VARIABILITY OF DISSOLVED INORGANIC RADIOCARBON AT A SURFACE SITE
IN THE NORTHEAST PACIFIC OCEAN
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ABSTRACT. We report radiocarbon measurements of dissolved inorganic carbon (DIC) in surface water samples collected
daily during 12 cruises to Station M in the northeast Pacific off central California. Individual surface A'#C values ranged from
22%o to 70%o over 10 yr. Variability of average cruise values is highest during winter likely due to increased mixing. A general
decrease of A*C values was observed at a rate of about 3%o per year between 1994 and 2004, about half of that in atmospheric
CO, during this period (Levin and Kromer 2004). The A!4C results ranged from 2—18%o during individual cruises and were
often significantly larger than the total uncertainty for individual measurements (+£3.9%o). This indicates that a single A!*C
result from a surface site is not sufficient to capture the true variability of A'#C in the surface ocean.

INTRODUCTION

Radiocarbon levels in dissolved inorganic carbon (DIC) of non-polar surface ocean waters were
approximately 4—7% lower than CO, in the pre-bomb atmosphere, causing a reservoir age of ~300—
600 '#C yr in mixed layer DIC. A minor reason for this depletion is the high impedance for CO,
exchange between air and sea. That is, DIC in the mixed layer (0—100 m depth) would exchange
with the atmosphere in about 10 yr (2 moles/m? ¢ 100 m/20 moles CO,/m?/yr). The major reason for
the reservoir age of the surface ocean DIC is mixing with subsurface waters that are “C-depleted
due to isolation from the atmosphere and subsequent radioactive decay. Therefore, surface waters
exchange with subsurface '“C-depleted water faster than with the atmosphere, creating “C-depleted
surface waters with respect to the contemporaneous atmosphere and hence a reservoir age.

Temporal variability of the reservoir age at a given location in the surface ocean has been studied
using seasonal and monthly coral skeletons (Brown et al. 1993; Guilderson et al. 2000) and daily
surface water samples collected at sea (McDuffee and Druffel 2007; Druffel and Griffin 2008). A
reason to know the temporal variability of the reservoir age is to constrain the uncertainty in the ini-
tial '4C signature of surface-derived carbon when calculating the residence times of carbon pools in
the ocean. For example, “C analyses of pairs of benthic-planktonic foraminifera within the sedi-
ment column allow estimates of the ventilation age of the deep ocean, which would have higher
uncertainties if the *C measurement of planktonic (surface) forams had a larger range of values.
Daily measurements of surface seawater in the Sargasso Sea during June 2000 indicated a change in
water mass that was coincident with an increase in variability of A*C values (McDuffee and Druffel
2007) halfway through the cruise. Druffel and Griffin (2008) showed that daily sampling at 3 loca-
tions (north central Pacific, Sargasso Sea, and Southern Ocean) over the course of 2—4 week periods
revealed surface A'%C values that varied by 11-30%., more than the total uncertainty of the measure-
ment (7.8%o, 2 ) during all 6 cruises. Changes in the upper water mass were observed during most
of these cruises, as determined by temperature-salinity relationships.

We report daily surface DIC A'*C values obtained for 12 cruises to Station M (Stn M), a high-pro-
ductivity site located 220 km west of Point Conception, California. We report that the ranges of A'4C
measurements obtained for the cruises was 2—18%o, and for some of the cruises was greater than the
total uncertainty (7.8%o, 2 o) of the measurements. In addition, we report that storage of DIC sam-
ples for up to 3 yr causes minimal sacrifice in precision of the '*C measurements.
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METHODS

Daily surface water samples were collected from a single site (34°50'N, 123°00"W) in the northeast-
ern Pacific during 12 Pulse (“P” hereafter) cruises between 1994 and 2004. The dates and number
of days spent on Stn M during each cruise are listed in Table 1.

Table 1 Average surface data from 12 Pulse cruises to Stn M.

Range
Pulse- Average A“C  Average Average Average Average Average
cruise First day AC sd  values 8!3C sd  SST salinity  alkalinity TCO,
nr of cruise n %o %0 %0 %0 %  °C psu peg/kg pmol/kg
22 9/16/94 6 52.0 6.3 183 1.67 0.06 15.5 33.29 2229 1979
25 4/23/95 5 59.4 44 10.2 1.60 0.09 122 32.56 2202 1975
26 6/3/95 4 613 2.8 6.5 1.57 0.04 11.8 32.83 2206 1989
29 1/28/96 8 52.6 6.6 183 1.392 0.16 14.1 33.28 2286 1999
30 5/31/96 4 65.3 44 47 1.57 0.02 16.8 33.19 2314 1988
31 10/8/96 5 42.8 45 11.0 1.42 0.04 16.6 33.46 2239 1966
37 6/16/01 2 40.1 42 59 1.43 0.03 152
38 10/25/01 3 30.4 7.6 153
39 2/23/02 3 40.1 9.0 17.8 1.71 0.06 12.9
40 6/10/02 3 27.0 1.2 23 15.0
41 9/5/02 2 308 1.1 1.6 1.55 0.07 17.0
45 10/27/04 4 32.1 1.0 2.0 1.68 0.01 17.5

2 Average value does not include anomalously low daily value of 0.4%o.

Seawater samples were collected from 0-0.5 m depth using a plastic bucket as described previously
(Druffel and Griffin 2008). Sea surface temperature (SST) measurements were made using an etha-
nol thermometer (+0.2 °C). Samples were collected between 1100 and 1400 hr local time. Seawater
samples for isotopic, TCO,, and alkalinity analyses were poisoned with saturated HgCl, solution
following DOE protocol (DOE 1994). The TCO,, alkalinity, and salinity measurements are avail-
able only for the first 6 cruises.

Water samples were processed and measured for DIC A'4C using accelerator mass spectrometry
(AMS) techniques (McNichol et al. 1994; Southon et al. 2004). '“C measurements are reported as
A'C in per mil (Stuiver and Polach 1977) with a total uncertainty of £3.9%o (see below). Stable car-
bon isotope measurements (§!3C) were performed at the University of California, Irvine (UCI) on
splits of CO, from the processed “C samples using a Finnigan Delta Plus isotope ratio mass spec-
trometer (IRMS) with a total uncertainty of +0.05%o.

A standard water sample was collected during the P-26 cruise on 4 June 1995 from a depth of 450 m
and stored in 22 one-L glass bottles. The samples were processed and analyzed for “C up to 8 yr
after collection. 4C results of 17 samples processed between November 1996 and April 2003 aver-
aged —100.9 + 4.4%o. There was a slight increase in the scatter of the AC values for seawater sam-
ples that were processed more than 5 yr after collection (1996—1998, average —100.6 + 3.9%o, n =
10; 2000-2003, —101.4 + 4.8%0, n = 7, respectively). These results agree with McNichol et al.
(1994) who reported that storage of seawater samples for up to 2.5 yr did not jeopardize isotopic or
concentration measurements of DIC. The surface samples reported here were processed within 1 yr
of collection and have been assigned a total uncertainty of £3.9%o.

Alkalinity and TCO, measurements were obtained by closed-vessel titration of large-volume
(~100 mL) samples using an automated titration system (Bradshaw et al. 1981; Brewer et al. 1986)
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in the laboratory of C Goyet or D McCorkle at Woods Hole Oceanographic Institution. Measure-
ments were determined using a nonlinear curve fitting approach (DOE 1994) and standardized using
certified reference materials obtained from A Dickson at Scripps Institution of Oceanography.

RESULTS AND DISCUSSION

Individual A'*C measurements of daily samples collected from the 12 cruises ranged from a high of
70%0 (May 1996, day 4) to a low of 22%o (Oct 2001, day 3) (Figure 1a). Average A'“C values for each
cruise ranged from 65.3 + 4.4%0 (May 1996) to 27.0 + 1.2%o (Jun 2002) (Table 1) and generally
declined with time as bomb “C decreased in the atmosphere and penetrated into the ocean’s interior
(Figure 1b). Variability (standard deviation) of the average A'*C values was higher during the 2 win-
ter cruises (6.6%o for Jan 1996 and 9.0%o for Feb 2002) compared to those during other seasons (from
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Figure 1 a) Time series of daily surface DIC A!4C values versus time by cruise day, and b) aver-
age of daily surface DIC A'%C values for summer (triangles), spring (asterisk) and fall (dia-
monds) and winter (squares) cruises versus calendar date, where (tic marks indicate 1 January).
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1.0%o to 7.6%o for Oct 2004 and Oct 2001, respectively, Table 1). Higher variability in the surface
ocean is expected during periods of increased mixing with low A'4C subsurface waters, which occurs
during wintertime. Seasonal trends are suggested for years with multiple cruises, and in general,
summer A'4C values are higher than other seasons (1995, 1996, 2001) (Figure 1b). This is in agree-
ment with seasonal trends observed in A#C values from 25 m at Stn M from 1992 to 1995 (Masiello
et al. 1998). The exception is 2002, which has a lower average summer A'4C value (average 27.0 +
1.2%o sd) than those for the winter or fall of that year (40.1 + 9.1%o, 30.8 & 1.1%o, respectively).

Stable carbon isotope results (8'3C) were within the narrow range of 1.1-1.8%o, with the exception
of 1 low value (0.4%o, winter 1996) (Figure 2). Variability of the 8'3C results was 0.01-0.16%o
(Table 1), within ~3 c of our measurement uncertainty (+0.05%o). Similar to 4C, 8'3C values are
expected to be lower and more variable during periods of increased mixing because §!3C values
decrease with depth in the water column due to the presence of respired CO,. For example,
(Masiello et al. 1998) reported that §!3C values at 450 m depth were 2—2.5%o lower than those in sur-

face waters at Stn M.
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Figure 2 Time series of daily surface DIC 8'3C values versus cruise day

The SST values ranged from 12—-18 °C and the standard deviation of the average values for each
cruise was <1 °C, except during June 2002 when it was higher (1.8 °C) (Figure 3a). Temperatures
were lowest during April and June 1995 (averages of 12.2° and 11.8 °C, respectively). There was no
apparent correlation between the isotope data and SST values from individual cruises or the collec-

tive data sets.

Salinity, alkalinity, and TCO, data are available for only the first 6 cruises (1994—1996). Average
salinity values ranged from 32.56%o to 33.46%o, with lower average values obtained for April and
June 1995 than for the other cruises (Figure 3b). Similarly, the same 2 cruises had the lowest average
SST values (Figure 3a). Average alkalinity measurements (Figure 3c) were also lowest during April
and June of 1995 (averages of 2202 and 2206 peq/kg, respectively), intermediate during September
1994 and October 1996 (2229 and 2239 peq/kg, respectively), and highest during January and June
1996 (2286 and 2314 peq/kg, respectively). The average TCO, measurements were highest during
January 1996 (1999 umol/kg) and lower (1966—1989 umol/kg) during the other 5 cruises.

https://doi.org/10.1017/50033822200046221 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200046221

Variability of DI 1*C at a Surface Site in the NE Pacific

1154

19.0
17.0
—¢
;6 i
= 150 *
3 ——.'——__.,_.-.———.'———‘.‘———_._____.
13.0
A >4
1o ———— —s
0 1 2 3 6 7 & b B
337
* - . R
= 3321 i A 8  m -a
H
z
= 327 1
. .
& » X
322 . . .
4 i 2 3 6 7 8 9 10
2350
= -- 15X - — -_.__-——l
£ 2300 1 2% P ) \
g . y p \
= \\ /’I‘ _:‘{ \\
Z 2250 . \ ’ 4 1
L s
5 g% 5 -
< 2200 1 A — A—A N
2150 : . .
0 1 2 3 6 7 8 g e
2020
2000
5
3
S 1980
3
o™
o 1960
L]
'_
1940 . . , . |
9 : 2 3 6 7 8 9 10

Figure 3 Time series of daily a) SST, b) salinity, c) alkalinity, and d) TCO, values for surface water samples taken
daily during Pulse cruises to Station M. Points are the same as in Figures 1a and 2.

Correlations were observed between some of the daily isotopic and chemical data sets. The A4C
values were detrended to eliminate the long-term decline of values over the decade of observations
(~3%o/yr). There is a significant correlation between 8'3C and detrended A'4C values (p = 0.05, n =
44), though when the anomalously low 813C value (0.4%o) obtained during January 1996 is not

included, the correlation is no longer significant.
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Daily salinity and A!*C values were anti-correlated (p = 0.05, n = 30) for the period 1994—1996. This
agrees with the observation that salinity increases with depth at this site year-round, and A'*C values
decrease with depth due to mixing with low A'4C waters from below the thermocline (Masiello et al.
1998). Alkalinity values are also significantly correlated with salinity (p = 0.02, n = 30) and TCO,
(p =0.05, n =33) measurements. Again, alkalinity and TCO, values increase with depth in the upper
water column. These correlations suggest that mixing between the surface and subsurface waters is
important for maintaining the chemical and isotopic compositions of seawater at Stn M. Masiello et
al. (1998) used a simple 2-box model to show that observed changes in wind-speed (5.5-12 m/s) are
related to the DIC A'4C variability in the upper 25 m at Stn M from 1991-1994. A similar relation-
ship was not found with the DIC A'*C values at 85 m depth, because the depth of the California Cur-
rent varies between 30 and 150 m seasonally (Masiello et al. 1998).

A major climatological phenomenon in the Pacific is El Nifio-Southern Oscillation (ENSO), which
is generally associated with suppressed upwelling off the California coast. When our cruise-aver-
aged 8'13C values are plotted with the corresponding values for the monthly Multivariate ENSO
Index (MEI) (Wolter 2007), we observe a significant correlation (p = 0.1), suggesting that '3C is an
upwelling indicator at Stn M. We did not observe significant correlations between detrended aver-
age A'4C values and the MEI, nor were there significant correlations observed between the chemical
measurements (TCO,, alkalinity, and salinity) and the MEI. We note that the chemical and isotopic
data are sparse, and may not provide a fair test of relationships with climate if they exist.

To further examine the cause of the A'*C variability in the surface waters, we compare the surface
AMC results reported here with A*C measurements from water collected at 25 m depth on 7 of our
cruises, none of which were during winter months (Masiello et al. 1998; Beaupré and Druffel 2009).
A plot of the 25 m A!4C vs. surface A*C of samples taken on the same day reveals a significant cor-
relation (» = 0.93, p = 0.002) for the least-squares fit (black line, Figure 4); the slope (0.690 = 0.120)
is significantly different from 1.0 and the y intercept (+14 + 6%o) is significantly different from 0.
Additionally, we find a significant correlation (r = 0.80, p = 0.05) between surface A*C vs. 20-25
m A!“C for 2 other sites: the mid-North Pacific Ocean occupied in November 1985, June 1987, and
June 1999, and the Sargasso Sea occupied in July 1989 and June 2000 (Druffel and Griffin 2008)
(dotted line, Figure 4). The slope of the least-squares fit (0.647 £ 0.140) is significantly different
from 1.0 and the y intercept is +54 + 16%o, indicating that most of the A!4C values at these 2 surface
locations were higher than those deeper in the mixed layer.

Bomb !4C levels were highest in the subtropical surface ocean during the 1970s, and declined sub-
sequently along with atmospheric levels as the '“C spike penetrated deeper into the ocean’s interior.
By the 1990s, A'“C values were higher at depth down to 250 m than in the surface waters of the north-
eastern Pacific (Key et al. 1996). This trend does not appear at Stn M, because A'4C values at 1, 25,
and 80 m depth are similar (Masiello et al. 1998). At Stn M, there is stronger mixing between surface
and subsurface layers, associated with upwelling and the southward-flowing California Current.

Additionally, the influence of upwelling in the eastern Pacific is demonstrated using a plot of surface
ocean DIC A'¥C during the last 2 decades (Figure 5). Included are cruise-averaged A'*C values from
Stn M and the north central Pacific (Druffel and Griffin 2008), seasonal coral bands from Kikai
Island, southern Japan (Morimoto et al. 2004), and atmospheric CO, in Schauinsland, Germany
(Levin and Kromer 2004). It is clear that surface ocean A!*C in the central and western Pacific had
reached similar values as those in the atmosphere by the late 1990s. In contrast, A#C values in the
eastern Pacific (Stn M) remained well below those in the atmosphere, by about 30—40%o, presum-
ably maintained by a steady supply of low-!“C waters from subsurface levels, i.e. upwelling.
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Figure 4 DIC A'#C measurements of surface water (y axis) versus DIC A4C
measurements from 25 m depth (x axis) collected on the same day. Filled tri-
angles are from Pulse cruises (this work) to Station M and the black line is the
least-squares fit of these data. Other points are for 2 open ocean sites reported
previously (Druffel and Griffin 2008): the north central Pacific (1985, 1987
and 1999, circles), and the Sargasso Sea (1989 and 2000, squares) and the
dashed line is the least-squares fit of these data.
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Figure 5 Surface A*C measurements of DIC at Stn M (black circles, this work) and north central
Pacific (gray circles, Druffel and Griffin 2008), seasonal coral bands from Kikai Island, southern
Japan (black line, Morimoto et al. 2004) and atmospheric CO, in Schauinsland, Germany (gray line,
Levin and Kromer 2004).

https://doi.org/10.1017/50033822200046221 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200046221

1157  E R M Druffel et al.

CONCLUSIONS

In general, A'*C values decreased at a rate of about 3%o per year between 1994 and 2004, about half
of that in atmospheric CO, during the same period (Levin and Kromer 2004). We observed that daily
AM™C values of surface DIC during 12 cruises ranged from 2—18%o.. Variability of average cruise
A'C values is highest during winter likely due to increased mixing. This indicates that a single A4C
measurement from a surface site is not sufficient to capture the true variability of A!*C in the surface
ocean. We recommend that several samples be collected over several days from near-surface depths,
whenever possible.
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