere along the central California coast. Correlations between Granite
Canyon and Hopkins, for example, are generally low as stated earlier and so the question of rep-
resentativeness can be raised. Perhaps the better question, however, is what should be expected of
observations that are acquired well inside the bay in this regard? Again, timescales are important.
It is clear that the degree of representativeness should increase as the timescales increase. Looking
back at the choice of monitoring sites, a location along the open coast might have been preferable
to one located along the coast of southern Monterey Bay. However, it is important to note that it
is perhaps only since the 1940s or later that we have gained sufficient knowledge to make such
informed decisions.

Next, the question of similarity between the records at Hopkins and Scripps Pier arises. There
are indeed major similarities between these records. First, the long-term trends are both positive
and of the same order (i.e., ~+1.0°C/100 years). Also, although the amplitude of the annual cycle at
Scripps Pier far exceeds the annual cycle at Hopkins, when both annual cycles are removed, the
scaling properties that are indicative of long-range persistence and correlation are very similar
(Breaker and Carroll 2019). Further evidence for the underlying similarity between the two records
can be found in Figure 8 where the cumulative sum profiles are almost identical with respect to
the impact of the 19761977 regime shift, even with a separation distance between the locations of
almost 700 km.

The long-term time series has been used in a variety of marine biological studies, including
those examining the potential link between seawater temperatures and species or community
changes through time. Some of these studies (e.g., Barry et al. 1995, Sagarin et al. 1999) were the
first to describe biological responses to rapid anthropogenic climate change, and they would not
have been possible without the temperature time series at Hopkins. Elsewhere, similar ground-
breaking studies on ecological responses to natural climate fluctuations and distinguishing them
from those driven by anthropogenic climate change (e.g., work in the English Channel: Southward
1991, Southward et al. 1995, Southward et al. 2004; Hawkins et al. 2003; Genner et al. 2004) also
heavily drew on temperature time series at fixed nearshore or inshore stations.

The existence of the Hopkins SST time series makes it relatively straightforward to incorporate
seawater temperature into statistical or mechanistic models, but authors have rarely been able to
identify seawater temperature alone as the main cause of observed changes or trends in the biologi-
cal system. The historical ecology studies described here rely on observational data, since controlled
manipulations of seawater temperature in natural settings are difficult to achieve, thus limiting the
ability to make causative links between seawater temperature and species abundances and distri-
butions. Besides the direct effects on organismal performance via changes in metabolic or behav-
ioural shifts in response to changing water temperature, there are myriad of other indirect effects
of shifting water temperature that may be hypothesised to cause changes in species abundance and
diversity. For instance, local seawater temperatures may influence weather conditions including fog
(and thus solar irradiance and heating) or humidity (and thus desiccation rates). Warming or cooling
water temperatures could potentially cause indirect effects through trophic webs, and seawater tem-
perature changes may be correlated with other changing physical variables that often have far less
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data available, such as dissolved oxygen, pH, alkalinity, and even salinity. The power to directly link
SST to community changes will continue to be limited by the complexity of the interacting physical
and biological systems and the relative difficulty of performing controlled manipulative trials of the
sort necessary to recreate the observed changes in field conditions, but SST can potentially serve as
an important indicator for these multiple pathways that could affect biological communities.

In closing, as stated earlier, since 2014, there has been a period of change that is unprecedented
along the coast of California, and this is further supported by the Hopkins data. An important
question that arises at this point is whether or not the changes that have occurred since 2014 are
essentially transient in nature and will return to pre-MHW conditions similar to those observed in
the past, or whether they could represent a permanent change or reset in the climate system?

Conclusions

1. The record of daily SSTs that have been acquired at the Hopkins Marine Station in Pacific
Grove, California, is one of the longest oceanographic records in existence. It began in
January 1919 and has continued ever since. It is exceeded in length by the record at Scripps
Pier by only 3 years.

2. A number of problems arose during the acquisition of the data at Hopkins, two of which
affected the integrity and quality of the record. The first problem was due to variations in the
TOD when the data were collected although the intention had always been to collect the data
at 08:00 am PST each day. Many times, but not always, solutions to this problem were found.
The second problem was due to missing data or gaps in the record. Several gap-filling pro-
cedures were used depending on the nature of the gap, but the primary goal was to maintain
continuity in the record. Thus, it is concluded that uncertainties in data quality do exist and
that greater confidence in the results should not be expected than the data permit.

3. Although serious problems were encountered during the acquisition of the record at Hopkins,
data quality should not be a limiting factor to answering most climate-related questions.

4. Oceanic signals travelling northwards along the central coast are generally reduced in
amplitude and delayed in time at Hopkins located inside the bay compared to Granite
Canyon located on the open coast ~15km to the south (Figure 1). In retrospect, monitoring
sites along the coast may have been preferable to those located in southern Monterey Bay
for daily monitoring, but during the early years of this programme, there was not sufficient
information to make well-informed decisions on site selection.

5. Coastal observations may be of slightly higher quality than data acquired from models
where spatial and/or temporal interpolation is required as is often the case today. Thus,
model-derived data essentially correspond to smoothed estimates of the true values.

6. The abrupt and sustained increase in SST in May 1929 that was observed in the Hopkins
record may represent a local manifestation of the global increase in SST that took place
during the 1920s and 1930s. Although this observation has been discussed in other reports,
the interpretation given here is new.

7. Spectral analysis of the Hopkins record conducted by Denny and Paine (1998) revealed a
maximum in the spectrum at 18.6years, which is consistent with the lunar nodal tide. Only
from a record of 40 years or more, it would have been possible to identify the lunar nodal tide.

8. Prior to the MHW onset in 2014, the highest temperature that had been recorded over
the 100 years of record was on 26 September 1983 during the 1982-1983 EI Nifio. In
2015, that value was exceeded by a measurement of 21.02°C (adjusted to 21.24° based
on TOD corrections in our reconstructed record) on 7 July during a period of calm seas
and sunny weather.
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9. The changes in coastal waters from Baja, California, to the Gulf of Alaska, and more
specifically, the changes that have been observed along the coast of California and within
Monterey Bay are due primarily to the MHW that began in 2014 and are unprecedented.
This statement is supported by the observations that have been acquired at HMS over the
past 100 years.

10. Although the amplitude of the annual cycle at Scripps Pier far exceeds the annual cycle at
Hopkins, when both of them are removed, the two records are surprisingly similar.

11. It has been concluded based on this record and many of the other records along the U.S.
West Coast that, overall, they have been vastly underutilised (e.g., Breaker 2005).

12. Finally, with regard to the importance of coastal monitoring, Micheli et al. (2020) state
that marine observing sites can play a unique and critical role as ‘sentinels’ of ocean
change. The Hopkins record has been used precisely for this purpose in relation to the
major warming event that occurred in May 1929, as well as in biological studies that cor-
relate temperature increases with species shifts over long time periods and studies that
use the data as inputs into models designed to hindcast and forecast organismal perfor-
mance and survival.

Data availability

The Shore Stations Program at Scripps Institution of Oceanography provides copies of the Pacific
Grove SST records at their website https://shorestations.ucsd.edu and a permanent digital archive
at https://doi.org/10.6075/J0S75GHD. A copy of the gap-filled and time-of-day adjusted 1919-2020
dataset presented in this manuscript is provided in a Zenodo archive: https://doi.org/10.5281/
zenodo.7041718
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