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ABSTRACT OF THE THESIS 

 

 

Spatial and Temporal Variability of Coastal Carbonate Chemistry in the Southern 

California Region 

 

 

by 

 

 

Charles Woodruff Davidson 

Master of Science in Earth Sciences 

University of California, San Diego, 2015 

Professor Andreas Andersson, Chair 

 

The objective of this study was to characterize temporal and spatial variability in near 

shore inorganic carbon chemistry in Southern California.  To date, relatively little research has 

been conducted concerning seawater carbon chemistry in the near-shore environment (<2 miles 

from shore), and this study attempts to serve as a starting point to better understand the 

contemporary conditions and variability in this environment.  Seawater samples were collected 

monthly for a one-year duration at 15 near-shore locations, encompassing sandy beaches, rocky 

beaches, and harbors or bays in the San Diego area. This approach was complemented by 
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sampling from a boat along an offshore running transect in La Jolla Cove at 4 locations from the 

surface to 40m depth.  Measurements of Dissolved Inorganic Carbon (DIC), Total Alkalinity 

(TA), Temperature, and Salinity were conducted. These measured parameters were used to 

calculate in situ pHSWS, aragonite saturation state (Ω-aragonite), pCO2, and air-sea CO2 flux at all 

locations where applicable.  Sample locations were categorized, based on their localized 

environment, into three categories: beach/sand, beach/rock, and harbor/bay (Figure 1).   

In general, we observed large spatial and temporal variability in DIC, TA, pHSWS, Ω-

aragonite, pCO2, and CO2 flux. The highest variability, as well as the largest values in DIC and 

TA, occurred in stations categorized as bay/harbor.  Stations categorized as beach/sand and 

beach/rock were less variable, although, compared to open ocean environments they still 

experienced large variability with averages of DIC ranging from ±40 µmol kg-1 to ±100 µmol kg-1 

over the 12-month study period.  Notably, we observed an overall region-wide decrease in TA 

that contributed to lower seawater pHSWS and Ω-aragonite during spring and summer.  Calculated 

pCO2 and CO2 flux showed that the region acted as a source of CO2 to the atmosphere, result that 

is consistent with previous studies, which have shown that inner continental shelves in general 

serve as sources of CO2 to the atmosphere. Low surface seawater pH and Ω-aragonite were 

occasionally observed at some of the stations (sometimes as low as 7.51 and 1.0, respectively), 

showing a worrying level of acidity not expected in the open ocean until the end of the next 

century. Similarly, the coastal offshore transect revealed shoaling of low seawater pH and Ω-

aragonite in the spring and summer as a result of intensified upwelling during this time period. 

These observations show how coastal processes are likely to intensify the effects of ocean 

acidification in the coastal ocean with potential consequences to marine organisms sensitive to 

changes in seawater pH and Ω-aragonite.   

In conclusion, this study provides key data showing that the near-shore environment is 

highly variable and on occasion experience seawater CO2 conditions not expected in the open 
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ocean until well into the future. It acts as starting point for further studies aiming to understand 

the complexity of the near-shore environments that is of major economic, ecologic, scientific, and 

social importance. 
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Introduction 

Coastal zones, defined as ocean areas with depth <200 m, comprise approximately 7% of 

the global ocean surface area, but the flux of carbon, nitrogen, and phosphorus through these 

zones are disproportionately large in comparison to the flux of these elements through the 

remainder of the ocean (Borges et. Al., 2005). Coastal zones contribute 10-30% of the global 

marine primary production, 80% of organic carbon burial in sediments, 20% of the pelagic stock 

of CaCO3 in surface waters, and approximately 50% of global oceanic CaCO3 deposition 

(Gattuso et al., 1998; Balch et al., 2005; Mackenzie et al., 2005). In addition, coastal zones may 

contribute up to 50% of the organic carbon exported to the deep ocean (Jahnke, 2010). These 

properties make the coastal ocean an important component of the global carbon cycle and needs 

to be considered in earth systems models and projections of future global climate change 

(Mackenzie et al., 2005; Jahnke 2010; Regnier et al., 2013; Bauer et al. 2013). Until recently, the 

role of coastal zones has been omitted in most carbon cycle models (Mackenzie et al., 2005).  

Near-shore coastal zones do not only play an important component in the global carbon 

cycle, but also provide many direct and indirect services to human populations including nutrition 

and revenue from fisheries, transportation, and recreation.  For example, in 2012, the US coastal 

based seafood industry generated over $180 billion in sales and provided over 1.27 million jobs, 

illustrating the economic importance and dependence on the coastal seas (NOAA Fisheries 

Service Economic Report, 2012).  As a result of global climate change, it has been proposed that 

the US domestic commercial fisheries shellfish yields could be negatively affected by 6-25% of 

their total domestic fishing value, or between $0.6 and $2.5 billion in the next 50 years 

(Mendelsohn and Neumann 1999; Tietze et al., 2000). 

Coastal zones are disproportionately affected by human activities compared to the open 

ocean because a large proportion of the global population lives close to the coast. In 2010, 123.3 

million people, or 39% of the United States’ population lived in counties directly on the 
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shoreline, while these counties constitute less than 10% of the total land area (NOAA Fisheries 

Service Economic Report, 2012).  The direct proximity of humans to the coastal ocean has had 

many impacts on coastal ecosystems and biogeochemical cycles (Rabouille et al., 2001). For 

example, excessive input of nutrients, i.e., eutrophication, stimulates primary production and 

blooms that are followed by subsequent die-offs and development of hypoxic waters in the 

subpycnocline layer (e.g., Cai et al., 2011).  In addition to eutrophication, anthropogenic ground 

water mining and increases in sedimentation from construction also impact coastal environments 

directly (Moore, 1999).  Anthropogenically driven increases in submarine ground water discharge 

of nutrients have the potential to drive coastal primary productivity to phosphorus limitation, 

rather than the typical nitrogen limitation found in these areas (Slomp & Cappellen, 2004).  

Overall, most perturbations in near-shore seawater chemistry, which can be either be directly or 

indirectly tied to human fossil fuel combustion, fertilizer use, or industrial activity, result in 

negative impacts on ocean biota and marine resources (Doney et al., 2009). 

In addition to local and regional anthropogenic processes influencing the coastal zone, 

global climate change and ocean acidification will also play important roles in altering this 

environment.  Increasing seawater CO2, reduced pH, and lower CaCO3 saturation state () in 

open ocean surface waters has been well documented at time series locations and repeat 

hydrographic surveys (Haugan & Drange, 1996; Brewer, 1997; Sabine et al., 2004; Caldeira & 

Wickett, 2003, 2005; Solomon et al., 2007; Feely et al., 2008).  On average, a decrease of 0.02 

pH units per decade in open ocean surface seawater has been observed as a result of uptake of 

anthropogenic CO2 (Takahashi et al., 2006; Sabine, 2014).  However, due to the lack of time 

series data and the large variability in seawater carbon chemistry in near-shore environments, 

ocean acidification tracking the atmospheric increase in CO2 has not been unequivocally 

documented in this environment. Ocean acidification has raised serious concerns on its potential 

consequences to marine organisms and ecosystems. For example, studies have shown that the 
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levels of oceanic dissolved CO2 predicted to occur in the next century have potentially 

detrimental effects to corals (Gattsuo et al., 1998; Langdon et al., 2000; Kleypas et al., 2006), 

planktonic organisms (Bijma, 1991; Riebesell et al., 2000), oysters (Watson et al., 2009; Parker et 

al., 2009; 2011), and may even alter the behavior in fish (Munday et al., 2010; Gillanders et al., 

2011; Hamilton et al., 2011). To be able to accurately predict future impacts of OA on marine 

organisms in near-shore coastal environments, it is necessary to understand the present 

conditions and the variability of seawater carbonate chemistry in these environments. 

The coastal zone is a highly variable environment due to processes which change local 

carbon chemistry, such as advection of DIC-enriched waters from deeper layers, and biological 

production and subsequent remineralization of organic matter.  Because of these various 

processes, local variation in the near-shore environment carbon chemistry can potentially serve as 

a window looking forward as to what can be expected as the world’s oceans continue to 

accumulate more anthropogenic CO2 (Feely et al., 2008; Gruber et al., 2012; Lachkar, 

2014).  Due to recent enhancements in seasonal upwelling, the advancement of corrosive deep 

water onto broader regions of the North American western continental shelf has become more 

prominent (Feely et al., 2008).  Eutrophication could also increase the susceptibility of coastal 

waters to ocean acidification. However, models of current ocean conditions show that the drop in 

pH in the coastal zone is greater than expected from eutrophication and ocean acidification alone, 

indicating the importance of accounting for the other potential processes affecting carbon 

chemistry in the coastal ocean (Bograd et al., 2008; Cai et al., 2011).  There is a need to establish 

baseline and current carbon chemistry conditions to be able to accurately predict future changes 

to the coastal zone with respect to both the global carbon cycle and ocean acidification. 

The objective of this study was to characterize temporal and spatial variability in near 

shore inorganic carbon chemistry in Southern California. Seawater samples were collected 

monthly for a one-year duration at 15 near-shore locations encompassing sandy and rocky 
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beaches, and estuaries in the San Diego area. This approach was complemented by vertical 

profiles from a boat along a transect in La Jolla Cove at 4 locations between the 10 m and 40m 

isobaths. This study provides key data addressing gaps in the current understanding of temporal 

and spatial variability in inorganic carbon chemistry and act as a starting point for further studies 

aiming to understand this stretch of coastline that is of major economic, ecologic, scientific, and 

social importance. 
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Materials and Methods 

2.1 Study Area 

The study area was located in the San Diego County, California, USA, spanning a 

distance of approximately 47 kilometers from Solana Beach to Imperial Beach (Fig 1).  San 

Diego is considered to have a semi-arid climate, with relatively dry summers and marginally wet 

winters. Monthly average air temperature range from 14ºC in January to 22ºC in August and 

average surface seawater temperature has a similar range 

(http://www.wrh.noaa.gov/sgx/climate/san-san-month.htm). San Diego receives on average 

approximately 10 inches of rainfall every year (NOAA National Weather Service, 

http://www.weather.gov/).  

Seawater properties in the near-shore environment in the San Diego region are influenced 

by a number of processes that vary on different spatial and temporal scales. Spatially, differences 

in coastal morphology (e.g., bays, estuaries, rivers, underwater canyons) and dominant benthic 

communities (e.g., salt marshes, kelp beds, sea grass meadows) may influence seawater chemical 

properties locally. The morphology of the coastline influence seawater chemistry indirectly by its 

effect on currents, waves, residence time, rivers and runoff while different benthic communities 

directly influences seawater chemistry via biogeochemical processes, such as photosynthesis, 

respiration, calcification, and CaCO3 dissolution. Urban developments and activities obviously 

also play important roles influencing seawater chemistry (e.g., industrial and agricultural runoffs, 

golf course, storm drains). In addition, physical processes, such as breaking waves, tidal currents, 

and upwelling influence seawater chemistry in the near-shore environment by promoting air-sea 

gas exchange and mixing/transport of different water masses.  

The near-shore seawater chemistry is predictably modified on diel timescales owing to 

biogeochemical processes (driven by the light cycle) and tidal cycles. Biological activity and the 

subsequent influence on seawater chemistry may also vary somewhat predictably on seasonal 
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timescales linked to variations in light, temperature, and nutrients. During November to March, 

the near-shore environment is disproportionately influenced by occasional rain events and 

resulting runoff, which can transport large quantities of particulates and solutes to this region due 

to the relative infrequent occurrence of these events. Similarly, during spring and summer, the 

near-shore region may be significantly influenced by upwelling events associated with the 

California Current System, which brings cold, nutrient rich seawater, high in CO2 and low in pH 

to this region. The frequency and intensity of rain and upwelling events are linked to larger 

climate phenomena such as the El Nino Southern Oscillation (ENSO) and the Pacific Decadal 

Oscillation (PDO). 

In the present study, 15 sample stations (Fig. 1) were classified in to five major categories 

based on similar environmental properties: i.e., Beach/Sand (Stn 1-3, 7, 11, 13, 15), Beach/Rock 

(Stn 4-6, 9), Bay (Stn 8, 14), Inside Bay (Stn 10), and Harbor (Stn 12). The substrate of the 

location, benthic communities, and nearby forcings from human activities were noted and 

considered in this categorization. 

 

2.2 Sample Collection 

 Surface seawater samples were collected at 15 stations accessible from shore (Fig. 1) 

once a month using a Niskin bottle or a bucket.  In addition, 4 stations (#A in Fig. 1) were 

occupied monthly, using a small boat along a transect extending westward along 32°51’54” N 

(this is roughly an extension of the Scripps Pier) to the 40 m depth contour. Samples were 

collected at the surface and at 10 m depth intervals to the bottom (Fig. 2). All samples collected 

before January 2014 were collected using a 5 L Niskin bottle Model 1010 Series (General 

Oceanics, http://www.generaloceanics.com/), while samples collected after January 2014, except 

for those collected from boat, were collected using a Rubbermaid 30.5x28.2x26.7cm 10.4L 

bucket. 
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Total dissolved inorganic carbon (DIC) and total alkalinity (TA) seawater samples were 

collected from the Niskin according to standard protocols using a 250mL Corning glass bottle, 

while seawater samples collected from the bucket were rinsed three times before collecting the 

sample bottle with water gathered in the bucket.  All samples were then sealed with Apezion L 

grease, a rubber band, and plastic clip (Dickson et al., 2007).  Samples were poisoned using 100 

µL saturated solution of mercuric chloride (HgCl2). 

In situ salinity (S), pHT and temperature (ºC) measurements were taken at every station 

concurrent with seawater samples using an YSI Professional Plus multiparameter meter calibrated 

according to standard procedures prescribed by the manufacturer (YSI, Inc; 

http://www.ysi.com).  Salinity (±1.0% of reading) was calibrated using certified reference 

material (CRM) prepared by Andrew Dickson at the Scripps Institution of Oceanography 

(http://andrew.ucsd.edu/co2qc/index/html).  In situ pH measurements were made with a glass 

combination pH electrode (±0.2 pH, instrument error) calibrated using a three-point calibration of 

pH 4, 7, 10 low ionic strength buffers for the slope, and a one-point calibration using CRM 

prepared by Andrew Dickson at Scripps to adjust the relative pH reading.  However, in situ pH 

measurements were used only qualitatively, while calculated pH derived from DIC, TA, 

temperature, and salinity vales was used quantitatively.  Both calibrations were done every month 

within three days before sampling occurred.  Temperature was measured with an YSI precision 

thermistor (±0.2°C).  In situ pH measurements were taken in order to characterize relative pH 

variations among stations, therefore pHT calculated from DIC and TA were used for more 

accurate pH measurements. 

Macronutrient (Nitrate - NO3
-, Nitrite - NO2

-, Phosphate-PO4
3-, Silicate-SiO2) samples 

were also collected at stations 2, 4, 7, 9, and 15 according to the sampling procedure outlined in 

Hydes et al., (2010). Samples were transferred directly into a 30 mL syringe and then passed 

through a luer-lock filter holder containing a 0.45 um Millipore polycarbonate filter paper. 

http://andrew.ucsd.edu/co2qc/index/html
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Approximately 25 mL of filtrate was collected in plastic HDPE vials and stored on ice throughout 

the sampling event.  The samples were then transferred to a -20ºC freezer until sent out for 

analysis at the Oceanographic Data Facility at Scripps Institution of Oceanography 

(http://odf.ucsd.edu/). 

 

2.3 Analytical Procedures 

 DIC samples were analyzed using an AIRICA system (Marianda, Inc.), with an infrared 

Li-Cor 7000 CO2/H2O differential, non-dispersive infrared (NDIR) gas analyzer as a detector. 

DIC was determined relative to certified reference material (CRM) prepared by Andrew Dickson 

at the Scripps Institution of Oceanography (http://andrew.ucsd.edu/co2qc/index/html).  The 1s 

precision of duplicate CRMs for DIC was ±0.51 μmol kg-1 (n=30) with an accuracy of ±0.81 

μmol kg-1.  TA was determined by potentiometric acid titration (Dickson et al., 2007) similar to 

the procedure described by Bates et al., (1996).  The 1s precision of duplicate CRMs for TA 

analysis was ±0.73 μmol kg-1 (n=22) with an accuracy of ±0.92 μmol kg-1.   Both DIC and TA 

measurements were corrected for drift of the instrument by taking the difference between CRMs 

before and after running samples.  A CRM was analyzed on average every five samples for DIC 

and every ten samples for TA to ensure a high level of accuracy and precision. 

Macronutrient samples were analyzed using a Seal Analytical continuous-flow 

AutoAnalyzer 3 (AA3) according to Hydes et al., (2010) for NO3
-, NO2

-, PO4
3-, and SiO2 at the 

Oceanographic Data Facility at SIO. 

  

2.4 Calculations 

 Seawater carbonate parameters including pCO2, pH (defined on the total H+ scale), and 

calcium carbonate saturation states with respect to aragonite (Ωarag) and magnesium-calcite (ΩMg-

cal) were calculated at in situ temperature, salinity, and pressure conditions based on DIC and TA 
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data.  The calculations were undertaken using the carbonic acid dissociation constants (i.e. pK1 

and pK2) defined by Lueker et al., (2000) using the program CO2SYS XLS v2.1 (Lewis and 

Wallace, 1998). 

Net sea-air CO2 flux (F) was determined by the following formula: 

 

 F=kσΔpCO2 

 

where k is the gas transfer velocity (Wannikof, 1992), σ is the solubility of CO2 in seawater 

(Weiss, 1974), and ΔpCO2 is the difference between atmospheric (pCO2atm) and seawater partial 

pressures of CO2 (pCO2sw).  Wind speed was taken from the airport nearest to each station, and 

included data from the San Diego International Airport and Miramar MCAS (Marine Corps Air 

Station) through the National Oceanographic and Atmospheric Administration’s National Data 

Climate Center. 

 The direction of flux is determined by the pCO2 (pCO2sw-pCO2atm) such that a positive value 

denotes a net flux of CO2 from the sea to the atmosphere.  Atmospheric pCO2 was calculated 

based on measurements of CO2 mol fraction in the air from the Keeling Lab at SIO. 
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Results 

3.1 Physical Parameters 

In general, the average seawater temperature for all stations increased from a minimum in 

January 2014 of 15 ± 0.17 °C to a maximum in September 2014 of 24.6 ± 2.82 °C (Fig. 

3).  Overall, average temperature at sampling stations in the North and Central regions were 

lower than temperatures observed in Mission Bay and in the South region. The observed inter-

monthly variability in seawater temperature during the study period was similar for stations 

categorized as beach/sand and beach/rock. The largest variability was observed at stations 8, 10, 

12, and 14, which were all categorized as stations within bays. Average seawater salinity was 

relatively constant throughout the study period (mean = 33.54± 0.98), with occasional freshening 

at most stations coincident with rain events in the spring (Fig. 3). The largest variability was 

observed for stations 10 and 14, both stations located within bays. The lowest salinity (25.77) was 

observed within Mission Bay (Stn 10) in December of 2013 while the highest salinity (36.04) was 

measured at the same station in July of 2014. Precipitation ranged from a daily maximum of 

26.92 mm ± 1.5 mm in late February 2014 to a long drought from May to November with 

essentially no rainfall. Most rain events occurred in the time period between October 2013 and 

May 2014, with the average rain event releasing approximately 4 mm of rainfall. 

 

3.2 Near-shore Inorganic Carbon and Nutrient Chemistry  

Near-shore seawater CO2 parameters were highly variable both between sampling days 

and stations throughout the duration of the study. The observed variability was smallest in the 

timeframe November 2013 to March 2014, which was followed by greater variability between 

sampling days and stations between March to November 2014, but also an overall region-wide 

decrease in TA that contributed to lower seawater pH and aragonite saturation state (ΩA) during 

spring and summer (Fig. 4).  The observed region-wide decrease in seawater TA bottomed out in 
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July and then increased throughout the fall. The observed inter-monthly variability in seawater 

CO2 parameters was similar for stations categorized as beach/sand and beach/rock while station 

10 had the largest variability followed by stations 8, 12, and 14 located within Mission Bay and 

San Diego Bay. The annual mean seawater DIC, TA, pH, and ΩA were in the Northern region: 

2032.5±22.6 μmol kg-1, 2223.3±31.7 μmol kg-1, 7.95±0.13, and 2.2±0.4; Central Region: 

2013.8±51.8 μmol kg-1, 2212.5±37.4 μmol kg-1, 7.94±0.19, and 2.3±0.7; Mission Bay: 

2083.7±21.1 μmol kg-1, 2266.5±35.4 μmol kg-1, 7.89±0.14, and 2.2±.4; and Southern region: 

2075.0±29.5 μmol kg-1, 2238.0±35.1 μmol kg-1, 7.84±0.18, and 2.0±0.5. The lowest mean 

seawater pH and ΩA (7.51±0.24 and 1.0±0.5, respectively) were observed in the central region in 

July whereas the highest were observed in the same region in April and June respectively 

(8.16±0.09 and 3.4±1.2, respectively). Notably, station 10 regularly had DIC and TA levels 

significantly higher than other stations.  

 Near-shore seawater macro-nutrients were variable throughout the study, with the largest 

variability occurring from December 2013 to May 2014.  Nutrient samples were collected at 

stations 2, 4, 7, 9, and 15, and tested for NO3
-, NO2

-, PO4
3-, SiO2.  Most stations exhibit similar 

values in the measured nutrients from month to month, and consequently there is little to suggest 

a significant difference in station categorization based on the nutrient data.  However, station 2 

showed a significant increase in May compared to previous months for all the measured nutrient 

parameters, except for Nitrite. Concentrations were nearly double the previous measured values 

and SiO2 concentration was three times as high.  From July 2014 to October 2014, all measured 

nutrients variables showed little month-to-month variability, remaining relatively constant during 

these months.  The annual mean seawater NO3
-, NO2

-, PO4
3-, and SiO2 for stations where these 

samples were collected were 0.17±0.17 μmol L-1, 1.07±1.29 μmol L-1, 0.49±0.14 μmol L-1, and 

3.35±2.25 μmol L-1 respectively. 
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3.3 Near-shore Air-sea CO2 gas exchange 

Near-shore seawater pCO2 levels remained relatively constant between sampling days 

and stations from October 2013 until March 2014 (Fig. 5). Thereafter seawater pCO2 was highly 

variable between stations and sampling days. Wind speed during sampling days were low and 

varied from a minimum close to 0 to a maximum of 5 m s-1. During the time periods October to 

February and June to September, wind speeds were greater than 2 m s-1 while in March to May 

they were less than 1 m s-1. As a result of the combination of high seawater pCO2 and wind speed 

between June to September, the most significant gas efflux was observed in this time period. The 

observed inter-monthly variability in pCO2 and CO2 flux between sampling stations was similar 

for stations categorized as beach/sand and beach/rock.  Similar to other seawater CO2 parameters, 

the highest inter-monthly variability in pCO2 and gas flux occurred at stations 10, 12, and 14, 

located within Mission Bay and San Diego Bay.  Overall, air-sea CO2 flux was from the sea to the 

atmosphere with an averaged maximum of 27.7±24.8 mmol m-2day-1 in the Southern region in 

August, while the averaged maximum in seawater pCO2 of 1597.2±861.0 μatm occurred in the 

Central Region in July.  The annual mean seawater pCO2 and air-sea CO2 gas exchange were, 

respectively, in the Northern Region: 546.5±155.6 μatm and 1.28±1.67 mmol m
-2day-1; Central 

Region: 590.6±204.0 μatm, and 2.09±1.98 mmol m
-2 day-1; Mission Bay: 677.8±283.0 μatm, and 

2.80±4.20 mmol m
-2 day-1; and Southern region: 799.7±357.6 μatm, 5.73±5.96 mmolCO2m

-2day-1.  

 

3.4 Coastal Transect Inorganic Carbon Chemistry Parameters 

 In general, seawater temperature along the coastal transect decreased with depth. In 

December of 2013 and January of 2014, the sampling depths appeared relatively well mixed and 

the smallest temperature gradients between the surface and the seafloor (13 to16 °C) were 

observed during these months. Between March and June of 2014, cold water (10 °C) was 

observed as an intrusion from the bottom to a depth of about 10 m. During the same time period, 
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surface seawater was observed to gradually warm between each month, consequently, 

contributing to increasing water column stratification during spring and summer. The warmest 

sea surface temperatures (~25°C) were observed for July and August, which then gradually 

decreased during September and October. Over the same time period, while surface seawater was 

cooling, gradual warming was observed at depths between 10 and 40 m depth (Fig. 6).  

Seawater TA and DIC typically decreased and increased as a function of depth, 

respectively, along the coastal transect. For most of the year, TA showed relatively small vertical 

gradients along the transect ranging from 5 to 15 μmol kg-1. The largest gradient in TA was 

observed in August of 2014, with a difference of 40 μmol kg-1 between the surface and the 

bottom.  Surface seawater DIC values were fairly consistent throughout the year and similar to 

TA, vertical DIC gradients were small between November to January and July to October. 

However, in the time period March to June, and coincident with the observation of cold seawater 

temperatures at depth, high DIC values were observed at the same depth ranges. In April, the 

difference in DIC between surface and the deepest sampling depth exceeded 150 μmol kg-1. 

Coincident with the high DIC values observed at depth between March and June, calculated 

seawater pH and Ω-aragonite reached values as low as 7.67 and 0.94, respectively, and pCO2 

values as high as 980 µatm during this time period. 

In general, seawater pH and Ω-aragonite decreased whereas pCO2 increased as a function 

of depth along the transect throughout the study period. Seawater pH typically ranged from 8.06 

in the surface to values close to 7.90 at the maximum depth between November to January. In 

August to October of 2014, seawater pH at all depths was fairly homogeneous across the transect 

with an average value of 8.01±0.02. The average surface seawater pH was relatively constant 

between November to May (8.07±0.02) and gradually decreased between June to October to 

values of 8.02±0.03. Average surface seawater Ω-aragonite reached its lowest values in 

November to March, and gradually increased into the summer with a maximum in July coincident 
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with the highest surface seawater temperatures, and also remained relatively high from July to 

October (2.38 to 3.16). Vertical gradients in Ω-aragonite were observed at each sampling event, 

but the strongest vertical gradients were observed between March and June. It is noticeable that 

the deepest measurements revealed seawater undersaturation with respect to aragonite throughout 

this entire period. Seawater pCO2 in the top 15 meters varied little throughout the study period 

(386.8±38.6 µatm) and was marginally undersaturated with respect to atmospheric pCO2 (~400 

µatm). Vertical gradients in the magnitude of less than 140 µatm were observed between 

November to January and less than 70 µatm from August to October. Similar to pH and ΩA, the 

strongest vertical gradient was observed between March to June. 
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Discussion 

 

 The observed variability in seawater temperature and salinity was highest for stations 

categorized as bays and harbors, mainly stations 10 and 14 located in Mission Bay and San Diego 

Bay.  This can be expected from the geomorphological properties of these environments resulting 

in restricted mixing with the open ocean, strong influence from runoffs, and potentially high 

evaporation rates. Furthermore, these stations showed consistently higher DIC and TA compared 

to other stations, as well as the greatest variability in seawater pH and Ω-aragonite over the 12 

months study period. The elevated values and large variability in these parameters are probably 

similarly driven by the restricted mixing and input of runoffs, but also due to strong influences 

from biological processes including photosynthesis and respiration. Although runoff in these 

areas can be a source of nutrients stimulating photosynthesis and occasional blooms that would 

drive down DIC, an excess of organic matter input and subsequent microbial decomposition 

probably cause elevated DIC conditions. Noticeably, stations categorized as bays, consistently 

showed greatly elevated TA conditions compared to the adjacent near-shore environments 

(+89.78 µmol kg-1). This TA elevation was partly due to elevated nutrient concentrations (e.g., 

H4SiO4), but other constituents must also have contributed.  It is possible weathering reactions on 

land are significant sources of alkalinity and could contribute to the observed elevated values, but 

further studies are needed to determine the composition and source of this alkalinity. 

For stations categorized as beach/sand and beach/rock, seawater carbon chemistry 

parameters were not as variable as for bays and harbors, with DIC and TA at a given station 

ranging from ±40µmol kg-1 to ±100 µmol kg-1 between different sampling dates.  The reason 

these stations have lower variability was probably due to the rapid mixing and introduction of 

new ocean water compared to bays, but relatively speaking, this variability was still large 

compared to open ocean environments. Runoffs, biological processes, and advection of different 
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water such as upwelling of deeper water high in CO2 (Feely et al., 2008) were likely to contribute 

to this variability. 

The highest values and month to month variability in calculated pCO2 and CO2 flux were 

observed from stations within bays and harbors, with the highest CO2 flux (53.8 mmol m-2 day-1) 

occurring during the summer months owing to coincident high pCO2 and high wind speed. In 

general, all stations on the alongshore transect had seawater pCO2 exceeding that of the 

atmosphere throughout the study period, making these stations sources of CO2 to the atmosphere.  

We calculated an annual mean of 0.36 mol C m-2 yr-1, but it should be noted that our calculation 

of the annual mean is the average of monthly spot measurements over the study period.  Because 

of this lack of high resolution, this annual mean is not necessarily representative of the entire 

coastal environment. Nonetheless, these fluxes are of a similar magnitude of previous near-shore 

studies (0.11 mol C m-2 yr-1; e.g., Andersson et al., 2005; Borges et al., 2005; Cai et al., 2005), 

which concluded that inner continental shelves generally serve as a source of CO2 to the 

atmosphere, especially in upwelling systems such as the California Current Upwelling System 

(Borges, 2005; Borges et al., 2005; Chen and Borges, 2009).  However, the offshore running 

transect revealed that the pCO2 of surface waters a few hundred meters out from the shoreline 

were in general undersaturated with respect to the atmosphere and acted as a sink.  Although only 

≤10 µatm below the 400 µatm atmospheric value, this is contrary to the oversaturation in pCO2 

observed directly along the coast.  This difference, clearly illustrates the high variability and 

dynamic nature of the coastal environment over short distances. 

 The coastal transect extending offshore revealed strengthening stratification of the top ten 

meters in the summer months (July to early October), resulting from higher temperatures due to 

increased sun exposure during these months. Most notably, the monthly coastal transect revealed 

conditions spanning from March to June (and potentially through July) characterized by cold, 

high DIC, low pH water reaching shallow depths (20 m), with pH and -aragonite reaching 



 

17 
 

values as low as 7.68 and 0.94 respectively.  The most likely cause of these conditions was 

upwelling of deeper water during this time of the year. This was supported by colder temperatures 

at depth and a high upwelling index during these months with a maximum of almost 250 m3 s-1 

100m-1 (approximately 100 m3 s-1 per 100 m of coastline higher than the 10-year average; Pacific 

Fisheries Environmental Laboratory Upwelling Index) close to the sampling date in May (Figure 

13).  In general, we observed a decrease in pH and an increase in Ω-aragonite in transect surface 

waters over the 12 month study period.  These changes in pH and -aragonite were mainly due to 

the increase in seawater temperature in the top 15 m from June 2014 to October 2014. 

 The lowest pH and Ω-aragonite values (7.51 and 1.0 respectively) observed in some 

regions of the near-shore environments along the San Diego coast are already similar to values 

that are likely to occur in the open ocean environment as a result of ocean acidification in the next 

50-100 years (Mackenzie et al., 2005; Feely et al., 2008; Gruber et al., 2012).  Shoaling of high 

DIC and low pH waters have been documented in previous transect studies in the California 

Current System. However, these studies were either conducted in May and June during the typical 

upwelling season, or the studies took place further offshore (>2-3 miles) rather than directly along 

the coast as in this study (Feely et al., 2008; Leinweber et al., 2013).  In the present study, we 

observed low pH and Ω-aragonite values occurring in the near-shore environment from as early 

as March to as late as September, showing that low pH waters are present for a longer duration 

than just an episodic upwelling event in the spring.  In addition, we observed pH and Ω-aragonite 

conditions in surface waters of 7.2 and 0.54 respectively, occurring during the summer months in 

both the Central and South regions.  These values are close to those predicted from future model 

simulations for the California coastline in year 2050, showing a worrying level of acidic water 

already occurring in coastal environments (Gruber et al., 2012; Hauri et al., 2013; Lachkar 2014). 

Based on this study, it is apparent that these levels may be exacerbated in the near-shore 

environment as a result of further anthropogenic ocean acidification. 
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The low pH and -aragonite conditions observed along the shoreline in this study could 

potentially have implications for marine organisms.  The observed levels of seawater pH and -

aragonite are already at levels that could negatively affect biological functionality based on 

experimental studies and results (Gattsuo et al., 1998; Langdon et al., 2000; Riebesell et al., 2000; 

Kleypas et al., 2006; Watson et al., 2009; Parker et al., 2009; Munday et al., 2010; Gillanders et 

al., 2011; Hamilton et al., 2011). Nonetheless, further studies are needed to investigate whether 

local biological communities are adapted to these conditions or whether they indeed are 

negatively impacted. Regardless of the current situation, additional acidification could have 

significant negative effects on our food and economic supply, and the overall health of the San 

Diego near-shore ecosystems.  The results of this study reaffirm previous studies that low 

seawater pH is a common occurrence in near-shore environments (Feely et al., 2008; Gruber et 

al., 2012; Hauri et al., 2013).  Understanding the controls and drivers of these conditions are 

becoming increasingly important in the context of ongoing anthropogenic ocean acidification. 

Similarly, large spatial and temporal variability in DIC, TA, pH, -aragonite, pCO2, and CO2 

flux along the immediate coastline, as well as in the transect extending offshore, show that this 

natural variability needs to be taken into account in evaluating the effects of ocean acidification 

on marine organisms in the coastal ocean.  By understanding how marine organisms deal with 

these large changes on relatively small time scales, perhaps we can gain a greater knowledge of 

how specific organisms and eventually ecosystems will be affected by ocean acidification.  

However, the present study only looked at the month-to-month variability, and in order to fully 

understand how organisms will react to ocean acidification, further work must be done on shorter 

time scales. 

In terms of the global carbon cycle, this study reaffirms previous statements of the 

disproportional importance of the coastal ocean in the exchange of carbon between the land-

ocean interface.  This study provides a baseline for understanding carbon chemistry in the coastal 
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ocean, and provides initial constraints for future studies investigating the natural variability and 

movement of carbon through this region.  It also confirmed that the direct near-shore environment 

is a source of CO2 to the atmosphere, which is in agreement with previous flux estimates for near-

shore environments. Secondly, we found drastic differences in carbon chemistry in the near-shore 

environment both vertically and horizontally over very short distances. These differences will be 

important in future work concerning the effect of ocean acidification on marine organisms and the 

movement of carbon through the coastal ocean, as well as calculating accurate flux estimates in 

model simulations.  We also observed large spatial variability based on sampling locations, with 

bay/harbors acting differently than beach locations, showing additional variations in a small 

stretch of coastline.  Understanding that these dissimilarities in the coastal environment occur on 

a variety of scales and can have large differences in what we observe and measure.  However, it 

should be noted that this study lacks the high resolution that a 24-hour study would provide for 

smaller scale processes.  We suggest future work focus on diel studies at one or more of the 

locations selected in this study, in order to better understand natural variations such as tidal 

influences and local upwelling events.  We observed large spatial, temporal, and biological 

differences in carbon chemistry parameters along the San Diego coast, however there is still work 

to be done to better constrain and identify the direct attribution of these variations to specific 

processes. 
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6 Figures 
 

 
Figure 1 | Map of Sample Locations and Basic Ecosystem Type Locations of the fifteen 

study sites, including the transect in San Diego, CA.  Station Number, categorization symbol (legend on 

right) and description (on the left) shown for each station, denoting type of environment of the sampling 

sites.  Contours of the local bathymetry up to 140 meters depth are also shown. 
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Figure 2 | Transect Sample Locations Spatial locations and depths (m) of the transect samples, 

extending eastward starting from La Jolla Cove, CA. 
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Figure 3a-e | Coastal Stations Measured Physical Parameters Measured Temperature (3a-

b, °C ), Salinity (3c-d), and precipitation (3c, mm) records from October 2013 to October 2014 in San 

Diego, CA.  Error bars show the 1σ of each region (3a and 3c) and variability within a specific location (3b 

and 3d).  Bottom plot (3e) shows precipitation (black, circles) and sampling dates (red, squares) during the 

entire study period. 
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Figure 4a-h | Coastal Stations Carbon Chemistry Parameters Measured Dissolved 

Inorganic Carbon (4a-4b, μmol kg-1), measured Total Alkalinity (4c-4d, μmol kg-1), calculated pHSWS (4e-

4f), and calculated aragonite saturation state (4g-4h, ΩA) from October 2013 to October 2014 in San Diego, 

CA.  Error bars show the 1σ of each region (4a, 4c, 4e and 4g) and variability within a specific location (4b, 

4d, 4f and 4h). 
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Figure 5a-f | Near-shore Air-sea CO2 gas exchange Calculated pCO2 (4a-4b, matm), observed 

wind speed (4c-4d, m s-1), and calculated CO2 Flux (4e-4) from October 2013 to October 2014 in San 

Diego, CA.  Error bars show the 1σ of each region (4a, 4c, 4e and 4g) and variability within a specific 

location (4b, 4d, 4f and 4h). 
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Figure 6 | Coastal Transect Measured Temperature Measured Temperature for the time 

period from November 2013 to October 2014 in La Jolla Cove, CA.  Distance from shore (y-axis) against 

depth (x-axis) with contours every 0.5 °C, and date of sampling in the lower left of each plot.  White dots 

represent sample locations, and the temperature scale is located at the bottom right of the figure.    Depth 

appears to shoal at a distance of 400 meters offshore, however this is not true and appears this way due to 

how the program integrated the data.
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Figure 7 | Coastal Transect Measured Salinity Measured Salinity for the time period from 

November 2013 to October 2014 in La Jolla Cove, CA.  Distance from shore (y-axis) against depth (x-axis) 

with contours every 0.05 units, and date of sampling in the lower left of each plot.  White dots represent 

sample locations, and the salinity scale is located at the bottom right of the figure.  Depth appears to shoal 

at a distance of 400 meters offshore, however this is not true and appears this way due to how the program 

integrated the data. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 



 

31 
 

 

Figure 8 | Coastal Transect Measured Total Alkalinity Measured Total Alkalinity for the 

time period from November 2013 to October 2014 in La Jolla Cove, CA.  Distance from shore (y-axis) 

against depth (x-axis) with contours every 1 μmol kg-1, and date of sampling in the lower left of each plot.  

White dots represent sample locations, and the TA scale is located at the bottom right of the figure.  Depth 
appears to shoal at a distance of 400 meters offshore, however this is not true and appears this way due to 

how the program integrated the data. 
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Figure 9 | Coastal Transect Measured Dissolved Inorganic Carbon Measured DIC for the 

time period from November 2013 to October 2014 in La Jolla Cove, CA.  Distance from shore (y-axis) 

against depth (x-axis) with contours every 5 μmol kg-1, and date of sampling in the lower left of each plot.  

White dots represent sample locations, and the DIC scale is located at the bottom right of the figure.  Depth 
appears to shoal at a distance of 400 meters offshore, however this is not true and appears this way due to 

how the program integrated the data. 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 



 

33 
 

 

 
 

Figure 10 | Coastal Transect Calculated pH Calculated pHSWS at in situ temperature for the time 

period from November 2013 to October 2014 in La Jolla Cove, CA.  Distance from shore (y-axis) against 
depth (x-axis) with contours every 0.25 units, and date of sampling in the lower left of each plot.  White 

dots represent sample locations, and the pHSWS scale is located at the bottom right of the figure.  Depth 

appears to shoal at a distance of 400 meters offshore, however this is not true and appears this way due to 

how the program integrated the data. 
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Figure 11 | Coastal Transect Calculated Aragonite Saturation State Calculated aragonite 

saturation state (ΩA) for the time period from November 2013 to October 2014 in La Jolla Cove, CA.  

Distance from shore (y-axis) against depth (x-axis) with contours every 0.1 units, and date of sampling in 

the lower left of each plot.  White dots represent sample locations, and the ΩA scale is located at the bottom 
right of the figure.  Depth appears to shoal at a distance of 400 meters offshore, however this is not true and 

appears this way due to how the program integrated the data. 
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Figure 12 | Coastal Transect Calculated pCO2 Calculated pCO2 for the time period from 

November 2013 to October 2014 in La Jolla Cove, CA.  Distance from shore (y-axis) against depth (x-axis) 

with contours every 20 μatm, and date of sampling in the lower left of each plot.  White dots represent 

sample locations, and the pCO2 scale is located at the bottom right of the figure.  Depth appears to shoal at 

a distance of 400 meters offshore, however this is not true and appears this way due to how the program 

integrated the data. 
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Figure 13 | Smoothed Daily Upwelling Index Smoothed daily Upwelling Index from July 2013 

to December 2014 at 33N 119W obtained from PFEL Upwelling Indexes.  Solid lines denote the daily 

Upwelling Index.  The daily indices have been smoothed using a 3-day, 3rd order, forward-reverse 

Butterworth filter. The dashed curve is a biharmonic fit to the daily upwelling indices for the period 1967-

1991. The shaded area around the biharmonic curve denotes one standard error, calculated for each Julian 

day. The yellow bars denote monthly mean of the Upwelling Indices based on the daily values. The units 

are metric tons per second per 100 m of coastline (Pacific Fisheries Environmental Laboratory, 2014). 
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Figure 14 | Measured Nutrient Data  Measured NO2, NO3, PO4, and Silicate from October 2013 

to October 2014 in San Diego, CA.  Colors and station numbers correspond to Figure 1 locations and 

categorization. 
 
 
 
 
 
 

 
 

 




