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ABSTRACT

Sea surface temperature (SST) has been measured from near the end of the Scripps Institution of

Oceanography (SIO) pier daily since 1916. It is one of the world’s longest instrumental time series of SST. It is

widely used in studies of climate and marine ecosystems and in fisheries management. The authors hypoth-

esized that a discontinuity exists in 1988, when the old pier was replaced with the present pier. A regression of

annual-mean SST at SIO (SSTSIO) on the Pacific decadal oscillation index for 1916–87 was used to predict

annual-mean SST (SSTSIO, PDO) for 1916–present. The residual (ResSSTSIO 5 SSTSIO 2 SSTSIO,PDO) time

series shows a positive discontinuity in 1988, when the present SIO pier was first used to measure SSTSIO. No

discontinuity in 1988 was observed for ResSST at 12 other shore stations or in nearby waters. Use of the first

principal component of other shore station time series of annual-mean SST as the predictor yields similar

results. SSTSIO measured over 3 days shows a diel cycle and short-term variability consistent with rip current

transport of warm surf-zone water to the end of the SIO pier. This study hypothesizes that rip current

transport increased with the change from the old to the present pier and contributed to the observed dis-

continuity in SIO pier SST. The authors estimate an artifact of about 10.458C due to both rapid (1988 pier

change) and gradual processes. Adjusting the SIO pier SST time series for this artifact reduces the long-term

trend from11.18 to10.68Ccentury21, consistent with the global rate of change of SST over the past century.

1. Introduction

SST has been measured daily from the Scripps In-

stitution of Oceanography (SIO) pier (La Jolla, Cal-

ifornia; 32852.00N, 117815.50W) since 22 August 1916

(Fig. 1a). It is widely used in studies of ocean climate and

marine ecosystems (Tegner et al. 1996; Gargett 1997;

Mantua et al. 1997; Schwing and Mendelssohn 1997;

McGowan et al. 1998; Dayton et al. 1999; Hare and

Mantua 2000; Hobday and Tegner 2002; Lavaniegos and

Ohman 2003; Hsieh et al. 2005; Breaker 2007; Breaker

and Flora 2009; Kim et al. 2009; Mackas and Beaugrand

2010; Parnell et al. 2010; Hatch 2012; Sugihara et al.

2012; Deyle et al. 2013; Hatch et al. 2013; Jacobson and

McClatchie 2013; Lindegren et al. 2013; Miller and

McGowan 2013) and fisheries management (Jacobson

andMacCall 1995;McClatchie et al. 2010; Lindegren and

Checkley 2013). The SIO pier SST (SSTSIO) has increased

more rapidly (1 1.18Ccentury21) than global SST (1
0.78Ccentury21), indicating faster coastal than oceanic

warming (Smith et al. 2008; Kadir et al. 2013). In 1988, the

SIO pier, hereinafter termed the old pier (305m long), was

replaced with the present pier (322m long). We hypothe-

sized that the change in measurement of SSTSIO from the

old to the present SIO pier caused a discontinuity in the

time series of annual-mean SSTSIO.

A standard protocol to measure SIO pier SST has

been used since 1916. A weighted bucket is lowered

through an opening in the pier by means of a hand winch

andwire, filled, and raised to the pier deck. Temperature

is measured immediately to 0.18C. The change from

mercury to digital (thermistor) thermometers occurred

gradually between 2008 and 2010 (M. Carter, SIO, 2013,

personal communication). The sampling location on the
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present pier is;4m seaward of that on the old pier. The

time of sampling has varied between 0800 and 1700 h

local time (LT) (SIO Shore Stations program; www.

shorestation.ucsd.edu).

To test our hypothesis of a discontinuity in 1988 in the

time series of annual-mean SSTSIO, we first account for

large-scale natural variability and then apply two types

of tests for discontinuity. We account for long-term

natural variability by predicting annual-mean SSTSIO

using regressions of observed annual-mean SSTSIO on

two predictors: the Pacific decadal oscillation (PDO)

(Mantua et al. 1997) and the first principal component

(PC1) of SST time series for shore stations to the north

of the SIO pier. We then use two types of tests for dis-

continuity in the time series of residuals between pre-

dicted and observed values of annual-mean SSTSIO. This

allows for four tests (two time series and two test types)

of our hypothesis. We then present and analyze a 3-day

time series of SSTSIO using a new instrument. After

presenting our results, we discuss rip current transport of

warm surf-zone water as a possible cause of the observed

discontinuity and implications of our study.

2. Materials and methods

Temperature data are from the SIO Shore Stations

program, covering the entire U.S. West Coast (www.

shorestation.ucsd.edu), and, for waters off Southern

California, from the California Cooperative Oceanic

Fisheries Investigations (CalCOFI) program (http://

calcofi.org/data.html) and the extended reconstructed

sea surface temperature (ERSST.v3b) gridded rean-

alysis of global SST (ftp://ftp.ncdc.noaa.gov/pub/data/

cmb/ersst/) (Smith et al. 2008). Large-scale variability in

SSTSIO may mask the smaller hypothesized variability

associated with the change in piers. For example, sig-

nificant discontinuities in the daily SST time series at

SIO and Pacific Grove in 1977 and 1989 have been

identified (Breaker 2007). We accounted for natural

large-scale variability by standardizing each annual-

mean SST time series using an underlying large-scale

reference (predictor) variable. We tested five variables

(Table 1). Selection of the variable with greatest ex-

planatory power was objective. The PDO, the first

principal component of the time series of detrended

FIG. 1. (a) Annual-mean SSTSIO (black) and PDO (gray dashed). (b) Residual SSTSIO after

accounting for natural variability with the PDO (ResSSTSIO,PDO; black solid) and the PC1 of

annual-mean SST from 11 shore stations to the north of SIO (ResSSTSIO,SS; black dashed). The

solid gray line indicates a significant discontinuity in 1988 in ResSSTSIO,PDO detected by

STARS, coinciding with the pier change.
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anomalies of SST poleward of 208N in the North Pacific

(Mantua et al. 1997), explained most variability in

annual-mean SSTSIO (Table 2). Four other indexes [i.e.,

themultivariate ENSO index (MEI), North PacificGyre

Oscillation (NPGO), Southern Oscillation index (SOI),

and Northern Oscillation index (NOI)] did not explain

significantly more variability in annual-mean SSTSIO

and thus were not further considered (Tables 1, 2). Annual-

mean SST fromERSST.v3b for nine data blocks (318–378N,

east of 1238W) explained a relatively small amount of

variability in annual-mean SSTSIO (R2 5 0.097, p 5
0.004) and was not further considered as a predictor.

We first fit a linear regression to the annual-mean SST

(response) with the PDO (predictor) from the start of

each time series through 1987 (i.e., the last full year the

old pier was in use), then predicted the annual-mean

SST over the entire time series (e.g., 1916–present for

SIO), and finally computed the residuals between pre-

dicted and observed values (ResSSTSIO,PDO for SIO).

This was done for each time series (Table 3).We applied

two statistical methods for identifying discontinuities:

(i) the sequential t test analysis of regime shifts

(STARS) with a significance value p of 0.01 and a cutoff

length of 10 yr (Rodionov 2004) and (ii) a generalized

fluctuation test based on the cumulative sumof recursive

residuals of ordinary least squares residuals (OLS-CU-

SUM) with 95% confidence intervals (Brown et al. 1975;

Ploberger and Krämer 1992). Neither method makes an

a priori assumption about the existence of discontinu-

ities. We also investigated whether the relationship be-

tween annual-mean SSTSIO and the PDO remained

stable throughout the period by estimating the intercept

and slope of the linear regression (as described above)

over a sliding window of 10 yr for the entire period.

To assess whether detrending in computing the PDO

(Mantua et al. 1997) affects our results, we subtracted

annual values of the global annual-mean SST anomaly

(http://www.ncdc.noaa.gov/cag/time-series/global), used

to calculate the PDO, from the annual-mean SSTSIO.

We used the same subset of global SST anomaly ob-

servations as used by Mantua et al. (1997). This grid file

is available online (at ftp://ftp.atmos.washington.edu/

mantua/pdofiles/grid.temp.glob_ocean.977). We then

repeated our analyses using the PDO as the predictor

and STARS and OLS-CUSUM as the test types.

We created a second predictor using time series of

annual-mean SST from other shore stations. For each

annual-mean SST time series (response), the first

principal component (PC1SS) of all the remaining

times series (10 or 11) was used as a predictor variable

(Table 4).We excluded SIO and San Clemente (SC) due

to discontinuities based on the STARS and OLS-

CUSUM analyses. Residuals were computed as de-

scribed above but using PC1SS (e.g., ResSSTSIO,SS for

SIO) and tested for discontinuities using STARS and

OLS-CUSUM.

To measure the variation of SIOSST on the scale of

minutes, we created the continuous sea surface temper-

ature (CSST) instrument (Fig. 2). The CSST instrument

consists of two floats connected by an articulated arm.

The vertical float tracks the water surface while sur-

rounding a plastic-coated wire suspended through the

same opening in the SIO pier through which the standard

SSTSIO bucket sample is taken and held taut by a 10-kg

weight 1m above the bottom. The horizontal float has

a data loggerwith temperature sensor (OnsetU12–015–02)

attached to its lower surface. The sensor has a 25-s re-

sponse time, and temperature is recorded every minute

TABLE 1. Climate covariates used in model fitting.

Abbreviation Variable Source

PDO Pacific decadal oscillation http://jisao.washington.edu/pdo/PDO.latest

MEI Multivariate ENSO index http://www.esrl.noaa.gov/psd/data/correlation/mei.data

NPGO North Pacific Gyre Oscillation http://www.o3d.org/npgo/

SOI Southern Oscillation index http://www.esrl.noaa.gov/psd/data/correlation/soi.data

NOI Northern Oscillation index http://www.esrl.noaa.gov/psd/data/correlation/noi.data

TABLE 2.Model selection. Based on likelihood ratio tests andAkaike Information Criterion (AIC) scores (Akaike 1974).R2
adj (adjusted

R2) is explained variance, p is significance of the likelihood ratio test, andN is degrees of freedom. Number 4 is the final model. MEI was

excluded during model fitting (r 5 0.62, n 5 93, and p , 0.0001) due to colinearity with the PDO.

No. Model AIC R2
adj (%) p N

1 SSTSIO ; a 1 PDO 1 SOI 1NPGO 1 NOI 1 « 53.1 48.4 33

2 SSTSIO ; a 1 PDO 1 SOI 1NPGO 1 « 51.1 49.9 0.94 34

3 SSTSIO ; a 1 PDO 1 NPGO 1 « 49.1 51.4 0.98 35

4 SSTSIO ; a 1 PDO 1 « 47.8 51.8 0.42 36
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to 0.018C. Visual observations from above and in the

water showed the temperature sensor to be 1–4 cm be-

low the sea surface, thus measuring the ‘‘true bulk’’ SST

(cf. Webster et al. 1996). SST from the bucket sample

and CSST instrument were indistinguishable.

The CSST instrument was deployed 7–10 July 2014

from the SIO pier. Air temperature and water level

relative to mean lower low water (MLLW) at the SIO

pier were recorded every 6min and available from the

National Oceanic and Atmospheric Administration

(NOAA) (http://tidesandcurrents.noaa.gov/stationhome.

html?id59410230). Significant wave height (HS; the

average of the 1/3 of the highest waves) every hour at the

SIO pier was available from the Coastal Data Infor-

mation Program (http://cdip.ucsd.edu/?ximg5search&

xsearch5073&xsearch_type5Station_ID). A double

running-mean procedure (zero-phase digital filter) was

used to smooth the time series of SSTSIO from the CSST

instrument using averaging windows of four lengths

(30–240min). Power spectra were computed for the

time series of residuals. The same data logger with the

temperature sensor as used on the CSST instrument was

lowered from the SIO pier and submerged completely at

multiple locations in the surf zone on 14 July 2014. These

measurements were compared with SSTSIO measured

immediately afterward using the CSST instrument to

test the hypothesis that water in the surf zone is warmer

than SSTSIO.

Statistical analyses were conducted using the R soft-

ware version 2.12.1 (www.r-project.org),Matlab (R2013b,

MathWorks, Natick, Massachusetts), and the Excel add-

in software for STARS (www.beringclimate.noaa.gov).

3. Results

The PDO and PC1SS accounted for significant vari-

ability in annual-mean SST at stations along the U.S.

West Coast through 1987, with highly significant linear

regression parameters overall (Tables 3, 4), except for

a nonsignificant slope for Charleston (CHA) and the

PDO (Table 3). Regression slope did not vary with

shore station latitude (Kendall’s rank correlation, t 5
20.10, p 5 0.67, and n 5 13), while the intercept de-

creased significantly with increasing latitude (t520.90,

p ; 0, and n 5 13).

TABLE 3. Sea surface temperature sources and regressions of SST on PDO.Annual-mean SST data sources. Some time series have gaps;

see Fig. 3. Intercept, slope, and explained variance (R2) of linear regression models fitting SST to PDO through 1987. All intercepts and

slopes are significant at p , 0.001, with the exception of CHA slope (not significant).

SST time series Location Dates Intercept Slope R2

SIO Scripps, CA 1916–2010 16.94 0.49 0.48

SC San Clemente, CA 1955–2010 16.58 0.49 0.32

NP Newport Beach, CA 1925–2010 16.43 0.53 0.49

SM Santa Monica, CA 1946–2001 16.80 0.82 0.66

PD Point Dume, CA 1975–2010 15.77 0.66 0.55

SB Santa Barbara, CA 1946–2010 15.85 0.49 0.60

MB Morro Bay, CA 1962–96 13.37 0.72 0.62

PG Pacific Grove 1919–2010 13.07 0.34 0.23

FAR Farallon Islands, CA 1925–2010 12.24 0.42 0.28

BB Bodega Bay, CA 1957–2001 11.45 0.58 0.53

CC Crescent City, CA 1933–2001 12.02 0.62 0.55

CHA Charleston, OR 1966–97 11.30 0.20 0.12

NB Neah Bay, WA 1935–2001 9.71 0.38 0.49

ERSST Southern California* 1854–2010 16.03 0.21 0.11

CalCOFI Southern California** 1950–2010 13.73 0.49 0.31

* See grid boxes in McClatchie et al. (2010).

** CalCOFI lines 76.7–93.3, 5–15-m depth.

TABLE 4. Regressions of SST on PC1 of Shore Stations SST.N is

number of SST time series used in PCA. Intercept, slope, and ex-

plained variance (R2) of linear regression models fitting annual-

mean SST to PC1 of SST for N shore stations through 1987 (see

Table 3 for locations). For all cases intercept and slope are signifi-

cant p , 0.001.

SST time series N Intercept Slope R2

SIO 11 17.45 3.78 0.72

SC 11 16.70 3.32 0.55

NP 10 16.52 3.91 0.75

SM 10 16.79 5.81 0.83

PD 10 15.78 4.68 0.73

SB 10 15.84 3.40 0.74

MB 10 13.35 4.56 0.69

PG 10 13.36 3.40 0.79

FAR 10 12.42 3.56 0.45

BB 10 11.43 4.04 0.70

CC 10 11.99 3.71 0.49

CHA 10 11.30 1.80 0.36

NB 10 9.69 2.59 0.59

ERSST 11 13.80 3.53 0.48

CalCOFI 11 16.20 1.42 0.16
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Our response variable was annual-mean SST (Fig. 3).

We used two predictors, the PDO and PC1SS, and two

test types, STARS and OLS-CUSUM. This resulted in

four tests of our hypothesis. We first present results for

PDO as the predictor, followed by those using PC1SS.

a. Test 1: PDO and STARS

ResSSTXXX,PDO (XXX denotes an individual shore

station) (Table 3) fluctuates around zero for all stations

(Figs. 1b, 4), except for SIO and SC for which STARS

show significant positive discontinuities in 1988 and

1983, respectively. The significant discontinuities for

Pacific Grove (PG) and ERSST.v3b (ER) residuals in

;1928 are likely due to edge effects caused by lowmean

values at the start of both time series.

b. Test 2: PDO and OLS-CUSUM

The OLS-CUSUM test identified significant change

points in ResSSTSIO,PDO (1988; Figs. 5a, 6) and

ResSSTSC,PDO (1988; Fig. 6) that manifest as troughs, con-

sistent with the STARS analysis. The other OLS-CUSUM

plots using PDO as the predictor show fluctuations

largely within the confidence intervals, except for PG

and ER during the 1930s (Fig. 6). These results are in-

sensitive to the regression period; for example, the same

discontinuity was detectedwhen the predictor was based

on the PDO–SSTSIO regression from 1916 to 1975 (not

shown) rather than 1916 to 1987.

The results using the PDO as predictor (STAR and

OLS-CUSUM) were unchanged when the response vari-

able was the annual-mean SSTSIO 2 global annual-mean

SST anomaly (see Fig. S1 in the supplemental material).

c. Test 3: PC1SS and STARS

Using PC1SS, instead of the PDO, as the predictor

(ResSSTSIO,SS) produced similar results (Table 4;

Figs. 5b, 7). Regression of annual-mean SST on PC1SS
was highly significant for all shore stations (Table 4).

STARS shows ResSSTSIO,SS with a positive disconti-

nuity in 1992 (Fig. 7a); we note that the time series was

54 yr long, due to length limitations of the other shore

station SST time series (Table 3). The only other shore

FIG. 2. CSST instrument. (a) On SIO pier. (b) In water below SIO pier. (c) Image taken in the

water showing submerged probe. Vertically oriented float rides on plastic-coated wire sus-

pended from SIO pier and with 10-kg weight 1m above the ocean bottom. Horizontal float has

HOBO U12 stainless 500 probe temperature logger (Onset U12-015-02) attached to the un-

derside, shielded by PVC, and is attached to vertical float by an aluminum rod by a rotary joint

that allows motion in the vertical plane. Periodic visual observation from above and below the

sea surface during 3 day deployment 7–10 Jul 2014 showed the probe to be 1–4 cm below the sea

surface and not exposed to air.
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station to have a significant discontinuity using PC1SS
and STARS was SC in 1983 (Fig. 7b).

d. Test 4: PC1SS and OLS-CUSUM

Using the PC1SS as the predictor, OLS-CUSUM has

a broad trough from;1982 to 1995 (Figs. 5b, 8a); again,

the time series was 54 yr long. Shore stations, in addi-

tion to SIO, having significant troughs using PC1SS and

OLS-CUSUM were SC (;1982–88) and Neah Bay

(NB), Washington (1986–87); Morro Bay (MB), Cal-

ifornia, had a significant peak in 1988 (Fig. 8).

The intercept and slope of the linear regression for

annual-mean SSTSIO on PDO, using a 10-yr sliding

window, fluctuate throughout the period (Figs. 5c,d).

However, only the intercept shows a significant change,

following its abrupt increase in 1988 (Fig. 5c).

Results from deployment of the CSST instrument and

ancillary data are shown in Fig. 9. Three complete diel

FIG. 3. Annual-mean SST (SSTXXX, where XXX is SST time series abbreviation) for shore stations ranging from (a)–(m) Southern

California to the state of Washington, as well as from (n)–(o) nearby offshore waters. (See Table 3 for time series abbreviations.)
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cycles were observed. Air temperature increased after

sunrise and began to decline in midafternoon each day.

Both water level and significant wave height varied mod-

erately. SSTSIO measured by the CSST instrument showed

a strong diel variation, minimal near sunrise and maximal

near sunset. Notable were pulses of warming during the

daytime. SSTSIO from standard bucket sampling and the

CSST instrument were indistinguishable (Fig. 9d; red

crosses and black line, respectively). Time series of

residuals (unfiltered–filtered SSTSIO from CSST in-

strument) for averaging windows of 30–240min (Figs. 9e

and 9f, respectively) show the greatest variability during

daylight. Power spectra of these time series (Fig. 10)

show an abrupt increase in power for periods 40min and

greater. Measurements on 14 July 2014 between 1412

and 1727 LT showed water in the surf zone to be sig-

nificantly (Student’s t test, p, 0.0001) warmer (23.216
0.018C, mean6 standard error, and n5 52) than SSTSIO

FIG. 4. Annual-mean residuals (ResSSTXXX,PDO, where XXX is SST time series abbreviation) of observed SST from SST predicted from

PDO using linear regressions of SST on the PDO until 1987 for (a)–(m) shore stations and (n)–(o) offshore SST time series. Significant

discontinuities in ResSST detected by STARS are shown in gray. (See Table 3 for time series abbreviations.)
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(22.53 6 0.018C, n 5 27). During this period, air tem-

perature was 20.48C and HS was 0.6m.

4. Discussion

We assume that the water temperature has been

measured accurately and hence is comparable over the

entire time series at SIO and elsewhere. At SIO, the

same protocol has been used to collect water since 1916.

The change from mercury to digital thermometers was

gradual over the period 2008–10. Thus, we conclude that

changes in temperature are not due to measurement

error. We also assume that the SST time series at other

shore stations are comparable (cf. McGowan et al.

1998).

STARS and OLS-CUSUM tests show a positive dis-

continuity in ResSST, based on the PDO, in 1988 at SIO

but not at other shore stations to the north. The 1988

discontinuity based on the PDO remains when the

global annual-mean SST is subtracted from the annual-

mean SSTSIO, consistent with the discontinuity not

having resulted from detrending in the PDO calculation

(Mantua et al. 1997). Both types of tests are sensitive to

the length and period of the time series. When the pre-

dictor was PC1 of the annual-mean SST time series for

shore stations to the north (excluding SC), STARS showed

a discontinuity in 1992 (Fig. 7a) and OLS-CUSUM

a broad trough from ;1982 to 1995 (Figs. 5b, 8). We

attribute the different results using the PDO and PC1SS
to lesser precision associated with the shorter time series

(54 yr) used to compute PC1SS, compared with the lon-

ger time series for SSTSIO and PDO (95 yr). In addition,

there are other unaccounted sources of variation in the

shore station SST time series and thus PC1SS. The

abrupt increase in the intercept, but not the slope, of the

regression of annual-mean SSTSIO on the PDO (Figs. 5c

and 5d, respectively) is also consistent with an abrupt

increase in annual-mean SSTSIO in 1988. Collectively,

these results are consistent with a change in 1988 of SST

measured at the SIO pier but not at other locations, with

the exception of SC.

SSTSIO measured every minute by the CSST in-

strument during the period 7–10 July 2014 varied on

a diel cycle and at shorter time scales, manifest by pulses

of warming (Figs. 9d, 10). Daytime increase in SST is

common (e.g., Webster et al. 1996; Prytherch et al.

FIG. 5. OLS-CUSUM based on (a) ResSSTSIO,PDO and (b) ResSSTSIO,SS. (c) Intercept and (d) slope of a linear

regression of SSTSIO on PDO using a sliding window of 10 yr. Vertical black dashed lines indicate SIO pier change in

1988.
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2013), due to daytime increases in the fluxes of sensible

heat and shortwave radiation into the ocean. Overlaid

on this gradual increase were distinct pulses of warming,

notable in the time domain for both SSTSIO (Fig. 9d) and

residuals from the smoothed time series of SSTSIO

(Figs. 9e–h). Power spectra of the residuals show an

abrupt increase in variance at periods equal to and

greater than 40min (Fig. 10). Monthly averages of daily

power spectra of high-passed, near-surface temperature

measured at the end of the SIO pier during 2011 also

peaked at;40min (Figs. S2 and S3 in the supplemental

material). Such variability is consistent with that pre-

viously observed for rip currents near the SIO pier

(Smith and Largier 1995). Measurements made 1412–

1727 LT 14 July 2014 showed water in the surf zone to be

;0.78Cwarmer than SSTSIO, despite the air being cooler

than the water and thus the flux of sensible heat being

from the ocean to the atmosphere, indicating shortwave

radiation as the cause of ocean heating. Shortwave ra-

diation heats the surf zone both directly by heating the

FIG. 6. OLS-CUSUM of residual SST time series based on the PDO (ResSSTXXX,PDO, where XXX is SST time series abbreviation). Red

solid lines indicate 95% confidence intervals. (See Table 3 for time series abbreviations.)
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water and indirectly by heating the beach that in turn

heats the water during wave runup (Stockdon et al.

2006) and flood tide. Enhanced flow by rip currents of

surf-zone water warmer than the surface water near the

end of the pier, where SSTSIO is measured, will act as

a buoyant surface jet (cf. Jirka et al. 1981) and contribute

to warmer SSTSIO. Enhanced flow by rip currents of

surf-zone water cooler than surface water near the end

of the pier will act as a negatively buoyant jet and sink

beneath warmer, less dense surface water and not af-

fect SSTSIO (cf. Saeedi et al. 2012). We assume the

forcing of rip currents is positively related to signifi-

cant wave height HS, which does not vary on a diel

cycle (e.g., Fig. 9c). Our observations of diel variation

in SSTSIO and ResSSTSIO (Figs. 9d–h) showing greater

high-frequency variability during the day than night

FIG. 7. Annual-mean residuals (ResSSTXXX,SS, where XXX is SST time series abbreviation) of observed SST from SST predicted

from PC1 of other shore station time series using linear regressions of annual-mean SST on PC1 until 1987 for (a)–(m) shore stations and

(n)–(o) offshore SST time series. Significant discontinuities in ResSST detected by STARS are shown in gray. [See Table 3 for time series

abbreviations and number of shore station time series used in each principal component analysis (PCA).]
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are consistent with rip currents occurring during both

day and night but affecting SSTSIO primarily during

the day.

Rip currents are associated with piers due to bottom

scouring around pilings and reduced surface wave energy

(Haller et al. 2002; MacMahan et al. 2006; Dalrymple

et al. 2011; Farahani et al. 2014). Preliminary observa-

tions show the bottom depth beneath the outer;50m of

the present SIO pier to be approximately one meter

deeper than adjacent depths (Fig. S4 in the supple-

mental material), consistent with bottom scouring as-

sociated with the pier pilings.

Collectively, our results indicate rip currents transport

relatively warm water from the surf zone to the location

where SSTSIO ismeasured. Our results are also consistent

with prior observations of rip currents at the present SIO

pier (Smith and Largier 1995; Chang and Twardowski

2011; Twardowski et al. 2012).

FIG. 8. OLS-CUSUM of residual annual-mean SST time series based on the PC1 of other shore station time series (ResSSTXXX,SS,

where XXX is SST time series abbreviation). Red solid lines indicate 95% confidence intervals. (See Table 3 for time series abbreviations

and number of shore station time series used in each PCA.)
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Wehypothesize that the abrupt increase in ResSSTSIO,

and implicitly SSTSIO, in 1988 was due in part to en-

hancement of rip current transport of relatively warm

surf-zone water at the present SIO pier. We assume that

rip currents were associated with the old SIO pier. We

propose that the 54% increase in area of pilings from the

old (13.3m2) to the present (20.8m2) pier led to in-

creased scouring and decreased wave energy and thus

increased rip current transport. Comparable observa-

tions for the old SIO pier are not available and no longer

possible. Hence, we are unable to rigorously test our

hypothesis.

The only other shore station to show such a change in

ResSST with both test types is the San Clemente pier

(STARS, 1983; OLS-CUSUM, 1988; Figs. 3, 4b, 6–8).

The SC pier was built in 1928 with wood pilings; it was

extensively damaged during an El Niño in 1983 and re-
paired in 1985 with new and larger pilings. Although the
SC time series is shorter and information limited, SST
measured at both the SIO and SC piers may have been
affected by similar structural enhancements and thus
increased rip current transport.
Hare and Mantua (2000) analyzed time series of 100

physical (atmosphere, rivers, and ocean, including

FIG. 9. SST measured from SIO pier by CSST instrument and related variables. (a) Air

temperature (8C). (b) Water level (m). (c) Significant wave height (m). (d) SSTSIO (8C) from
CSST (black line) and standard bucket sample (red cross). Black bars denote sunset to sunrise.

(e)–(h) Residual of SSTSIO (d) minus double runningmean of SSTSIO computed using windows

of 30, 60, 120, and 240 values (min), respectively.
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SSTSIO) and biological (plankton, nekton, and birds)

variables together and in groups. In addition to a major

change in 1977, an abrupt change in 1989 was observed

in a number of cases, more for biological than physical

variables, with SSTSIO showing a relatively small in-

crease (ibidem). Breaker (2007) and Breaker and Flora

(2009) analyzed time series of SST for the SIO pier, PG,

andKokoHead (KH), Hawaii. Brief decreases in SST in

1989 were observed at all three locations using CUSUM.

A newer test, the method of expanding means, was used

to assess long-term change associated with observed

shifts and showed no response at SIO and ;0.48C de-

crease at KH. Rebstock (2002) analyzed copepod

(zooplankton) abundance for 1951–99 in the CalCOFI

region. Abrupt changes for some taxa, including late

developmental stages of Calanus pacificus, occurred in

1989 but were neither consistent among taxa nor long-

lived. McGowan et al. (1998) showed SST to vary co-

herently and simultaneously on the annual time scale

along theU.S.West Coast. Our use of residuals from the

regression of annual-mean SST on the PDO and PC1 of

the West Coast SST time series accounts for large-scale

variation in SST. Thus, while such change occurred in

the North Pacific in 1977 and the late 1980s, it does not

explain the discontinuity in ResSSTSIO in 1988.

5. Conclusions

We show a positive discontinuity in ResSSTSIO and,

implicitly, SSTSIO in 1988, after accounting for large-scale

FIG. 10. (a)–(d) Power spectra of ResSSTSIO using a double running-mean window of 30, 60, 120 and 240min

(Figs. 9e–h) relative to a distribution of Gaussian (white) noise. Mean and 95% confidence intervals are shown by

horizontal gray lines, respectively.Most power is at periods longer than 40min (vertical red line) but is removedwhen

averaging window approaches as in (b) or is shorter than this period as in (a).
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variation in SST represented by the PDO and PC1 of

the other West Coast SST time series. This disconti-

nuity is coincident with the change in measurement of

SSTSIO from the old to the present pier. We hypothesize

this discontinuity is due in part to enhanced rip current

transport of relatively warm surf-zone water to the lo-

cation of measurement of SSTSIO. The discontinuity in

1988 (Fig. 1b) indicates the timing of the abrupt shift in

the annual time series. The 1988 discontinuity (10.798C;
ResSSTSIO,1989-2010-ResSSTSIO,1916-1987; Fig. 1b) can be

attributed to processes not accounted for by the

PDO, including long-term warming (10.348C;
ERSST.v3b1989-2010-ERSST.v3b1916-1987) and artifact

(10.458C) due to both rapid (1988 pier change) and

gradual (e.g., time of day of SSTSIO measurement)

processes. It is incumbent on users of the SSTSIO time

series to consider the sources of variability in SSTSIO in

each specific use. The long-term (1916 to present)

trend of SSTSIO without adjustment for artifact is

11.18Ccentury21 (p , 0.001; Mann–Kendall correla-

tion10.299; p, 0.001; n5 93). If the artifact (10.458C)
is subtracted from SIOSST from 1988 onward, the long-

term trend is 10.68Ccentury21 (p 5 0.007; Mann–

Kendall correlation 10.190; p 5 0.007; n 5 93). While

the unadjusted trend has been cited as evidence of faster

increase of California coastal than global SST (Kadir

et al. 2013), the adjusted trend is consistent with the

twentieth-century trend in global SST (10.7 6
0.28Ccentury21; Smith et al. 2008).

This artifact may also have contributed to the more

variable relationship between SSTSIO and recruitment

of the Pacific sardine (Sardinops sagax) in recent de-

cades (McClatchie et al. 2010; Sugihara et al. 2012;

Lindegren and Checkley 2013), with implications for

sardine management. SSTSIO explained significant var-

iability in the relationship between biomass and re-

cruitment for the Pacific sardine based on data for 1935–

63 and 1986–90 (Jacobson and MacCall 1995). This led

to the use of the 3-yr running mean of annual-mean

SSTSIO in the fishery harvest guideline that determines

the fraction (F; percent) of available sardine biomass

allocated for capture (e.g., Hill et al. 2011). Had SSTSIO

been adjusted for the artifact after 1988, F would have

decreased in cool years. For example, in 2001, the 3-yr

running mean of SSTSIO was 17.28C. An adjustment of

SSTSIO by 20.458C would have decreased F from 15%

to ;6%, the sardine quota by ;2/3, and the ex-vessel

landing revenues of the fishery by ;$6 million. A tem-

perature index from theCalifornia CooperativeOceanic

Fisheries Investigations (CalCOFI) explains more vari-

ability than SSTSIO in the relationship between sardine

biomass and recruitment (Lindegren and Checkley

2013). In March 2014, the Pacific Fishery Management

Council decided to use the CalCOFI temperature index

rather than SSTSIO in the sardine harvest guideline

(Pacific Fishery Management Council 2014).

Time series of measurements from the SIO pier, in-

cluding SST, are of increasing value, particularly in the

context of climate change. Our intent in this paper has

been to further increase the value of the SSTSIO time

series through an enhanced understanding of its prop-

erties. We strongly advocate it be continued.

Finally, three points merit mention. First, this study

reemphasizes the need for the careful maintenance of

environmental time series. What may appear to be small

changes in protocol can have significant consequences

for measurements. Any change in protocol should be

critically assessed. Second, the interpretation of time

series of environmental data must take into account any

changes in protocol and their effects. Third, many

coastal time series are from regular measurements made

from piers. Such measurements may be affected by rip

currents and hence changes in pier structure and wave

power (e.g., Bromirski et al. 2013).
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