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Abstract This study presents nearly continuous air-sea CO, flux for 7 years using the eddy covariance
method for nearshore water near San Diego, California, as well as identifying environmental processes that
appear to control temporal variations in air-sea CO, flux at different time scales using time series decompo-
sition. Monthly variations in CO, uptake are shown to be positively influenced by photosynthetically active
photon flux density (PPFD) and negatively related to wind speeds. In contrast to the monthly scale, wind
speeds often influenced CO, uptake positively on an hourly scale. Interannual variations in CO, flux were
not correlated with any independent variables, but did reflect surface area of the adjacent kelp bed in the
following year. Different environmental influences on CO, flux at different temporal scales suggest the
importance of long-term flux monitoring for accurately identifying important environmental processes for
the coastal carbon cycle. Overall, the study area was a strong CO, sink into the sea (CO, flux of ca. —260 g C
m~2yr ). If all coastal areas inhabited by macrophytes had a similar CO, uptake rate, the net CO, uptake
from these areas alone would roughly equal the net CO, sink estimated for the entire global coastal ocean
to date. A similar-strength CO, flux, ranging between —0.09 and —0.01 g Cm~2h™', was also observed
over another kelp bed from a pilot study of boat-based eddy covariance measurements.

1. Introduction

Globally, the ocean takes up about 1.0-2.2 Pg C of carbon annually [Sabine et al., 2004; Gruber et al., 2009;
Takahashi et al., 2009]. This amount represents roughly 25-30% of anthropogenically released CO, into the
atmosphere [Sarmiento et al., 2000; Takahashi et al., 2002, 2009; Sabine et al., 2004; Gruber et al., 2009]. How-
ever, these amounts exclude estimates for the coastal seas due to a lack of information regarding the
coastal carbon cycle. Chen and Borges [2009] compiled air-sea CO; flux (hereafter, CO, flux) data over vari-
ous coastal ecosystems, concluding that coastal oceans account for about 30% of net CO, uptake from the
global ocean, while comprising only 6-7% of the global ocean surface. Despite the potential importance of
coastal seas for the global carbon cycle, current estimates of the carbon budget of the coastal sea vary by
50% or more [Tsunogai et al., 1999; Thomas, 2004; Borges, 2005; Cai et al., 2006; Chen and Borges, 2009]. The
uncertainty in these estimates is attributed mainly to high temporal and spatial heterogeneity in coastal
characteristics and inadequate sampling sites. For a better estimate of CO, flux over coastal seas, it is neces-
sary to identify the major coastal processes that control the patterns and magnitudes of coastal CO, flux.

Macrophytes, such as large kelp and seagrass species, inhabit most temperate coastal areas [Whittaker and Lik-
ens, 1973; Dayton, 1985]. While they inhabit only about 1% of the ocean surface (about 2 X 10° km?), their high
productivity strongly influences regional carbon cycles [Delille et al., 1997, 2000; Wilmers et al., 2012]. The turn-
over rate of macrophytes is not as fast as phytoplankton, such that new production can be effectively enhanced.
The amount of primary production of the macrophytes over the globe is estimated to be about 1 Pg Cyr™ ", rep-
resenting half the carbon uptake by the global ocean [Smith, 1981]. However, it is still not well understood to
what extent the net primary production affects air-sea CO, transfer. The quantification of CO, flux over macro-
phyte ecosystems is limited, mainly due to technical difficulties. The bulk method is used widely to estimate CO,
flux in the world open ocean [Takahashi et al., 2009], though the application of this method over macrophyte
ecosystems still remains challenging due to uncertainty in the air-sea gas transfer property [Delille et al., 2009].

Since the development of the eddy covariance (EC) technique in the early 1970s [Kaimal et al., 1972; Garratt,
1975], CO, flux has been measured widely over terrestrial ecosystems, for the understanding of temporal
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and spatial patterns of CO, exchange between terrestrial biospheres and the atmosphere [Baldocchi et al.,
1988]. Along with the development of reliable instruments and secure research environments for buoys,
ships, and piers, EC has been applied for oceanic flux measurements [Iwata et al., 2004; McGillis et al., 2004;
Kondo and Tsukamoto, 2007; Miller et al., 2010; Reimer et al., 2013]. However, partly because of difficulties in
accessibility and maintenance, EC measurements over the ocean have generally been quite limited in space
and time. Long-term EC measurements over terrestrial ecosystems often show CO, fluxes at interannual
scale are related to long-term climatic variations, such as the Pacific Decadal Oscillation and the El Nino and
La Nina cycle [Saigusa et al., 2005; Wharton et al., 2012; Ueyama et al., 2014]. CO, flux over marine ecosys-
tems is also likely to be influenced by long-term climate variability, though information is still quite limited
[Feely et al., 1999].

This study reports one of the few long-term data sets for coastal ocean fluxes, employing the EC technique
since 2005 at the Scripps pier of the Scripps Institution of Oceanography, University of California, San Diego.
About 1.5 km south of the study site is a large kelp forest (the La Jolla kelp bed) that most likely influences
EC measurements. It is known that the net ecosystem production of the beach zone of the Southern Califor-
nia Bight is highly influenced by kelp populations and physiology [Zobell, 1971; Steneck et al., 2003; Skad-
berg, 2009]. Obtained CO, flux data were evaluated to help explain the effects of physical and biological
coastal processes on the variations of CO, flux at different temporal scales in the temperate nearshore water
of southern California.

2. Materials and Methods

2.1. Site Description

The Scripps pier (N 32°52.0', W 117°15.4’) is located within the Southern California Bight (SCB) coastal region
(Figure 1). The California Current flows southward alongshore, but the current is largely mixed, with various
local currents in the nearshore surf zone [Bray et al., 1999]. Studies of biological communities in the SCB
over the last century have revealed that the SCB is characterized by extensive kelp beds, dominated by Mac-
rocystis pyrifera [Dayton et al., 1984; Edwards and Estes, 2006]. The La Jolla kelp bed resides 1.5 km south of
the Scripps pier. About 10 km south from the Scripps pier is the Point Loma kelp bed, one of the largest
kelp beds in the SCB [MBC Applied Environmental Sciences, 2012].

Northwest onshore winds dominated in summer, and offshore winds became relatively frequent in winter
during 2005-2011. The average annual rainfall during the measurement period was 227 mm, which is
slightly less than the typical annual rainfall of 262 mm measured at the San Diego international airport from
1981 to 2010 (rainfall data from the Climate Research Division of Scripps Institution of Oceanography).

2.2. Air-Sea CO, Flux Measurements From the Scripps Pier

Continuous measurements of CO, flux began at the Scripps pier in December 2004. The pier extends 330 m
offshore from the beach, and is elevated 11 m above the mean sea surface. A three-dimensional sonic ane-
mometer (WindMaster Pro, Gill Instruments Ltd., UK) and an open-path infrared gas analyzer (LI-7500, LI-
COR Biosciences, USA) were mounted on a boom and located at the end of the pier. Measurements were
halted periodically due to system maintenances or power failures, and the system operated properly 65%
of the time from 2005 to 2011.

Density of CO, and H,0, three-dimensional wind components, and sonic temperature were recorded at 10
Hz and stored on a computer’s hard drive at the pier. The computation of eddy covariance was performed
half-hourly, following lkawa et al. [2013]. Density correction due to sensor heating increased CO, flux by
0.039 g Cm~2h~ " [Burba et al., 2008]. Corrections for angle of attack for the WindMaster Pro sonic ane-
mometer [Nakai and Shimoyama, 2012] as well as frequency [Moore, 1986] were also applied. These correc-
tions increased the magnitude of CO, flux by 17% and 3%, respectively. Low quality data were identified by
the following steps and removed: (1) incomplete 30 min data set (1%; hereafter, numbers in parentheses
are the percentage of data removed by each step); (2) apparently low signals of instruments as indicators of
contamination on the sensor or power failure (3%); (3) wind direction (nonocean source wind, 53%); and (4)
5% of high positive outliers (> 0.14 g Cm~—2h™") and high negative outliers (< —0.40 g Cm 2 h~") of CO,
flux (10%). A footprint analysis [Schuepp et al., 1990] indicated that 90% of the flux originated within 2.5 km
off the shore. All algorithms for computing EC data and quality controls were coded with MATLAB ver. 7.4.0
(The MathWorks, Inc., USA).
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Figure 1. The location of the Scripps pier (star mark) (N 32°52.0, W 117°15.4) and major adjacent kelp beds in San Diego, California, USA.
(a) The Scripps pier at the Scripps Institution of Oceanography, University of California San Diego (b) Boat-based eddy covariance system

used over the Point Loma kelp bed.

2.3. Air-Sea CO, Flux Measurement From a Boat
An eddy covariance system was installed on a 15 m long boat to measure CO, flux over the Point Loma

kelp bed (N 32° 40, W 117° 15) (Figure 1). Measurements were taken 19 May (16:30-17:00 PST), 10 Decem-
ber (12:00-16:00 PST), and 23 December (13:30-15:30 PST) in 2009 and 23 December (12-15:30 PST) in
2011. A sonic anemometer (C-SAT; Campbell Sci., USA), infrared gas analyzer (LI-7500, LI-COR Biosciences,
USA), and inertial system (NAV420CA; Crossbow Technology, Inc., USA) were installed on the bow of the
boat. Sensors were elevated 2.5 m from the sea surface. The density of CO, and H,O, three-dimensional
wind components, sonic temperature, and information from the inertial system were recorded at 20 Hz,
and data were stored in a compact flash memory of a datalogger (CR1000; Campbell Sci., USA). Information
from the inertial system contained three-dimensional angles and angle velocities, three-dimensional trans-
lational velocities, and geographical coordinates. CO, flux measured by the boat-based system was calcu-
lated in the same manner as data from the Scripps pier, except for the following two steps: (1) 3-D wind
speeds were corrected by the inertial system [Edson et al., 1998], and (2) averaging time of CO, flux was
determined to be 15 min, to ensure that the position and direction of the boat did not change significantly
over each averaging window. The use of 15 min averaging time was checked as reasonable for measure-

ments based on the Ogive function [Foken and Wichura, 1996].

2.4. Surface Area of the La Jolla Kelp Bed
MBC Applied Environmental Sciences [2012] reported historical records of kelp bed surface areas, estimated

by aerial photographs in southern California. The surface area of the La Jolla kelp bed was reported annu-
ally, and 2005-2011 data were used in this study (Figure 39 in the report).
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2.5, Climatological and Oceanographic Parameters

To identify coastal processes that control temporal variations of CO, flux, climatological and oceanographic
parameters were obtained and compared with CO, flux. The surface area of the La Jolla kelp bed, reported
annually, was also compared with CO, flux for investigating interannual variations in CO, flux. Climatologi-
cal and oceanographic parameters used in this study are air temperature, wind speed along prevailing wind
direction, friction velocity, chlorophyll concentration, sea surface salinity, sea surface temperature (SST),
photosynthetically active photon flux density (PPFD), alongshore wind velocity (AWV), and ENSO index.
AWV is considered to induce coastal upwelling, regulating CO, outgassing in some coastal zones [Torres

et al., 1999; Ikawa et al., 2013]. ENSO index indicates El Nino conditions and La Nina conditions with large
positive and negative values, respectively.

Air temperature was estimated from sonic temperature and H,O mixing ratio every 30 min. Wind speed along
prevailing wind direction and friction velocity were calculated from sonic anemometer data every 30 min. Hourly
data of chlorophyll concentration, SST, and sea surface salinity were obtained from the Southern California
Coastal Ocean Observing System (SCCOOS, http://www.sccoos.org) at the Scripps Institution of Oceanography.
Hourly PPFD data were obtained from the Climate Research Division of the Scripps Institution of Oceanography
(http://meteora.ucsd.edu). AWV was calculated based on wind speed and wind direction obtained the sonic ane-
mometer, assuming that the overall coastal line at the study area is oriented at 315°. ENSO index was obtained
from the National Weather Service Climate Prediction Center (http://www.cpc.ncep.noaa.gov/).

2.6. Time Series Analysis
All data were decomposed into annual, monthly, daily, and hourly components as follows:

Pobs=Py+Py+Pp+Py, (M

where P, is observed data, Py annual components, Py, monthly components, Py daily components, and Py
hourly components. Py is annual average data, Py, was calculated by subtracting monthly average data from
annual average data, Py by subtracting daily average data from monthly average data, and Py, by subtract-
ing observed data from daily average data. Prior to averaging, gaps in the data were filled with average of
each hour in each month.

A forward stepwise linear regression was applied to each data set with different temporal components, to
identify which parameters among climatological and oceanographic data well explained CO, flux at each
time scale (i.e., interannual, monthly, daily, and hourly). The statistical level of significance was set at p < 0.05.
As discussed in Reimer et al., [2013], the influences of various coastal processes on CO, flux may not necessar-
ily be linear. Nonetheless, we used linear regressions, as there is no well-defined function to describe relations
between CO, flux and coastal processes. Air-sea gas transfer can occur independently from the chemical pro-
cess within seawater, and there can be a lag between CO, flux and relevant coastal processes [Reimer et al.,
2013]. However, no systematic lag between CO, flux and environmental parameters was detected by a cross-
correlation analysis in our data set with maximum time lag of 24 hours. Data sets for daily and hourly compo-
nents were divided every month and every 3 months, respectively, for the regression analysis.

A correlation matrix was calculated for CO, flux and climatological and oceanographic parameters, to inves-
tigate how environmental parameters were interrelated for each temporal scale. The Macrocystis lifespan is
about several months to a year [North, 1961; Van Tussenbroek, 1989]. We therefore hypothesized that CO,
uptake in the current year reflects kelp biomass in the following year, and the surface area of the La Jolla
kelp bed in the following year was included in the correlation matrix for interannual variations. All statistical
analyses were coded with MATLAB ver. 7.4.0 (The MathWorks, Inc., USA).

2.7. Error Analysis

More than half of the EC data (67%) were filtered out due to nonocean source winds or low data quality,
and the potential bias introduced by the discontinuity of the data was concerned for averaging flux over
longer periods (monthly and annually). Particularly, winter months (November-February) experienced fre-
quent offshore winds, and about 70% of the data were filtered out.

To evaluate how errors related to the discontinuity of the data acquisition as well as possible noise in the
sensors affected the results, the flux data set was reconstructed with random errors and subsequent data
analyses were performed 100 times.
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Monthly average flux with random errors, Fye, is written as follows:
Frm+e=Fu+eu, )

where Fy is a monthly average flux and ey is a random error component. The random error component, ey,
is randomly generated (with Matlab’s normrnd function) assuming the normal distribution of the error with
zero mean and standard deviation of flux for each month, oy, viz.

ey=normmd(0, o). 3)

The standard deviation of each month, oy, is computed by first calculating standard deviation for each
hour of the day (1-24 h) prior to the gap-filling, oy, and then averaging oy, following the rule for error prop-
agation [Taylor, 1982], viz.

24
om= ZJH2/24=\/[012+622+...+6242}/24, 4)
H=1

Annual average flux with random errors, Fy ., was similarly calculated by the set of the following equations:

Fy+e=Fy+ey, (5)

ey=normrnd(0, ay), (6)
12

ov=y| > _ow2/12=\/[o+ 02+ .. +0127]/12, 7)
=

where Fy is annual average flux, ey random error component, and ¢y standard deviation of flux for each year.

3. Results

3.1. Climatological and Oceanographic Conditions

Monthly average air temperature and SST ranged from 12°C to 22.5°C and 13°C to 22°C, respectively except
for the year 2010 when the maximum monthly air temperature and SST reached only to 19°C and 18°C (Fig-
ures 2 and 3). PPFD was also lower in 2010 than other years. Wind speeds and friction velocity were rela-
tively high in late winter to early spring, particularly in 2006 and 2007. The highest ENSO index was
recorded in the winter of 2009-2010, indicating El Nino conditions occurred.

3.2. Surface Area of the La Jolla Kelp Bed

MBC Applied Environmental Sciences [2012] reported that the surface areas of kelp beds in the extensive
coastal zones of southern California, estimated for 1967-2011, were tightly related to the ENSO index. The
surface area of the La Jolla kelp bed was largest (4.2 km?) in 2008, while the lowest monthly ENSO index
was observed in January and February of 2008. There was no detectable kelp surface area in 2006. The
ENSO index was not particularly high or low in 2005-2006, but a moderate El Nino prevailed in the
summer-winter of 2004, with the average NINO of 0.7 (data not shown).

3.3. CO; Flux and Time Series Analysis

Overall, the study area was a CO, sink, with average CO, flux of —260 (+ 42 SE) g Cm 2 yr ' (Figure 4).
Strong sinks of CO, (hourly CO, flux lower than —0.2 g C m~2 h™") were often observed in summer, with
minimum monthly CO, flux of —114 g C m~2 month ™' in June 2007. Annual CO, flux dropped as low as
—575 (= 43 SE)gCm 2yr ' in 2007. Only during 2005 was there an annual CO, source with CO, flux of
427 (+ 21 SE) g Cm ™ 2yr_'. Monthly components of CO, flux were generally low in summer, contributing
to CO, sinks, and high in winter, contributing to CO, sources. No apparent pattern was found in the daily
and hourly temporal components of CO, flux, as they were highly scattered.

Time series analysis showed that temporal variations in CO, flux were related to different environmental
parameters at different temporal scales. Interannual variations in CO, flux were not explained by any inde-
pendent parameters; however, annual CO, flux reflected the surface area of the La Jolla kelp bed in the fol-
lowing year (R = —0.93, p < 0.05) (Table 1, Figure 5a). There was also a strong correlation between ENSO
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Figure 2. Monthly averages of climatological parameters: (a) air temperature (Ta), (b) wind speed (WS), (c) friction velocity (U*), (d) photo-
synthetically active photon flux density (PPFD), and (e) ENSO Index (NINO). Dotted lines show average daily maximum and minimum for
each month. PPFD data were obtained from the Climate Research Division of the Scripps Institution of Oceanography. NINO data were
obtained from the National Weather Service, Climate Prediction Center.
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Figure 3. Monthly averages of oceanographic parameters: (a) sea surface temperature (SST), (b) chlorophyll concentration (CHL), (c) sea
surface salinity (SS), (d) alongshore wind velocity (AWV), and (e) the surface area of the La Jolla kelp bed. Dotted lines show average daily
maximum and minimum for each month. SST, SS, and CHL data were obtained from the Coastal Observing Research and Development
Center at the Scripps Institution of Oceanography. The kelp data were obtained from MBC Applied Environmental Sciences [2012].
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Figure 4. Observed CO, flux (Fc) (9 Cm ™2 h™") and the decomposed temporal variations (g C m~2 h~") measured by eddy covariance
from 2005 through 2011 at the Scripps pier (N 32°52.0, W 117°15.4) near San Diego, California. (a) Observed daily CO, flux, (b) interannual
variability (annual average), (c) monthly variability, (d) daily variability, and (e) hourly variability. Dashed lines show the maximum and min-
imum fluxes with random errors.

index and surface area of the kelp bed (Figure 5b). Monthly variations in CO, flux were explained by
monthly variations in PPFD and wind speeds (R = 0.44, p < 0.05) (Figure 6). Although the monthly compo-
nent of air temperature was negatively correlated to CO, flux (R = —0.28, p < 0.05), adding air temperature
to the regression model did not increase the explanatory power for CO, flux, likely due to a strong correla-
tion between air temperature and wind speeds (R = —0.62, p < 0.05) (Table 1). There was no explainable
correlation between daily components of CO, flux and environmental parameters (data not shown). Hourly
components of CO, flux were often negatively correlated to wind speeds as opposed to the positive correla-
tion on a monthly scale (Figure 7).

3.4. Boat-Based EC Measurements

The boat-based eddy covariance measurement over the Point Loma kelp bed showed consistently negative
CO, flux, ranging from —0.09 to —0.01 g Cm~ 2 h ™' (Figure 8). We were not able to relate the variation in
CO; flux observed from the boat with environmental conditions; however, the magnitude of the CO, sink
was similar to the overall average of the CO, sink observed at the Scripps pier. The annual average of CO,
flux observed at the Scripps pier was —260 g Cm~2yr~ ', which is equivalent to —0.03gCm 2h~".

3.5. Error Analysis

The stepwise regression analysis on the monthly components with random errors also determined wind
speed and PPFD are two most important parameters for CO, flux at a monthly scale (Figure 9a). They were
determined to be important for only 47% and 39% of the total trial due to large potential errors, however.
Correlation coefficients (R) for annual CO, flux with random errors and the La Jolla kelp bed in the following
year varied from —0.98 to —0.84 at p < 0.05 (Figure 9b).

4. Discussion

4.1. Temporal Variations

High CO, sinks, concurrent with high PPFD at monthly scale, as well as high CO, sinks at high winds when
the sink strength was relatively high on an hourly scale, suggest that the temporal variability in CO, flux
was mainly biologically driven. A significant correlation between CO, flux and the surface area of the La
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Table 1. Correlation Coefficients (R) for (a) Monthly Variations (Monthly Average — Annual Average) and (b) Interannual Variations
(Annual Average) of CO, Flux (F¢), Air Temperature (T,), Wind Speed (WS), Friction Velocity (U*), PPFD, Sea Surface Salinity (SS), Sea Sur-
face Temperature (SST), Chlorophyll Concentration (CHL), Alongshore Wind Velocity (AWV), ENSO Index, Surface Area of the La Jolla
Kelp Bed (Kelp), and Surface Area of the La Jolla Kelp Bed in the Following Year (Kelp (+1))?

Monthly Variations Fc Ta Ws u* PPFD SS} SST CHL AWV NINO
Fc 1

Ta —0.28 1

WS 0.33 —0.62 1

U* 0.28 —0.73 0.88 1

PPFD —0.32 0.37 —0.18 —0.28 1

SS 0.12 —0.38 0.23 0.21 0.11 1

SST —0.31 0.81 —0.42 —0.53 0.59 —0.21 1

CHL 0.16 —0.07 0.23 0.13 —0.05 0.11 —0.16 1

AWV —0.12 0.39 —0.23 —0.36 0.52 0.05 0.30 0.13 1.00

NINO 0.09 —0.11 0.33 0.31 0.03 0.14 0.02 —0.07 0.05 1
Interannual Variations Fc Ta WS (Vi PPFD SS SST CHL AWV NINO  KELP KELP (+1)
Fc 1

Ta 0.14 1

WS -028 —078 1

u* —0.28 —0.88 0.61 1

PPFD —-066 —043 0.82 0.38 1

SS 0.49 052 —-066 —032 —077 1

SST -005 -017 048 —026 043 —063 1

CHL —-078 —002 —001 —002 033 —056 0.31 1

AWV —052 055 —-0.03 -048 051 —028 022 0.38 1

NINO 009 —-060 0.83 0.28 048 —035 065 —021 —048 1

KELP —-013 066 —090 -046 —060 044 —044 040 058 —0.87 1

KELP(+1) —-0.93 —0.15 0.18 0.26 0.45 —028 0.01 0.77 0.84 —0.05 0.24 1

Correlations with statistical significance (p < 0.05) are listed in bold numbers.

Jolla kelp bed suggests the possibility of biological carbon uptake as largely due to kelp growth, as dis-
cussed in the following section. High alongshore wind stress can both induce coastal upwelling and release
CO, to the atmosphere [Torres et al., 1999; Ikawa et al., 2013]. However, AWV was not determined to be an
important parameter at any temporal scales, and high wind speeds simply increased air-sea gas transfer
and enhanced CO, uptake from the ocean on an hourly scale. Therefore, the influence of the outgassing
due to upwelling on CO, flux was not detected at this study site unlike other coastal upwelling zones [Torres
et al,, 1999; lkawa et al., 2013; Reimer et al., 2013].

Decomposed time series showed that dominant environmental parameters explaining the variation in CO,
flux were different at different temporal scales, suggesting the importance of long-term monitoring for
accurately evaluating coastal processes related to CO, flux. Interestingly, wind speeds at a monthly scale
were positively correlated to CO, flux, as opposed to negative correlation on an hourly scale. The positive
correlation between wind speed and CO, flux at a monthly scale was not due to upwelling as AWV was not
an important determinant for CO, flux at our study site (Table 1), and we could not identify the mechanistic
reason for the positive correlation. However, our results still suggest that the direction (positive or negative)
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Figure 5. (a) Annual CO, flux was correlated to the surface area of the La Jolla kelp bed in the following year (R = —0.93, p < 0.05), (b) the
surface area of the La Jolla kelp bed and the ENSO index (NINO) were negatively correlated (R = —0.87, p < 0.05).
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in pCO, in seawater during their

active growing period (M. Edwards,
San Diego State University, personal communication, 2014). There was no detectable kelp surface area in
2006 after the highest annual net CO, flux of 28 (+ 81 SE) g C m 2 yr~ " recorded in 2005. Although there
was no large kelp bed within the footprint of the EC measurements, our results suggest that the study area
was highly influenced by kelp production. Boat-based EC measurements over the Point Loma kelp bed
showed similar magnitudes of CO, uptake, although the sampling period was too short (a few hours) to
evaluate similarity to the Scripps site. Further study is preferred for investigating the spatial extent to which
the kelp production induced high CO, uptake similarly to our site along the coast.

The temporal patterns of the kelp bed were related to ENSO index, as they showed a negative correlation
(R= —0.95, p < 0.05). The surface area of the La Jolla kelp bed was largest in 2008, when the ENSO index
was lowest. El Nino conditions generally limit the growth of kelp, as these conditions suppress upwelling,
which conveys nutrients to the ocean surface [Tegner and Dayton, 1991; Dayton et al., 1998; Edwards and
Estes, 2006]. In southern California, El Nino is also associated with low pressure and local storms, which
physically reduce the extent of kelp stands [Edwards, 2004]. The surface areas of kelp beds in extensive
areas of southern California, recorded in 1967-2011, were also tightly related to the El Nino and La Nina
cycle [MBC Applied Environmental Sciences, 2012]. While our results suggest that kelp growth resulted in
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Figure 7. (a) Correlation coefficient (R) between hourly components of CO, flux and wind speeds and (b) the relationship between hourly
components of CO, flux (Fcy,) and wind speeds (WSy,) (Fcy (@ Cm ™2 h™") = —0.02WS;, - 0.003, p < 0.05) in July 2007.
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Figure 8. CO, flux (9 C m~2 h™") measured by eddy covariance from the boat over
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the Point Loma kelp bed (N 32° 40, W 117° 15') near San Diego California.

high CO, uptake and increased the
surface area of the La Jolla kelp bed
the following year, no correlation was
found between either CO, flux and
the ENSO index or the ENSO index
and the kelp bed area during the fol-
lowing year. Further investigation is
necessary to identify which life stage
of the kelp is sensitive to PPFD or El
Nino/La Nina conditions for kelp
growth.

Overall, the study area was a strong
sink for CO, over the 7 year period,
with an average annual CO, flux of
—260 (+42 SE)gCm 2yr '.This
sink strength is almost two orders of
magnitude higher than the global

average ocean CO, uptake of ca.4 g Cm 2 yr ', based on Takahashi et al. [2009], and more than an order

higher than the average CO, uptake from the global coastal sea of ca. 13 g Cm ™2 yr ', based on Chen and
Borges [2009]. This sink strength would have a considerable influence on the global carbon cycle if a similar
sink strength was to be expected from other macrophyte ecosystems. Reported net primary productivity of
large kelps ranges from 300 to 1000 g C m ™2 yr ' [Smith, 1981; Duarte and Cebrian, 1996; Wilmers et al.,
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Figure 9. (a) Occurrences of significant correlations between monthly CO, flux with random
errors and environmental parameters, and (b) occurrence of correlation coefficient (R)

between annual CO, flux with random errors and the surface area of the La Jolla kelp bed in
the following year.

net sink of the global ocean
estimated to-date.

To our knowledge, there are
few studies that use EC for
coastal seas possibly inhabited
by macrophytes [lkawa et al.,
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2013; Reimer et al., 2013]. However, EC systems used by lkawa et al. [2013] and Reimer et al. [2013] were
located in the intertidal areas, where a CO, release induced by breaking waves likely masked the influence
of CO, uptakes by macrophytes. Since estimations of CO, flux by an indirect method such the bulk method
based on pCO, measurements are particularly difficult over macrophyte ecosystems, due to the large uncer-
tainty in the air-sea gas transfer property [Delille et al., 2009], more direct measurements, such as the EC
technique, are necessary for quantifying CO, flux in these ecosystems.

Ecosystems dominated by macrophytes are not necessarily a CO, sink, particularly if coastal upwelling cur-
rents are dominant [Friederich et al., 2002; Wilkerson et al., 2006; lkawa et al., 2013; Reimer et al., 2013]. None-
theless, the sink strength of macrophytes likely affects net CO, flux considerably in coastal upwelling
ecosystems as well, as the potential reported in this study and by others such as Smith [1981] and Wilmers
et al. [2012] for kelp primary production to take up CO, is comparable to the magnitude of the CO, source
in an intense upwelling zone (CO, flux in coastal upwelling is summarized in lkawa et al. [2013]).

4.3. Future Trajectories of Air-Sea CO, Flux Over Macrophyte Ecosystems

The mechanistic understanding of CO, flux in our study will help predict the future trajectory of the coastal
carbon cycle. Our study suggests that the temporal variation in CO, flux near the kelp bed is directly influ-
enced by the primary productivity of kelp beds. While our results did not show any evidence of direct influen-
ces from the El Nino and La Nina cycle on CO, flux, their influences on CO, flux may be revealed on a much
longer temporal scale, as El Nino conditions often restrict kelp growth. Future projections of the El Nino and
La Nina cycle still cannot be predicted with confidence [Meehl et al., 2006; Guilyardi et al., 2009]. However, fre-
quent storms and extremely high temperatures are expected in the future, in response to climate change,
and such El Nino-like conditions will most likely damage macrophyte ecosystems, thus reducing their carbon
uptake potential [Alexander et al., 2006; Byrnes et al., 2011; Reed et al., 2011]. The negative effect of extreme cli-
mate on primary productivity may be partly offset by the positive effect of increasing coastal upwelling, which
conveys nutrients to the sea surface [Bakun, 1990; Snyder et al., 2003; Garcia-Reyes and Largier, 2010].

Macrophyte ecosystems are particularly susceptible to environmental change. Their biomass and physiol-
ogy are influenced by local climate, nutrient availability, grazing, water quality and physical disturbance
[Dayton, 1985; Dayton et al., 1999; Steneck et al., 2003; Edwards, 2004]. Top-down forcing of the food web,
particularly, by pollution and grazing, can severely deteriorate kelp forests [Steneck et al., 2003]. Particularly,
nonpoint pollution, due mainly to land-use changes, has severely degraded coastal macrophyte ecosystems
globally, and is subject to increase in the future [Carpenter et al., 1998; Fourqurean et al., 2012]. Subsequent
degradation of macrophyte ecosystems may result in a reduction of one of the world’s greatest CO, sinks.

4.4. Methodological Uncertainty

The error analysis showed that the EC data set with possible random errors due to sampling bias put out
consistent results in the correlation analyses. However, the application of the EC over the ocean still remains
some issues to be carefully addressed.

First, ocean EC flux generally has low signal-to-noise ratios [Kondo and Tsukamoto, 2007]. Our EC flux data
set also suffered from high temporal variations that were not completely distinguishable from noise, partic-
ularly at hourly and daily scales (Figure 4). The error analysis conducted in this study revealed that random
errors due to sampling discontinuity as well as potential noise did not affect correlation analyses at monthly
and interannual scales. However, we could not identify important environmental parameters that control
the daily variation of CO, flux likely due to high scatters.

Second, contaminations especially from sea spray on the infrared gas analyzer may cause a false negative
correlation between CO, and H,0 signals, possibly due to the erroneous change in spectroscopic cross sen-
sitivities of the infrared gas analyzer [Prytherch et al., 2010; Kondo et al., 2014]. We carefully cleaned the
instruments weekly basis, and the sensitivity of CO, to H,0O in our study was an order magnitude lower
than that reported by Prytherch et al. [2010]. Therefore, we assumed that the false correlation was not a par-
ticular issue for our case. However, it may be recommendable to employ a closed-path infrared gas analyzer
and dry the air stream for the application of EC over the ocean for better data quality in future [Miller et al.,
2010; Landwehr et al., 2014].

Lastly, CO, flux measured by EC often disagree with the estimates from the bulk gradient method [Reimer
et al,, 2013; lkawa and Oechel, 2014]. Reimer et al. [2013] discussed that the higher magnitudes of CO, flux
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by EC than expected by the bulk method were due to the fact their EC instruments were located at an
intertidal zone where gas transfer can occur at a much higher rate than estimated by the conventional
methods developed for open water [e.g., Wanninkhof, 1992]. Our study site located near the shore including
the macrophyte ecosystem most likely has different regulations on gas transfer velocity than open water
[Delille et al., 2009]; therefore, EC was still more desirable for flux measurements than the bulk method at
our study site.

5. Conclusions

This study reports one of the first multiyear observations of air-sea CO, flux by the EC for the near-shore
waters of San Diego, California. Monthly variations in CO, flux were negatively correlated to PPFD, suggest-
ing biological CO, uptakes. Interannual variations in CO, flux were no longer correlated to PPFD, but were
correlated to the surface area of the La Jolla kelp bed in the following year, suggesting that kelp growth
enhanced CO, uptakes. While CO, uptake was negatively related to wind speeds at a monthly scale, wind
speeds affected CO, uptake positively on an hourly scale, suggesting the importance of long-term monitor-
ing of CO, flux for accurately identifying important environmental processes relevant to the coastal carbon
cycle. The study area was, overall, a strong CO; sink, and this sink strength may possibly update our under-
standing of the global carbon budget considerably, if the whole coastal sea inhabited by macrophytes
shows a similar CO, uptake strength. It should be also noted that the application of EC over the ocean still
includes technical difficulties and uncertainties with respect to low signal-to-noise ratio, the uncertain influ-
ence of the sensor contamination, and inconsistency with other methods. These issues must be addressed
carefully for better EC data quality in future.
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