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Abstract 

The California Research at the Nexus of Air Quality and Climate Change (CalNex) field 

study was conducted throughout California in May, June and July of 2010.  The study 

was organized to address issues simultaneously relevant to atmospheric pollution and 

climate change, including (1) emission inventory assessment, (2) atmospheric transport 

and dispersion, (3) atmospheric chemical processing, and (4) cloud-aerosol interactions 

and aerosol radiative effects.  Measurements from networks of ground sites, a research 

ship, tall towers, balloon-borne ozonesondes, multiple aircraft, and satellites provided in-

situ and remotely sensed data on trace pollutant and greenhouse gas concentrations, 

aerosol chemical composition and microphysical properties, cloud microphysics, and 

meteorological parameters.  This overview report provides operational information for 

the variety of sites, platforms, and measurements, their joint deployment strategy, and 

summarizes findings that have resulted from the collaborative analyses of the CalNex 

field study.  Climate-relevant findings from CalNex include leakage from natural gas 

infrastructure may account for the excess of observed methane over emission estimates in 

Los Angeles.  Air-quality relevant findings include the significant decline in mobile fleet 

VOC and NOx emissions continues to have an impact on ozone in the Los Angeles basin; 

the relative contributions of diesel and gasoline emission to secondary organic aerosol are 

not fully understood; and nighttime NO3 chemistry contributes significantly to secondary 

organic aerosol mass.  Findings simultaneously relevant to climate and air quality include 

marine vessel emissions changes due to fuel sulfur and speed controls result in a net 

warming effect, but have substantial positive impacts on local air quality. 
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1. Introduction 

The California Research at the Nexus of Air Quality and Climate Change 

(CalNex) 2010 field project was undertaken to provide improved scientific knowledge for 

emissions control strategies to simultaneously address the two interrelated issues of air 

quality and climate change.  Air quality and climate change issues are linked because in 

many cases the agents of concern are the same, and the sources of the agents are the same 

or intimately connected. Examples include tropospheric ozone (O3), which is both an air 

pollutant and a greenhouse gas (GHG), and atmospheric particulate matter (PM), which 

has effects on the radiative budget of the atmosphere as well as human and ecosystem 

health, visibility degradation, and acidic deposition.  Efforts to address one of these issues 

can be beneficial to the other, but in some cases policies addressing one issue without 

additional consideration can have unintended detrimental impacts on the other.  The goal 

of CalNex 2010 is to improve and advance the science needed to support continued and 

effective air quality and climate management policy for the State of California. 

Over the past several decades in the U.S., emissions reductions implemented for 

vehicles and point sources have significantly improved air quality in most metropolitan 

areas.  In recent years the rate of improvement in air quality in most regions of the U.S. 

has slowed, both in terms of regional ozone concentrations and ozone exceedance days 

(e.g., Figure 1 for California).  At the same time, accelerating emissions of greenhouse 

gases have increased the net radiative forcing of the climate system.  Overall, from 1990 

to 2005, total emissions of carbon dioxide (CO2) in the US were estimated to have 

increased by 20% (from 5062 to 6090 Tg per year) [EPA, 2007].  A
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California was chosen as the site for this joint study because it has well-

documented air quality problems and faces the difficult task of managing them with an 

increasing population and demand for goods and services.  The CalNex study was 

designed to build upon the knowledge developed through decades of previous 

atmospheric research field projects in California.  Consistent themes across the many 

studies include quantifying anthropogenic emissions and their changes over time, notably 

in tunnel studies (e.g., [Harley et al., 2005]), and by roadside monitoring (e.g., [Bishop 

and Stedman, 2008]); the role that regional transport plays in shaping pollutant 

concentrations, forced either by the sea breeze (e.g., [Boucouvala and Bornstein, 2003; 

Cass and Shair, 1984; Shair and al., 1982]), by complex terrain (e.g., [Langford et al., 

2010; Skamarock et al., 2002; Wakimoto and McElroy, 1986]) or both [Lu and Turco, 

1996; Rosenthal et al., 2003]; the roles of chlorine chemistry (e.g., [Finlayson-Pitts, 

2003; Knipping and Dabdub, 2003] and the weekend effect (e.g., [Blanchard and 

Tanenbaum, 2003; Marr and Harley, 2002]) in ozone formation; and studies of the 

sources and chemistry leading to atmospheric haze formation (e.g., [Hersey et al., 2011; 

Schauer et al., 1996; Turpin and Huntzicker, 1995]). The literature from previous field 

studies in California is extensive; initial descriptions can be found in the project overview 

papers for the Southern California Air Quality Study (SCAQS; which took place in 1987) 

[Hering and Blumenthal, 1989], the Southern California Ozone Study (SCOS, 1997) 

(www.arb.ca.gov/research/scos/scos.htm), the California Regional Particulate Air Quality 

Study (CRPAQS, 1999–2001) [Chow et al., 2006; Qin and Prather, 2006; Rinehart et al., 

2006], the Central California Ozone Study (CCOS, summer 2000) [Bao et al., 2008a; A
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Liang et al., 2006; Tonse et al., 2008], the Intercontinental Transport and Chemical 

Transformation of Anthropogenic Pollution (ITCT, spring 2002) study   

[D.D. Parrish et al., 2004], the Intercontinental Chemical Transport Experiment - North 

America (INTEX-NA, summer 2004) study, the Study of Organic Aerosols at Riverside 

(SOAR; 2005) [Docherty et al., 2011], the Arctic Research of the Composition of the 

Troposphere from Aircraft and Satellites-California Air Resources Board (ARCTAS-

CARB, summer 2008) study [Jacob et al., 2010], the Pre-CalNex (summer 2009) study 

[Langford et al., 2010], and the Pasadena Aerosol Characterization Observatory study 

(PACO, 2009–2010) study [Hersey et al., 2011].   

In addition to its long-standing focus on air quality issues, in 2006 California led 

the nation’s effort to address global climate change by implementing Assembly Bill 32 

(AB32; arb.ca.gov/cc/ab32/ab32.htm) as the Global Warming Solutions Act of 2006, 

mandating controls on the emissions of greenhouse gases within, or attributable to, the 

state.  Thus, California is particularly interested in finding the most effective way to 

simultaneously manage the two challenges of air quality and climate change.  The 

CalNex study was organized to address issues simultaneously relevant to both,  including 

(1) emission inventory assessment, (2) atmospheric transport and dispersion, (3) 

atmospheric chemical processing, and (4) cloud-aerosol interactions and aerosol radiative 

effects.   

The CalNex project was loosely coordinated with the U.S. Department of Energy 

(DOE)-sponsored Carbonaceous Aerosol and Radiative Effects Study 

(CARES; http://campaign.arm.gov/cares) in Sacramento and the Central Valley, and the 

multi-institutional CalMex study (http://mce2.org/en/activities/cal-mex-2010) based in 
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Tijuana, Mexico.  CARES took place in June of 2010 with a focus on the evolution of 

secondary and black carbon aerosols and their climate-relevant properties in the 

Sacramento urban plume.  The scientific objectives, deployment approach, and a 

summary of initial findings from this project are described in [Zaveri et al., 2012]. 

CalMex took place in May and June of 2010 with a focus on characterizing the sources 

and processing of emissions in the California-Mexico border regions to better understand 

their transport  [Bei et al., 2012], transformation, impacts on regional air quality and 

climate (e.g., [Takahama et al., 2012]), and to support the design and implementation of 

emission control strategies at local, regional and trans-boundary scales. 

The many science foci of the CalNex study are detailed in the science plan available 

online at www.esrl.noaa.gov/csd/projects/calnex/scienceplan.pdf.  Examples of the major 

foci are mentioned briefly below.   

One major focus of the CalNex study was to use ambient data to quantitatively 

evaluate the accuracy of state and federal emissions inventories. Top-down assessments 

of different GHG, ozone precursor, and aerosol precursor emissions, accomplished using 

several different analytical methods, are described in Section 4.1, Emission Inventory 

Assessment. 

A second focus of the CalNex study and its ensuing analyses was to provide a better 

understanding of the chemical factors shaping O3 formation in California.  Maxima in 

observed 8-hour O3 exceedances have been decreasing over time in both the Central 

Valley and in the LA basin, but have been decreasing at different rates (Figure 1).  The 

underlying reasons are not well known, and two general hypotheses helped to frame the 

CalNex study science questions.  The first hypothesis invoked an increasingly large 
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contribution of a locally irreducible background transported into California from the 

Pacific Ocean [D.D. Parrish et al., 2010].  Daily ozonesonde launches in the IONS 

network in California (Appendix A) [O.R. Cooper et al., 2011], and routine vertical 

profiles by the NOAA P-3 aircraft during CalNex were carried out to provide additional 

data to quantify this hypothesis.  Several reports incorporated CalNex data to better 

quantify upwind transport of O3 into California; these are discussed in Section 4.2, 

Atmospheric Transport and Dispersion. 

The second hypothesis suggests that the emissions differences result in mixtures 

of NOx and VOC precursors in the two basins that are fundamentally different, leading to 

different sensitivities and limitations on O3 photochemistry in each airshed [Pusede and 

Cohen, 2012]. The two heavily instrumented ground sites, one in Pasadena and one in 

Bakersfield (Appendix 1), were established in part to provide data to quantify the extent 

that differences in photochemical precursor abundance have had on the responsiveness of 

each basin to emissions control strategies.  CalNex analyses touching on this hypothesis 

are discussed further in Section 4.3, Atmospheric Chemical Processing. 

A third CalNex focus was to study the effects of new California air quality 

regulations governing emissions from oceangoing ships, with potential for impacts with 

both air quality and climate implications.  The resulting findings from airborne and 

research vessel measurements are described both in Section 4.1, Emission Inventory 

Assessment, and in Section 4.4, Aerosol Optical Properties and Radiative Effects. 

A fourth focus of the CalNex project was to better understand the sources of 

secondary organic aerosol (SOA) mass in California by measuring its spatial distribution, 

chemical composition, radiocarbon content, and observing its association with known or 
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suspected precursor gases in order to deduce and apportion sources.  The reports detailing 

initial findings are described briefly in Section 4.1, Emission Inventory Assessment. 

 

2. Components of CalNex observations 

2.1 Longer-term sites: Existing networks of surface monitors  

The State of California is divided into 15 air districts of somewhat distinctive 

geological, meteorological, and anthropogenic characteristics.  CARB and local air 

quality districts operate monitoring networks to routinely measure the atmospheric 

parameters necessary to:  

1) document air quality relative to ambient air quality standards (AAQS) that have 

been established to protect public health,  

2) forecast daily atmospheric conditions so that efforts can be taken to protect 

personal health and reduce the emission of pollutants,  

3) track progress towards attaining the federal and state AAQS and goals,  

4) facilitate data analyses that improve understanding of pollutant emissions and 

atmospheric processes so that efforts to attain AAQS are effective, and  

5) provide inputs for air quality and climate models that inform scientists and 

decision-makers about the likely impacts of potential actions within a complex 

system of interactions and feedbacks.  

In general, these measurements are made with federal reference or equivalent 

methods (FRM/FEM) and are subjected to defined quality assurance and quality control 

programs (www.arb.ca.gov/aaqm/qa/qa.htm).  The primary monitoring networks with 

relevance to CalNex are for criteria pollutants (pollutants for which ambient air quality 
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standards have been established), climate change pollutants (pollutants that cause the 

atmosphere to warm or cool over the long term, i.e., affect the radiative balance of the 

earth), and meteorological parameters (atmospheric conditions that can concentrate, 

disperse, transform, or remove pollutants).  

a. Criteria pollutant network 

The State and Local Air Monitoring Station (SLAMS) network for criteria 

pollutants in (or near) California during CalNex in 2010 was very similar to its current 

configuration (www.arb.ca.gov/adam/netrpt).  The gaseous pollutant network monitored 

O3 at 202 sites, carbon monoxide (CO) at 120 sites, nitrogen dioxide (NO2) at 135 sites, 

and sulfur dioxide (SO2) at 83 sites.  The aerosol pollutant network measured PM <2.5 

microns in diameter (PM2.5) at 88 sites and <10 microns in diameter (PM10) at 182 sites.  

Near-real-time and historical air quality data can be accessed via the CARB Air Quality 

and Meteorology Information System (AQMIS; www.arb.ca.gov/aqmis2/aqmis2.php).  

Historical air quality data and statistics can be accessed via the CARB Aerometric Data 

Acquisition and Management system (www.arb.ca.gov/adam).   

b. Climate change network 

Two sites of the nascent CARB GHG monitoring network were in operation 

during CalNex: Mt. Wilson in the San Gabriel Mountains and Arvin in the southern San 

Joaquin Valley.  The continuous measurements at that time by CARB included CO2 and 

CH4 at both sites, and ancillary measurements of CO at Arvin.  Other sites with longer-

term monitoring records are located on the Pacific coastline and include Scripps Pier in 

La Jolla (southern California) and Trinidad Head, a NASA Advanced Global A
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Atmospheric Gases Experiment (AGAGE) site and a NOAA baseline observatory, near 

Arcata in northern California. 

c. Meteorological network 

The meteorological monitoring network acquires data from a variety of federal, 

state, regional, and local sources.  During CalNex, the long-term meteorological 

monitoring network included wind speed and direction at 157 sites, air temperature at 139 

sites, relative humidity at 62 sites, and solar radiation at 38 sites.  Current and historical 

meteorological data can be accessed via the AQMIS site 

(www.arb.ca.gov/aqmis2/metselect.php).     

 

2.2 CALGEM tall tower sites 

Collaborative atmospheric measurements between the California Greenhouse Gas 

Emissions Measurement (CALGEM; calgem.lbl.gov) and the NOAA tall tower and 

cooperative flask sampling networks project were made from two towers, one located on 

Mount Sutro (STR; 37.7553 °N, 122.4517 °W, base at 262 m above sea level (ASL)), and 

one near Walnut Grove, California (WGC; 38.2650 °N, 121.4911 °W, base at 0 m ASL) 

(Figure 2). Daily flask samples were collected from 91 and 485 m above ground level 

(AGL) at STR and WGC, respectively, at 1500 Pacific Standard Time for later analysis 

of the major greenhouse gases (e.g., CO2, CH4, N2O, halocarbons) and a suite of other 

gases at the NOAA Earth Science Research Laboratory in Boulder, CO.  
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 Additionally, in-situ instruments at WGC measured CO2, CH4, and CO at 30, 91, and 

483 m AGL on a 15-minute repeat cycle. Measurements from both flask and in-situ 

sampling are tied to WMO calibration scales, facilitating their use in studies of regional 

CH4 and N2O emissions from Central California [Jeong et al., 2012a; Jeong et al., 

2012b]. 

 

2.3 Summer 2010 Intensive Measurements 

a. Mobile platforms 

 i) NOAA P-3 aircraft 

The NOAA P–3 aircraft was instrumented to measure a wide variety of trace 

gases, aerosol particle composition, microphysics, cloud nucleating and optical properties, 

hydrometeor concentration, size, and morphology, solar actinic fluxes, and solar 

irradiance (Tables A1b and c).  In addition to instrumentation carried in prior field 

projects (e.g., [C. A. Brock et al., 2011; D. D. Parrish et al., 2009]) the CalNex P–3 

payload included new measurements of methane (CH4) [Kort et al., 2011; Peischl et al., 

2012] nitrous oxide (N2O) [Kort et al., 2011], nitryl chloride (ClNO2) [Osthoff et al., 

2008], and aerosol light absorption [Lack et al., 2012b].  Seventeen P–3 research flights 

during CalNex, totaling 127 flight hours and including five flights after dark, sampled the 

daytime and nighttime planetary boundary layer (PBL), marine surface layer (ML), and 

the overlying free troposphere (FT) throughout California and offshore (Figure 3).  These 

flights and the transit flights to and from the P-3 base in Ontario, CA provide data on 

atmospheric emissions, chemistry, transport and mixing, and removal.   A
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The NOAA Air Quality and the NOAA Climate Change Programs supported these flights.  

The P–3 data from CalNex are publicly available 

at www.esrl.noaa.gov/csd/tropchem/2010calnex/P3/DataDownload.   

 

 ii) CIRPAS Twin Otter aircraft 

The CIRPAS Twin Otter aircraft was instrumented to measure a wide variety of 

aerosol parameters including single-particle and bulk chemical composition, 

hygroscopicity, microphysics, cloud nucleating, and optical properties (Table A2b).  

Eighteen CIRPAS Twin Otter aircraft research flights during CalNex, totaling 

approximately 90 hours, were based in Ontario, California, and sampled the daytime PBL 

and overlying FT within the California South Coast Air Basin (SoCAB) containing the 

Los Angeles (LA) urban complex (Table A2a; Figure 4).  Three of the 18 flights were to 

the SJV.  These flights were supported by the NOAA Climate Change Program.  Its 

deployment and flight plans were focused on providing data to better understand the 

origin, composition, hygroscopicity, and cloud nucleating behavior of aerosol particulate 

matter in LA, its outflow regions, and the SJV.  The CIRPAS Twin Otter was also used to 

investigate the effect of photochemical aging on aerosol composition and oxidation state, 

and the radiative implications of the regional aerosol.   

  

 iii) NOAA Twin Otter aircraft 

The NOAA Twin Otter aircraft was equipped with the TOPAZ differential 

absorption lidar (DIAL) to measure vertically–resolved O3 and aerosol backscatter nadir 

profiles [Alvarez II et al., 2011; Langford et al., 2011], a scanning Doppler lidar to 
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measure nadir wind fields [Pearson et al., 2009], and an airborne multi-axis differential 

optical absorption spectrometer (AMAX–DOAS) to measure aerosol extinction and 

variety of trace gas column densities, among them nitrogen dioxide (NO2), formaldehyde 

(HCHO), glyoxal (CHOCHO), and nitrous acid (HONO) [Baidar et al., 2012; Volkamer 

et al., 2009] (Table A3b).  The NOAA Twin Otter also carried an in situ O3 sensor, a 

radiometer to measure surface temperature, and upward and downward irradiance sensors 

to retrieve surface albedo at 360, 479, 630, and 868 nm.  Fifty-one NOAA Twin Otter 

aircraft research flights during CalNex, totaling 207 hours, took place between May 19 

and July 19, 2010.  Of these, 33 flights were based in Ontario, California, and 15 were 

based in Sacramento, California in coordination with the DOE CARES program [Zaveri 

et al., 2012] (Table A3a; Figure 5), and three were transit flights to and from California.  

These flights were supported by CARB and the NOAA Air Quality Program. Its 

deployment and flight plans were focused on providing data to better understand the 

emissions sources of NOx to the atmosphere, the 3-dimensional distribution of O3, NO2, 

CHOCHO, and particulate matter in different regions of California, and the key transport 

processes affecting the spatial and temporal distributions of these pollutants.  Preliminary 

DIAL O3 data from the CalNex project are publicly available 

at http://www.esrl.noaa.gov/csd/lidar/calnex/data_archive. 

Typically, the Twin Otter flew one of two generic flight plans during CalNex.  

Morning flights were dedicated to mapping horizontal distributions of trace gases and 

obtaining high-resolution vertical profiles of trace gases and the aerosol backscatter 

coefficient from the surface to 4 km ASL at selected locations in the LA basin, including 

a coastal site, over the high desert, and in the Central Valley.  
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The morning observations were primarily aimed at constraining the boundary conditions 

of atmospheric models, characterizing pollutant concentrations aloft, and testing of 

satellite retrievals [Oetjen et al., 2012].  During afternoon flights the plane stayed at one 

altitude, typically about 4 km ASL, to map out the ozone, wind and aerosol structure 

when photochemical production of ozone was high and to observe transport of O3, NO2, 

and aerosol into and out of the various air basins of Southern California.  

 

 iv) NASA B200 aircraft 

The NASA B200 King Air aircraft provided an airborne remote–sensing 

capability and was equipped with a high–spectral–resolution lidar (HSRL) [Hair et al., 

2008; Rogers et al., 2009] to provide calibrated measurements of vertically–resolved 

aerosol backscatter, extinction, and optical thickness (Table A4b).  Mixed layer heights 

were also derived from the HSRL profiles of aerosol backscatter [Fast et al., 2012; 

Scarino et al., 2012].  The NASA B200 also carried the Research Scanning Polarimeter 

(RSP) to provide total and linearly polarized reflectance in nine spectral channels 

[Knobelspiesse et al., 2011](Table A4b).  Six NASA B200 aircraft research flights based 

in Ontario, CA and totaling 23 hours took place between May 11 and May 24, 2010 

(Table A4a; Figure 6).    These flights were supported by the DOE Atmospheric Systems 

Research Program and the NASA Radiation Sciences and Tropospheric Chemistry 

Programs. Its deployment and flight plans were focused on providing data to better 

understand the vertical and horizontal distribution of aerosols and aerosol optical 

properties within and above the PBL, evaluation of CALIPSO satellite instrument 

retrieval algorithms, provide vertical context for in situ measurements on other CalNex 
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aircraft, and use those in situ measurements to evaluate new combined (active + passive) 

aerosol retrieval algorithms.  B200 flights during its deployment from Ontario were 

highly coordinated with the NOAA P-3 to maximize the overlap between the in-situ and 

remotely sensed data provided by the two aircraft.   

Following its deployment in collaboration with CalNex, the NASA B200 

continued research flights in California from June 4 through June 28, 2010 in conjunction 

with the DOE CARES study based in Sacramento, CA [Zaveri et al., 2012].   

 

 v) WHOI R/V Atlantis 

The Woods Hole Oceanographic Institute (WHOI) R/V Atlantis provided both in 

situ and remote–sensing capabilities and was instrumented to measure a wide variety of 

trace gases, aerosol particle composition, microphysics, cloud nucleating, and optical 

properties, hydrometeor concentration, size, and morphology, solar actinic fluxes, solar 

irradiance, and meteorological and cloud parameters (Table A5b and c).  The R/V 

Atlantis research cruise took place offshore California between May 14 and June 8, 2010 

(Table A5a; Figure 6).  This cruise was supported by the NOAA Climate Change 

Program. Its deployment and cruise tracks were focused on providing data to better 

understand atmospheric emissions from oceangoing shipping and port facilities, the 

chemistry of SOA formation in the clean and polluted marine boundary layer (MBL), 

nighttime halogen chemistry involving chloride–containing aerosols,  
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the radiative and cloud microphysical effects of atmospheric aerosols, and the production 

and flux of sea spray particles to the atmosphere.  The R/V Atlantis gas-phase data from 

the CalNex project are available 

at http://www.esrl.noaa.gov/csd/tropchem/2010calnex/Atlantis/DataDownload, and the 

aerosol data are available at http://saga.pmel.noaa.gov/data. 

 

b. Surface sites 

 i) Pasadena 

The CalNex Los Angeles (CalNex-LA) ground site was located on the campus of 

the California Institute of Technology (Caltech) in Pasadena, approximately 18 km 

northeast of downtown Los Angeles (34.1408 °N, 118.1223 °W, 230 m ASL)(Figure 2). 

Measurements were made from 15 May through 16 June 2010.  Close to 40 research 

groups participated at the field site, providing measurements of an extensive suite of 

atmospheric species (Tables A6a – A6c). 

In-situ gas-phase measurements, including observations of radicals, reactive 

nitrogen compounds, volatile organic compounds (VOCs), oxygenated VOCs, O3, CO, 

CO2, and solar actinic fluxes, were made from one of two 10 m high scaffolding towers 

located on an empty campus parking lot.  

Remote sensing of O3, NO2, NO3, HONO, HCHO and SO2 was performed at five 

height intervals (covering 32–550 m AGL) by long-path differential optical absorption 

spectroscopy (DOAS) between the roof of the Caltech Millikan library and the mountains 

5–7 km northeast of the library building. A
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The library roof also housed in-situ NO2 and CHOCHO measurements as well as a 

multi–axis DOAS system. Good agreement between in–situ and long–path observations 

of O3, NO2, and SO2 showed that the ground site was generally representative for the 

larger area around Caltech, except for a few nights when near-surface air was isolated 

from air masses aloft.  Only sporadically were very local emissions from vehicles close to 

the sampling site found to impact the measurements.  The main ground site also hosted an 

aerosol backscatter ceilometer that provided a measurement of the local boundary layer 

height [Haman et al., 2012]. 

A large number of aerosol instruments (Tables A6b and A6c) sampled from a 

second 10 m high scaffolding tower, or from the top of their respective laboratory trailers 

at the main ground site.  The instruments included standard measurements of aerosol size 

distributions, aerosol mass spectrometers, aerosol extinction measurements, and more 

experimental instrumentation described elsewhere in this issue.  

Fourteen aerosol samplers were also operated on the roof of a 3 story (12 m) 

building on the Caltech campus and were co-located with an extensive suite of 

meteorological measurements including turbulent momentum and heat fluxes (Table 

A6c).  

 

 ii) Bakersfield 

The CalNex Bakersfield sampling site was located at the Kern Cooperative 

Extension compound in the southern part of the city (35.35 °N, 118.97 °W, 20 m ASL) 

(Figure 2).  Bakersfield is located in the southern portion of the SJV and is bordered on 

the west by the Coastal Range (~50 km), on the east by the Sierra Nevada Mountains 
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(~25 km), and on the south by the Tehachapi Mountains (~25 km).  Measurements were 

made from 19 May through 28 June 2010.  More than 15 research groups participated at 

the field site, providing measurements of an extensive array of gas-phase and particle-

phase species (Tables A7a and A7b). 

 Meteorological measurements included relative humidity, wind speed and 

direction, and photosynthetically active radiation.  In situ gas-phase measurements, 

including measurements of radicals, ozone, reactive nitrogen species, VOCs, CO2, N2O, 

and CH4 were made from various heights on the 20 m high scaffolding tower located at 

the sampling site.  A large number of aerosol instruments also sampled from the tower or 

from the tops of laboratory trailers that were located surrounding the tower.  The 

instruments included an aerosol mass spectrometer, a Sunset Labs EC/OC instrument, 

and instruments to measure chemically speciated organics, organic nitrates, and water–

soluble anions and cations.  Multiple high–volume aerosol samplers were also operated at 

the base of the tower to provide filter samples for off-line analysis of organic compounds, 

organosulfates, and nitroxyorganosulfates.  

 

 iii) Mt. Wilson 

Mt. Wilson is located in the San Gabriel Mountains 26 km northeast of downtown 

Los Angeles and immediately north of the LA basin (Figure 2).  The Mt. Wilson 

Observatory (34.22 °N, 118.06 °W, 1770 m ASL) provided a high–altitude site for both 

in situ and remote–sensing measurements.  Samples at this site routinely show a strong 

diurnal trend in many trace gases [Gorham et al., 2010].  Maxima in carbon monoxide 

(CO) and urban hydrocarbons are typically observed during the afternoon, when upslope 
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flows transport boundary–layer air from the western LA basin to the site.  Conversely, 

minima in these species are typically observed at this site after dark, when surface 

cooling inhibits upslope flow and the top of the boundary layer has subsided below the 

height of the Observatory.  Downslope or synoptic flow then typically advects cleaner air 

to the site, resulting in different sampling footprints for daytime and nighttime samples.  

However, the variability within just daytime samples provides a measure of atmospheric 

emissions ratios of urban pollutants, integrated over the upwind western LA basin, for 

species that are conserved over the relevant atmospheric transport time scales [Gorham et 

al., 2010; Hsu et al., 2010]. 

 Whole–air samples were taken at Mt. Wilson twice per day at approximately 0200 

and 1400 Pacific standard time beginning on 30 April 30 2010 and continued beyond the 

conclusion of the CalNex field project.  Samples were returned to the NOAA Global 

Monitoring Division laboratory in Boulder, CO and analyzed for a variety of halocarbon, 

hydrocarbon, greenhouse, and other gases (Table A8). 

Spatial distributions of carbon dioxide (CO2), CH4, N2O, CO, NO2, HCHO and 

aerosol extinction in the Los Angeles basin were measured from the NASA-Jet 

Propulsion Laboratory (JPL) California Laboratory for Remote Sensing (CLARS) at Mt. 

Wilson by remote sensing Fourier–transform spectroscopy (FTS) in a joint project of the 

JPL and the University of California–Los Angeles (UCLA).  This project was supported 

by NASA, NOAA, and CARB.  Data were obtained on 31 non-cloudy days from 14 May 

through 20 June 2010, and continued beyond the conclusion of the CalNex field project. 
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iv) Radar wind profiler network 

Twenty Doppler radar wind profilers (e.g., [Carter et al., 1995]), from the Physical 

Sciences Division (PSD) at NOAA and from cooperative agencies in California were 

available for the CalNex study (Table A10)(Figure 2).  These instruments provided 

hourly averaged wind profile measurements from ~120 m AGL up to ~4 km or higher, 

depending on atmospheric conditions.  Radio acoustic sounding systems (RASS; [May et 

al., 1990]), were operated in conjunction with nineteen of the wind profilers to measure 

temperature profiles up to ~1.5 km. The vertical resolutions of both the wind and 

temperature measurements were 60, 100, or 200 m depending on instrument operating 

configurations.  The wind profile observations were quality controlled after the data 

collection period using the continuity technique [B L Weber et al., 1993], and by visual 

inspection (final wind profiler datasets are available 

at ftp://ftp1.esrl.noaa.gov/users/tcoleman/CalNex2010/).  During CalNex, NOAA PSD 

provided an online tool (www.esrl.noaa.gov/psd/programs/2010/calnexqc/traj/; [White et 

al., 2006]) that used real-time observations from the profiler network to calculate forward 

or backward trajectories.  The trajectory tool was used during the study to assist with 

flight mission planning and, following the study and using the quality controlled wind 

profiles, to illustrate regional transport patterns and quantify pollution source 

apportionment. 
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c. IONS-2010 ozonesonde network 

The Intercontinental Chemical Transport Experiment Ozonesonde Network Study 

(IONS)–2010 network [O.R. Cooper et al., 2011] was implemented during CalNex to 

better define baseline O3 from the surface to the tropopause along the US west coast.  

IONS–2010 was supported by the NOAA Health of the Atmosphere Program, the NASA 

Tropospheric Chemistry Program, the U. S. Navy, Environment Canada, and by the 

NOAA National Air Quality Forecast Capability.  Ozonesondes were launched in the 

mid–afternoon Pacific time 6 days per week (Monday–Saturday) between May 10 and 

June 19, 2010 from the network of seven sites, one in southern British Columbia and six 

in California including Trinidad Head, where ozonesondes have been launched on a 

weekly basis since 1997 by NOAA GMD (Figure 2).  This network was implemented to 

provide data on pathways, abundance, and latitudinal variation of O3 transported into the 

continental U.S., determine the influence of PBL processes on transport of FT O3 to the 

surface [D.D. Parrish et al., 2010], and provide an extensive data set for evaluation of O3 

simulations by chemical transport models and O3 retrievals from satellites [O.R. Cooper 

et al., 2011; Lin et al., 2012a; Lin et al., 2012b]. 

 

d. Satellite observations with relevance to CalNex 

An integrated, multi-platform and multi-sensor approach that combined in situ 

and remotely sensed data from surface, aircraft, and satellite with numerical model 

simulations was essential to accomplish several of the stated science objectives of 

CalNex.  This integrated approach was exemplified by cloud optical and microphysical 

measurements in persistent stratus cloud decks offshore that were performed in a highly 
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coordinated fashion, using simultaneous measurements from in-situ and remote sensing 

instruments onboard the R/V Atlantis, the P-3 aircraft, and NOAA and NASA satellites.  

A combination of in situ and remotely sensed measurements from the P-3 and the Atlantis 

was used to validate stratus cloud drop effective radius retrievals from solar spectral flux 

radiometers (SSFRs) carried aboard both platforms.  In turn, the SSFR retrievals were 

used to validate cloud optical thickness and effective radius retrievals from sensors 

aboard the NOAA Geostationary Operational Environmental Satellite (GOES) and the 

Moderate Resolution Imaging Spectroradiometer (MODIS) aboard the NASA Terra 

satellite [McBride et al., 2012].  Further, GOES cloud fractions from Pathfinder 

Atmospheres Extended (PATMOS-x) retrievals [Heidinger et al., 2012] were used to 

assess the fidelity of high-resolution Weather Research and Forecasting (WRF) and 

Naval Research Laboratory (NRL) Coupled Ocean/Atmosphere Mesoscale Prediction 

System (COAMPS) model coastal cloud forecasts [Angevine et al., 2012].  These 

regional forecast models provided key input information for deployment and optimal 

coordination of the research vessel and aircraft during CalNex.    

Satellite data also contributed to CalNex planning activities through real-time 

assimilation of satellite O3 and aerosol retrievals.  O3 profiles retrieved from microwave 

limb sounder (MLS) measurements [Froidevaux et al., 2008; Livesey et al., 2008] and  
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aerosol optical depth (AOD) retrievals from MODIS measurements [Chu et al., 2002; 

Remer et al., 2005] were assimilated within the Real-time Air Quality Modeling System 

(RAQMS) [R.B. Pierce et al., 2010; R. B. Pierce et al., 2007] which provided daily 

chemical and aerosol forecasts at 2°×2° resolution of long-range transport for CalNex 

planning activities.  Data denial experiments during CalNex demonstrated the positive 

impact of MLS O3 profile and MODIS AOD assimilation on RAQMS forecasts.   

 

3. Meteorological context for the CalNex study period 

Local land-sea breeze and mountain valley circulations drive much of the 

pollutant transport in California [Bao et al., 2008b; Langford et al., 2010; Lu and Turco, 

1996]; however, synoptic-scale meteorology significantly influences both transport 

patterns and photochemical processing.  This section provides an overview of the overall 

climate and synoptic weather patterns during CalNex.  [Fast et al., 2012] provided an 

overview of the meteorology and transport during CARES with an emphasis on the 

Sacramento Valley.  

Spring 2010 was cooler and wetter than normal over most of California with 

frequent cold fronts and upper air disturbances.  Fog was frequent in the coastal areas and 

western Los Angeles basin and the monthly average temperature for the state during May 

was 2.3 °C below the long-term average of 13.0 °C (Figure 7; 

http://www.wrcc.dri.edu/monitor/cal-mon/).  There were 62 new record low minimum 

temperatures and 5 record high maximum temperatures set in California during the month.  

These conditions followed the weakening El Niño, which dissipated during May as 

positive sea surface temperature (SST) anomalies decreased across the equatorial Pacific 
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Ocean and negative SST anomalies emerged across the eastern half of the Pacific 

(http://www.cpc.ncep.noaa.gov). 

The synoptic meteorology in May was dominated by a series of deep upper level 

troughs that moved off the Pacific Ocean into California on the 9th, 17th, 22nd, and 27th.  

Cold fronts associated with these systems brought low temperatures, high winds, and 

precipitation to many parts of the state.  The first system brought up to 20 cm of snow to 

the central Sierra Nevada between Yosemite and Sequoia National Parks.  Bishop, CA 

tied the all–time May low temperature of –4 °C on 11 May.  The second system brought 

cold and rain to much of the SJV, with another 8-15 cm of snow to the Sierras.  The third 

system brought more rain to the southern SJV, and led to record low temperatures at 22 

locations across the state from Redding to Riverside on 23 May; Bishop tied the all–time 

May record low of –4 °C once again on that day, and the record lows were tied in both 

San Francisco and Sacramento.  Storms associated with the 27-29 May trough brought 

more snow and thunderstorms to the southern Sierra and wind gusts in excess of 50 mph 

to the Tehachapi Mountains.  Deep stratospheric intrusions associated with all four of 

these troughs were detected by IONS-2010 ozonesondes [O.R. Cooper et al., 2011], and 

the NOAA P-3 and Twin Otter aircraft [Langford et al., 2012; Lin et al., 2012a]. 

Conditions became more seasonal in early June, which was slightly drier than 

average for most of California; the monthly mean temperature was 19.3 °C, 0.1 °C higher 

than the long-term average.  The weather patterns during the first week of June were 

dominated by the presence of a low-pressure system over the Gulf of Alaska and an 

upper-level high-pressure ridge over the southern half of the state.  A weak upper level 

trough over northern California brought record precipitation to Crescent City on both 1 
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and 2 June (6 cm and 5 cm of rain, respectively) and slightly cooler temperatures to 

Sacramento and Bakersfield.  The warm temperatures and subsiding air associated with 

the ridge led to the first prolonged ozone episode of the year in the Los Angeles basin, 

and the highest 8-h ozone concentrations measured in the state during 2010, 123 parts per 

billion by volume (ppbv) at Crestline on 5 June.  Temperatures warmed to 27 °C  (low 

80s in °F) in downtown Los Angeles by 5 and 6 June, exceeding 36 °C (high 90s in °F) 

the central and southern SJV.  Warming in the southern Sierra Nevada initiated rapid 

melting of the snowpack and afternoon cumulus formation in the SJV.  A series of upper 

level lows in the Pacific Northwest kept the ridge from growing northward and produced 

strong winds over much of the state. 

Temperatures fell over the southern half of the state as another upper-level trough 

moved into California off the Pacific on 9 June.  This system developed into a cutoff low 

and spawned another tropopause fold with possible influence on surface ozone in 

southern California on 12 June [Lin et al., 2012a].  Cooler than normal temperatures 

persisted through 11 June with light rain over the southern Sierra Nevada and persistent 

high winds in the Tehachapi Mountains and west side of the SJV.  Temperatures rose as 

high pressure followed the trough with near normal temperatures on 12 June; the first 

37.8 °C (100 °F) day in Fresno occurred on 14 June, one week later than normal.  

However, two more upper level troughs on 15-17 and 21-23 June moderated the surface 

temperatures in the Central Valley through the third week of June, disrupting the local 

mountain-valley circulation patterns.  The final trough brought a few showers to the 

central SJV and Southern Sierra Nevada during the morning of 25 June.  A high-pressure 

ridge built up into California on 26 June as the trough passed through, with 38.3 °C 
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observed in both Bakersfield and Fresno on 27 June, with Fresno tying the record high of 

42.2 °C (108 °F) on 28 June. 

 Most of the CalNex field operations had ceased by the end of June, but following 

its redeployment for a series of flights in the Sacramento and Central Valleys the NOAA 

Twin Otter returned to southern California from 30 June through 18 July.  Although the 

July monthly mean temperature for the state was slightly above average, southern 

California remained cooler than average with frequent coastal fog that persisted into the 

afternoon.  Temperatures were particularly low near the coast and Los Angeles Airport 

reached monthly record low maximum temperatures twice, with readings of 19 °C on 6 

July followed by 18 °C on 8 July.  The first six days of July 2010 were cooler than the 

first six days of January 2010 for Downtown Los Angeles, Los Angeles Airport, Long 

Beach Airport, Santa Barbara Airport, and Oxnard.  San Diego also tied its lowest 

maximum temperature for July on the 8th with a reading of 64°F. This broke the daily 

record low maximum temperature of 65°F set in 1902.  Temperatures along the coast 

increased on 13 July and remained several degrees above normal through 18 July. 

 

4. Overview of initial results 

4.1 Emission inventory assessment 

 Top-down assessment of emissions inventories is a focus of analysis of the 

combined CalNex data set.  Measured atmospheric concentrations in source regions, for 

pairs of co-emitted species that are chemically conserved on time scales long compared 

to their atmospheric residence time between emission and sampling, provide a critical 

assessment of the corresponding emissions ratio in the state and federal inventories that 
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underpin atmospheric models.  These assessments provide a stringent test of the bottom-

up approach used in inventory tabulations, and establish a benchmark for relative 

emissions changes over time in response to control strategies.  Further, if the total mass 

emission for a single species in an inventory is accurately known, the total mass 

emissions for other co-emitted species can be calculated based on their characteristic 

atmospheric enhancement ratios.  For example, the California CO inventory 

(www.arb.ca.gov/cc/inventory/inventory.htm) is believed to be sufficiently accurate to 

serve as a benchmark against which other mass emissions are calculated from observed 

enhancement ratios, e.g., [Barletta et al., 2011; Hsu et al., 2010; Wennberg et al., 2012; 

Wunch et al., 2009].  Finally, under favorable meteorological conditions, atmospheric 

measurements can quantify mass emissions from large point and area sources.  Several 

analyses of CalNex data have used these top-down emissions assessment approaches to 

help quantify inventories of greenhouse gases, the ozone precursors NOx and VOCs, and 

aerosol precursor compounds. 

 

4.1.1 Greenhouse gases 

 Emissions of greenhouse gases from California averaged over 2002-2004 

accounted for 2% of the global total [CARB, 2008].  The provisions in the California 

Global Warming Solutions Act of 2006 call for regulations to reduce emissions by 2020 

to levels equivalent to those estimated for 1990; full implementation has been delayed, 

but this would constitute a 15% reduction from the 2002-2004 average by 2020.  

Implementation requires the state to establish a GHG inventory and evaluate emissions 

reduction progress against this inventory baseline.  In favorable situations, atmospheric 
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measurements can provide independent assessments of the state inventory, and 

demonstrate the degree to which mandated emissions controls have resulted in the desired 

atmospheric concentration changes over time. 

a. Carbon Dioxide.  Anthropogenic CO2 is emitted primarily from combustion 

processes; its annually-averaged emissions account for 86% of the calculated 100-year 

global warming potential (GWP) and thus dominate the CARB inventory of directly 

emitted greenhouse gases [CARB, 2011] (Figure 8).  The ubiquity of anthropogenic CO2 

emission sources, coupled with significant diurnal variability in biosphere CO2 sources 

and sinks, complicates accurate top-down assessments of CO2 emissions based on 

atmospheric measurements, e.g., [Djuricin et al., 2010; Newman et al., 2008].  Despite 

this difficulty, [Newman et al., 2012] used ground-based and airborne measurements 

during CalNex to show that the midday enhancement in column CO2 over Pasadena, CA 

is nearly completely attributable to fossil fuel combustion, and suggest that this 

variability derived from future midday passive satellite column CO2 retrievals can be 

used to infer anthropogenic emissions in the Los Angeles basin. 

 b. Methane. CH4 emissions account for 7% of the total GWP in the 2009 

California annual inventory [CARB, 2011] (Figure 8).  This inventory suggests 56% of 

the total CH4 emissions comes from animal husbandry (primarily dairy cattle) and is split 

equally between enteric fermentation and manure management sources. 21% of 

inventoried CH4 comes from landfills, 11% from the combined emissions of wastewater 

treatment, oil and gas development, rice cultivation, and vehicular traffic sources, and 

12% from sources listed as “other” in the tabulated statewide annual inventory.  The A
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variety of source types leads to significant spatial and temporal heterogeneity of CH4 

emissions in California. 

Methane measurements made during the CalNex intensive at the Bakersfield 

ground site and from the NOAA P-3 research aircraft complement the longer-term CH4 

data record at instrumented tall towers on Mt. Sutro and in Walnut Grove (Figure 2) (e.g., 

[Jeong et al., 2012a]) and the NOAA flask samples taken at Mount Wilson Observatory 

(See Appendix 1 for details of these locations and measurements). 

Urban CH4. Ground-based Fourier transform spectrometer (FTS) of atmospheric 

column abundances of CH4 above Pasadena, CA in 2007 and 2008 [Wunch et al., 2009] 

had suggested that a significant source of CH4, up to one half of the derived total of 0.6 

Tg/yr, was unaccounted for in the CARB emissions inventory for the heavily urbanized 

South Coast Air Basin (SoCAB) that includes the Los Angeles megacity.  Following 

these studies [Wennberg et al., 2012], [Santoni et al., 2012] and [Peischl et al., 2013] 

analyzed CalNex ground and airborne data and separately concluded that CH4 sources 

continue to be significantly underestimated in the Los Angeles basin inventory.  

[Wennberg et al., 2012] noted that atmospheric CH4 enhancement ratios to ethane 

(C2H6) are similar to those in natural gas supplied to the basin in both 2008 and in 2010, 

and concluded that leakage from the natural gas distribution infrastructure in the basin is 

the most likely source of excess atmospheric CH4.  Their study did not rule out natural 

gas seeps or industrial emissions as significant potential sources.  [Peischl et al., 2013] 

examined CH4 enhancement ratios to C2 through C5 alkanes (ethane, propane, and the 

isomers of butane and pentane) and utilized the geographic distribution of airborne 

samples taken during CalNex to exclude traffic, dairy feedlots, landfills, and wastewater 
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treatment plants as significant sources of the missing CH4 in the LA basin.  They 

attribute the missing methane to leaks from natural gas extraction, production, and 

distribution, based on the observed correlations with the light alkanes.  [Santoni et al., 

2012] used an inverse model constrained by the P-3 data and calculated emissions in the 

LA basin of 0.39 Tg CH4/year, consistent with an assumed leak rate of 2.5% from the 

natural gas delivery infrastructure in the basin.  Thus, these CalNex reports implicate 

larger-than-expected CH4 emissions from the oil and gas sector in Los Angeles as the 

likely source missing from the inventory, but differ on the root cause.  Further spatially-

resolved measurements in Los Angeles, possibly including CH4 stable isotope data 

[Townsend-Small et al., 2012] both in atmospheric samples and in direct samples of 

potential source emissions, are needed to identify and attribute the excess CH4 that 

appears to be a consistent feature of the Los Angeles urban atmosphere.   

Agricultural CH4.  Data from two flights of the NOAA P-3 in CalNex were used 

to illustrate the spatial consistency of CH4 emissions from rice paddies during the 

growing season in the Sacramento Valley [Peischl et al., 2012].  This report 

demonstrated that rice emissions dominated other potential sources of CH4 in the region, 

including oil and gas development, dairy farms, and wastewater treatment facilities.  

However, the expected daytime uptake of CO2 from early-season rice growth was 

difficult to quantify above background variability along the flight track due to high 

variability from transported urban emissions.  Despite these difficulties, the analysis of 

CH4 measurements from the P-3 aircraft by Peischl et al. [2012a] showed that earlier 

long-term measurements of CH4 and CO2 at a single paddy [McMillan et al., 2007] were 

generally representative of emissions from rice cultivation throughout the California 
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Sacramento Valley.  Peischl et al. further note the annual average CH4 emissions from 

rice in McMillan et al. are factors of 2 to 3 greater than in the CARB annual inventory, 

and attributed this inventory discrepancy to the lack of accounting for changes in residual 

crop management following a 2001 ban on most rice straw burning in the Sacramento 

Valley.  Inverse model results reported by Santoni et al. [2012] are also consistent with a 

low bias, by about a factor of 3, in CARB inventory CH4 emissions from rice in the 

Sacramento Valley. 

 c. Nitrous Oxide.  N2O emissions account for 3% of the total GWP in the 

California annual inventory (Figure 8); the largest anthropogenic emissions in California 

are thought to be from agriculture and dairy cattle primarily located in the Central Valley.  

Measurements of N2O during CalNex were made at the Bakersfield ground site and 

aboard the NOAA P-3 research aircraft.  [Xiang et al., 2012] used a 3-D mesoscale 

meteorological model coupled with a Lagrangian particle dispersion model to link N2O 

concentrations observed from the P-3 aircraft to source emission areas, and concluded 

that fertilizer application in the Central Valley was the largest source of N2O during the 

study period.  High-resolution surface emission maps derived from their inversion 

analysis showed a different spatial pattern of N2O emissions in the Central Valley than 

expected from the EDGAR 4.0 inventory.  This conclusion is consistent with a recent 

inverse modeling study based on long-term tall tower N2O observations [Miller et al., 

2012] of agricultural N2O emissions derived using top-down methods. 

The global total of N2O emissions is thought to be well known; however, 

individual source terms in the inventories are uncertain.  The potential low bias in 

agricultural N2O inventories, potentially coupled with poor spatial [Xiang et al., 2012] 
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and seasonal [Miller et al., 2012] representations, may handicap scientifically sound 

ozone layer protection and GHG emissions control strategies based on N2O emissions 

reductions.  These uncertainties further complicate accurate projections of future N2O 

emissions under potential climate mitigation or adaptation strategies.  The conclusions 

from CalNex and previous studies suggest that improved quantification of agricultural 

N2O sources in California may help the State meet the GHG reduction timelines spelled 

out in AB32. 

d. Halocarbons.  The sum of CFCs, HCFCs, HFCs, and other halogenated gases 

accounts for 3% of the annual GWP of inventoried California emissions (Figure 8).  

Halocarbon emissions patterns, trends, and seasonality in California have been previously 

reported (e.g., [Barletta et al., 2011; Gentner et al., 2010], etc.).  These compounds were 

measured at a variety of sites during CalNex (Appendix 1).  [Barletta et al., 2012] used 

whole-air samples acquired in the Central Valley and the Los Angeles basin from the 

NOAA P-3 during CalNex to show the CARB inventory is generally consistent with their 

top-down assessment of anthropogenic emissions of halocarbons HFC-134a, HFC-152a, 

HCFC-22, HCFC-124, HCFC-141b, and HCFC-142b in California.   

 

4.1.2. Ozone precursors.  

a. CO.  Urban CO concentrations are dominated by on-road emissions from 

gasoline-fuelled passenger vehicles and have been steadily decreasing over time 

throughout the U.S. [D.D. Parrish et al., 2002] in response to control strategies.  CO in 

California shows a similar trend, recently demonstrated by a study using atmospheric CO 

measurements and the radiocarbon composition of tree rings in the Los Angeles basin as 
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a record of atmospheric CO2 from fossil fuel [Djuricin et al., 2012].  The utility of CO, a 

conserved tracer for which emissions (www.arb.ca.gov/ei/emissiondata.htm) in 

California over time are thought to be accurately known, has been exploited in several 

CalNex studies to calculate mass emissions of other species of interest, either co-emitted 

with CO [Barletta et al., 2012; I.B. Pollack et al., 2012a; Warneke et al., 2012b] or 

emitted from different sources but sufficiently mixed following emission such that their 

atmospheric variability becomes correlated with CO [Nowak et al., 2012; Peischl et al., 

2013; Peischl et al., 2012].   

b. VOCs.  [Borbon et al., 2012] used the CalNex Pasadena ground site data to 

derive top-down emissions estimates of many VOCs relative to CO in vehicular exhaust.  

[Warneke et al., 2012b] interpreted the decadal trends in observed Los Angeles VOC/CO 

atmospheric enhancement ratios between 1960 and 2012 to demonstrate declining VOC 

emissions from gasoline vehicles over the past fifty years, providing measurement-based 

evidence to quantify the efficacy of mandated vehicular emissions controls.  They 

concluded that deliberate control strategies have successfully reduced VOC (and CO) 

emissions from gasoline-fueled vehicles in Los Angeles by nearly two orders of 

magnitude since 1960.  [J A de Gouw et al., 2012] used the CalNex measurements to 

show that ethanol (CH3CH2OH) has become significantly enriched in U.S. urban 

atmospheres in the last decade due to its increasing use as a biofuel amendment to 

gasoline.  However, they detected no increase in the ethanol oxidation product 

acetaldehyde (CH3CHO), indicating that other sources dominate the atmospheric 

acetaldehyde budget.  This finding provides a key initial constraint on the air quality 

effects of increasing ethanol emissions in the U.S. [J A de Gouw et al., 2012]. 
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Contrasting similar top-down VOC emissions assessments from the Bakersfield 

ground site data, from NOAA P-3 VOC data in the Central Valley and in the Los Angeles 

basin [Warneke et al., 2012b] will determine to what extent emissions differences in the 

two California air basins can be reconciled with the O3 record, with implications on the 

future ability of emissions control strategies to effectively address atmospheric O3 

(Figure 1).   

c. NOx.  Weekday-weekend NOx emissions differences, and their trends over 

time, are documented from 1990 through the CalNex study in 2010 [McDonald et al., 

2012; I.B. Pollack et al., 2012a].  Pollack et al. [2012a] used ambient measurements to 

show significant weekend decreases of the NOx to CO emission ratio, between one-third 

to one-half of the characteristic weekday ratio, have been a consistent feature of the 

South Coast Air Basin since at least the mid-1990s.  The resulting effects on ozone 

production reported in Pollack et al. [2012a] are discussed in Section 5.2.  [McDonald et 

al., 2012] showed similarly large annually-averaged NOx decreases between 1990 and 

2010 for the U.S., California, and its constituent air basins including the South Coast.  

From the standpoint of California ozone regulatory decision-making and its quantitative 

assessment, it will be particularly interesting to compare the effects of weekly modulation 

in NOx, VOC, and the NOx/VOC ratio purely as a result of weekly driving habits, to the 

effects of changes of similar magnitudes occurring over the span of decades as a result of 

deliberate control strategies [I.B. Pollack et al., 2012b; Warneke et al., 2012b]. 
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4.1.3. Particulate matter and its precursors 

 a. Diesel and gasoline emissions.   

 The weekend decrease in NOx emissions is also seen in emissions of black carbon 

(BC) [Metcalf et al., 2012] and in primary (hydrocarbon-like) organic aerosol (OA) 

[Hayes et al., 2012], but was not detected in the formation of SOA in Los Angeles.  Two 

separate top-down analyses of CalNex data utilized the lack of a weekend effect in OA 

mass in the Los Angeles basin, under the assumption that vehicular emissions dominate 

urban SOA, to conclude that gasoline emissions dominate over diesel emissions in the 

formation of SOA [Bahreini et al., 2012; Hayes et al., 2012], providing support for SOA 

control strategies that target gasoline-fueled vehicular emissions.  However, a bottom-up 

approach using detailed fuel chemical composition information, estimates of the SOA 

formation potential of individual species, and regional fuel sales data [Gentner et al., 

2012] concluded that diesel is responsible for ~70% the SOA derived from on-road 

mobile sources in the LA basin.  These different conclusions suggest different strategies 

for effective control of SOA formation, but at present the reasons for these significant 

differences in the conclusions of the different studies are not understood. 

b. Ship emissions.  CalNex studies have reported the speed dependence of 

emissions from a vessel burning low-sulfur fuel [Cappa et al., 2012b] and from a vessel 

during a switch from high- to low-sulfur fuel [Lack et al., 2011].  These analyses showed 

that speed reductions led to significant reductions in CO2 emissions per kilometer 

traveled, by nearly a factor of two, and in emissions of other species, demonstrating a 

substantial climate benefit as a result of an air quality control strategy.  Further, [Lack et 

al., 2011] used a wide variety of chemical and aerosol measurements from the P-3 
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aircraft and the R/V Atlantis to quantify differences in actual emissions from a single ship 

observed underway prior to, during, and after switching between high– and low–sulfur 

fuel.  That analysis noted substantial concurrent reductions in emissions of not only SO2 

but also of particulate sulfate, particulate organic matter, black carbon, and cloud 

condensation nuclei as a result of burning low-sulfur fuel.  Lack et al. [2011] further 

estimated impacts to both air quality and climate expected as a result of adopting 

proposed California fuel use regulations.  While the emissions reductions clearly led to 

positive effects on downwind air quality, Lack et al. [2011] concluded that warming due 

to reductions in the indirect effect of primary and secondary sulfate particles dominates 

the radiative impact of the mandated SO2 emissions reductions.  

c. Dairy emissions.  [Nowak et al., 2012] used airborne measurements from the 

NOAA P-3 to quantify NH3 emissions from both automobile and dairy facility sources in 

the LA basin.  This analysis compared these two emission sources to state and federal 

emission inventories, and assessed the impact of these NH3 sources on particulate 

ammonium nitrate (NH4NO3) formation.  The estimated NH3 emissions from 

automobiles of 62 ± 24 metric tons per day were similar in magnitude to those from the 

dairy facilities of 33 ± 16 to 176 ± 88 metric tons per day.  The inventories examined 

agreed with the observed automobile NH3 emissions but substantially underestimated 

those from dairy facilities.  The high emission rates from the spatially concentrated dairy 

facilities led to a larger impact on NH4NO3 particle formation, with the calculated gas-

particle equilibrium favoring the particle phase in plumes downwind of the dairy 

facilities.  This paper suggested that NH3 control strategies addressing dairy rather than A
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automobile emissions would have the larger effect on reducing particulate NH4NO3 

formation in the LA basin.  Similar conclusions were reached by [Ensberg et al., 2012]. 

The cause of the day-to-day variability in dairy farm NH3 emissions seen in the 

two P-3 flights [Nowak et al., 2012] is not fully understood.  Understanding variability of 

the magnitude suggested by the P-3 data may result in an improved ability to address 

NH3 emissions, and thus particulate ammonium nitrate formation in the LA basin, via 

dairy farm management practices.  These sources may be a good target for a longer-term, 

ground-based emissions monitoring effort to better quantify and understand the drivers 

for such variability. 

 

d. Black carbon aerosol 

Analysis of single-particle mass spectra showed substantial differences in the 

particulate chemical composition of the South Coast, Central Coast, and Central Valley 

aerosols sampled aboard the R/V Atlantis [Gaston et al., 2012].  In the Southern 

California offshore marine layer, particles mixed with soot made up the largest number 

fraction of submicron particles; in the Sacramento area, particles containing organic 

carbon (OC) comprised the largest number fraction of submicron particles.  These 

observed regional differences in composition and mixing state were suggested to be 

indicative of different sources of submicron particles, with attendant implications for 

emissions control strategies in the two regions [Gaston et al., 2012]. 
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e. Ocean-derived aerosol 

An innovative technique using a sub-surface in situ particle generator feeding a 

suite of instruments to measure the physical, chemical, optical, and cloud nucleating 

properties of the nascent ocean-derived aerosol was deployed on the R/V Atlantis during 

CalNex [T.S. Bates et al., 2012].  These measurements showed the nascent aerosol 

number size distribution peaked between 50 and 150 nm dry diameter and that the 

particles were an internal mixture of sea salt with a small organic contribution, with 

essentially all the particles acting as cloud condensation nuclei (CCN) at supersaturations 

of ≥0.3%.  This approach provided key data on initial composition, hygroscopicity, and 

size distribution of ocean-derived particulate matter against which more extensively 

processed particles sampled in the overlying marine boundary layer can be compared.  

This new technique provided data that are critical for accurately simulating ocean-derived 

aerosol properties and cloud nucleating ability in climate and air quality models. 

  
4.2 Atmospheric transport and dispersion 

 Transport of O3, particulate matter, and other pollutants into, within, and out of 

California and its constituent air basins determines the extent to which local control 

strategies can achieve improvements to local air quality.  Analysis of CalNex data [O.R. 

Cooper et al., 2011] showed that median values of lower tropospheric baseline O3 (O3 

flowing into California from the North Pacific Ocean) are equal to more than 80% of the 

median O3 measured within the daytime mixed layer above California's Central Valley.  

Similar comparisons across the polluted regions of southern California show that baseline 

O3 is equal to 63–76% of the measured O3 above Joshua Tree National Park and the LA 

basin.  Given an increasing trend of Pacific free tropospheric background O3 [O. R. 
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Cooper et al., 2010], contributions from transport may increase over time, and could 

reduce the efficacy of local emissions reductions strategies on controlling O3 throughout 

the state (e.g., [D.D. Parrish et al., 2010]). 

 The effect of longer-range transport of O3 in central and southern California is 

difficult to separate from the strong influence of local anthropogenic O3 formation in 

these areas.  [J. A. Neuman et al., 2012] analyzed O3 and ancillary data from the NOAA 

P-3 during CalNex to show that downward mixing of Pacific free tropospheric (FT) air 

masses, averaging 67 ppbv O3 at 2-4 km altitudes during the study period, can increase 

O3 values at the surface in Los Angeles, in the SJV, and in the high desert.  Various 

sources were found to contribute to enhanced FT O3, including those from regional 

emissions and from longer-range transport, as well as O3 transported from the upper 

troposphere and stratosphere.  O3 due to long-range transport of anthropogenic emissions 

from Asia has also been identified in the CalNex data set and quantified in 3D model 

simulations [Lin et al., 2012b].  Surface O3 enhancements from stratospheric intrusions 

during CalNex were episodically predicted and could be traced from the upper 

troposphere to the surface using transport models, ozonesondes, airborne lidar, and 

surface monitoring data [Langford et al., 2012; Lin et al., 2012a; Lin et al., 2012b]. 

Numerical models of transport provide an additional tool to further interpret 

atmospheric chemical measurements during CalNex.   
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WRF simulations described and evaluated against CalNex data by [Angevine et al., 2012] 

are integral to several other analyses, including those utilizing inverse modeling 

techniques to interpret the NOAA P-3 chemical data, e.g., [Santoni et al., 2012; Xiang et 

al., 2012].  Techniques for Lagrangian particle dispersion modeling in California’s 

complex terrain are evaluated by [Brioude et al., 2012] for further inverse modeling 

based on the CalNex observations. 

 

4.3 Atmospheric chemical processing 

 a. Daytime processing.  Several different explanations have been advanced in the 

literature as to the cause of enhanced O3 observed on weekends (e.g., [Marr and Harley, 

2002]).  CalNex data were analyzed along with data from previous intensive field 

projects to show that VOCs and NOx were oxidized more rapidly on weekends than on 

weekdays [I.B. Pollack et al., 2012a; Warneke et al., 2012a].  As a result, photochemical 

oxidation rates, as well as the O3 formation efficiency per unit NOx oxidized, were both 

enhanced on weekends and contributed to the observed increase in weekend O3 levels in 

the basin [I.B. Pollack et al., 2012a].  Processes linking gas-phase chemistry to potential 

SOA species have also been reported.  Measurements of C1-C4 organic acids at the 

Pasadena ground site provided evidence for their rapid photochemical production in 

polluted urban air [P R Veres et al., 2011].  Pasadena ground site data further showed that 

Henry’s law underpredicted the partitioning of formic acid to the aerosol phase [J Liu et 

al., 2012a].  [R. A. Washenfelder et al., 2011] analyzed gas-phase glyoxal (CHOCHO) 

and ancillary data to investigate atmospheric sources and sinks of this compound, and 

concluded that CHOCHO contributed only <4% to the SOA mass measured at the 
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Pasadena site, although much larger contributions have been reported for other urban 

areas [Volkamer et al., 2007]. 

 Measurements of atmospheric nanoparticles between 20 and 25 nm diameters by 

mass spectrometry at the Pasadena ground site showed episodes of rapid number 

concentration increases on sunny days, indicative of new particle formation even in this 

particle-rich environment.  These episodes were attributed to the processing of motor 

vehicle emissions during transport from the downtown Los Angeles area to the 

measurement site [Pennington et al., 2012].  Regular and predictable new particle 

formation events were also observed on most days at the Bakersfield ground site in the 

southern SJV [Ahlm et al., 2012].  Their analysis showed the new particle mode, initially 

centered at 20 nm and growing to 40-100 nm by the afternoon peak in mass, was clearly 

dominated by secondary organic mass due to daytime photochemical processing.   

 

b. Nighttime processing.  

In-situ measurements of ClNO2, aerosol chloride, and relevant ancillary species 

were made at the Pasadena ground site and aboard the NOAA P-3 aircraft to better 

understand the complex interaction between emissions, chemistry, and transport that 

determine the balance between sources and sinks of the highly reactive nocturnal nitrogen 

oxides.  Measurements of N2O5, ClNO2, molecular chlorine (Cl2), and aerosol chloride 

(Cl–) on the Atlantis provided additional key data with which to examine chemistry 

involving N2O5-mediated chlorine release from aerosol particles.  In-situ ClNO2, aerosol 

chloride, and long-path DOAS measurements of NO3, NO2, and O3 were made from the A
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Pasadena site to simultaneously constrain the chemistry as well as the vertical distribution 

of the nocturnal nitrogen oxides. 

[Hayes et al., 2012] noted the sea salt aerosol measured at the Pasadena ground 

site was substantially depleted in chloride due to atmospheric processing, presumably in 

part due to nocturnal oxidation chemistry involving reactive uptake of N2O5; they further 

noted a parallel increase in supermicron aerosol nitrate.  [Young et al., 2012] used altitude 

profiles from the NOAA P-3 aircraft to report the first vertically-resolved measurements 

of ClNO2, and noted different source terms led to very different vertical profiles of 

ClNO2 and HONO after dark.  They used the Pasadena ground site measurements to 

construct a primary radical budget, and showed that contributions from HONO photolysis 

would be overestimated without proper accounting for significant decreases in the 

vertical, due to its strong surface source.  [Riedel et al., 2012] used data from the R/V 

Atlantis to show that photolysis of ClNO2 following sunrise dominates the morning-time 

source of reactive Cl atoms.  They used a box model to estimate that Cl atoms contribute 

~25% to the daily alkane oxidation relative to the total calculated from reactions with Cl 

and OH.  They further noted that Cl atoms from ClNO2 photolysis dominate the early-

morning oxidation of alkanes in the polluted coastal marine boundary layer, resulting in 

increased O3 production in the LA basin.  Full 3-dimensional chemical-transport 

modeling incorporating the CalNex ClNO2 observations has not been published to date.  

Earlier results using the CMAQ model suggest that chemistry involving ClNO2 could 

increase monthly mean 8-hour O3 averages in Los Angeles by 1-2 ppbv, but could cause 

larger increases, up to 13 ppbv of O3, in isolated episodes [Sarwar et al., 2012].  A
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[Mielke et al., 2012] used the Pasadena ground site data to conclude that nocturnal 

nitrogen oxides constitute a significant reservoir for NOx at night, with ClNO2 alone 

contributing 21% on average to the total budget of NOx oxidation products measured at 

the site.  They further calculated that photolysis of ClNO2 during the study added a 

median of 0.8 ppbv of Cl radicals and NO2 to the Pasadena boundary layer following 

sunrise.  Stable isotopic measurements of aerosol nitrate made from the R/V Atlantis 

suggested significant differences in aerosol sources to the inshore marine boundary layers 

of the South and Central Coasts of California [Vicars et al., 2012].  This analysis 

concluded that nocturnal nitrogen oxide chemistry in continental outflow is an important 

source of aerosol nitrate to the South Coast marine layer, while daytime oxidation of NO2 

by the hydroxyl radical OH was the principal source for aerosol nitrate in the Central 

Coast marine layer. 

Measurements inland at the Bakersfield ground site during CalNex showed that 

roughly 30% of nighttime increases in organic particle mass were due to particulate 

organic nitrates (p∑ANs) [Rollins et al., 2012], demonstrating that their production after 

dark via NO3–initiated chemistry was a major source of SOA mass.  They further 

interpret the observed relationship of particulate organic nitrates with NO2 measured at 

the site, and suggest that this major source of particulate mass would be effectively 

addressed by targeted NOx emissions reductions in the Central Valley.  The SOA from 

this newly quantified nighttime source is critically dependent on anthropogenic NOx 

emissions driving the NO3 radical chemistry after dark.  While the carbon source of the 

particulate organic nitrates can be biogenic in origin, [Rollins et al., 2012] show that 

multiple oxidation steps are necessary, as large amounts of primary biogenic VOC after 
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dark actually suppressed p∑ANs formation.  Analysis of FTIR and mass spectral data on 

the aerosol sampled at Bakersfield suggested the majority of daytime SOA was due to 

vehicular emissions of longer-chain alkanes and aromatic compounds [S Liu et al., 

2012b].  IR spectra also show the presence of organonitrate functional groups formed by 

the nighttime oxidation involving NO3 radical.  These analyses of the CalNex 

Bakersfield ground site data shed new light on poorly understood aspects of the sources, 

composition, and chemistry of a significant fraction of SOA mass in the Central Valley.   

 

c. Organic aerosol. 

The CIRPAS Twin Otter examined the spatiotemporal distribution of water-

soluble organic carbon (WSOC) since this fraction of OA is critical in shaping aerosol 

hygroscopic and radiative properties [Duong et al., 2011].  WSOC was estimated to 

account for 6-11% of PM2.5 in the LA basin and the ratio of WSOC to total non-

refractory organic mass increased along the sea breeze trajectory from the west to east 

side of the northern LA basin, reaching 53 ± 34% near Banning Pass.  Such an 

enhancement along the wind path of aging aerosol during transport is most likely 

attributed to secondary production.  The highest WSOC levels in the LA basin were 

associated with biomass burning plumes, similar to findings from long-term surface 

measurements a year before during the PACO field campaign in Pasadena [Wonaschütz 

et al., 2011].  Aerosol WSOC content was found to depend on both ambient RH and 

aerosol hygroscopicity, where reduced levels of aerosol-phase water and higher 

temperatures promoted re-partitioning of WSOC to the gas phase and, conversely, 

enhanced aerosol-phase water resulted in particulate WSOC production via some likely 
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combination of favorable partitioning of WSOC precursors to the aerosol phase and 

subsequent chemistry in the aerosol-phase to produce WSOC.  WSOC concentrations 

were typically higher aloft (≥ 500 m) than near the surface, pointing to the importance of 

considering the vertical structure of this fraction of the regional aerosol.   

Analysis of measurements at the Pasadena site indicate that SOA contributes 

about two-thirds of the OA mass on average, with the balance accounted by primary OA 

emissions [Hayes et al., 2012].  About half of the primary OA was due to cooking 

sources, consistent with recent results from many other urban areas (e.g., [Mohr et al., 

2012; Sun et al., 2011]) a finding that is important for understanding modern carbon 

measurements in urban areas. A substantial fraction of the SOA is of urban origin, but 

some regional background SOA is also present. The ratios of SOA to odd oxygen  

(Ox= O3+NO2) and to CO in excess of background levels in Pasadena were similar to 

those measured in Mexico City and the northeastern US, suggesting similar sources and 

formation processes of SOA at these urban locations. [X Zhang et al., 2012] showed that 

WSOC in Los Angeles partitioned predominantly to the organic phase and not the 

aqueous phase, in contrast to results in Atlanta where partitioning to both phases was 

important. 

Analysis of OA measurements in Tijuana during the CalMex project by an aerosol 

chemical speciation monitor (ACSM) and by Fourier transform infrared (FTIR) 

absorption spectroscopy, and correlations with black carbon measurements by SP2, 

suggested that the major sources of OA impacting the Parque Morelos site was fossil fuel 

combustion (presumably from automobile traffic), industrial and commercial burning 

activities, and marine aerosol.  The degree of oxygenation as indicated by the ACSM 
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combined with mass spectral analysis indicates that as much as 60% may have been 

transported from the South Coast Air Basin [Takahama et al., 2012]. 

 

4.4 Aerosol optical properties and radiative effects 

[Cappa et al., 2012a] compared direct measurements of black carbon absorption 

enhancements (Eabs) from two different regions in California to show that the mixing 

state of aerosol BC enhances its ability to absorb solar radiation by relatively small 

factors of ~1.06 at 532 nm and ~1.13 at 405 nm.  This analysis used the contrast between 

measurements made offshore from the R/V Atlantis during CalNex with those made in 

Sacramento, CA during the concurrent CARES project [Zaveri et al., 2012], and 

concluded that many climate models using Eabs dependence of up to a factor of 2 may 

lead to significant overestimates of warming by BC under some conditions.   The 

observed BC in these two data sets was dominated by that from diesel emissions [Cappa 

et al., 2012a].  In contrast, a recent study [Lack et al., 2012a] measured this effect in 

biomass burning plumes and found that coatings of organic and inorganic material on BC 

enhanced absorption by up to a factor of 1.7 at 532 nm and up to a factor of 3 at 405 nm.  

This analysis also concluded that while absorption at 532 nm by particulate organic 

matter (POM) was very weak, significant variability of absorption at 404 nm was 

important in determining the overall mass absorption efficiency of POM at low 

wavelengths in the visible range.  Taken together, the Cappa et al. and Lack et al. 

analyses suggest sufficiently large differences between the radiative effects of BC, and 

internal mixtures with BC, from anthropogenic and biomass sources to warrant their 

separate treatment in climate models. 
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[LeBlanc et al., 2012] used spectral irradiance measurements taken on board the 

P-3 above and below an aerosol layer to determine the aerosol direct radiative forcing.  

The observed spectral aerosol direct radiative forcing was compared, using relative 

forcing efficiency, to direct radiative forcing from other field missions in different parts 

of the world.  The CalNex relative forcing efficiency spectra agreed with earlier studies 

that found this parameter to be constrained at each wavelength within 20% per unit of 

aerosol optical thickness at 500 nm, and was found to be independent of aerosol type and 

location.  The diurnally averaged below-layer forcing integrated over the wavelength 

range of 350-700 nm for CalNex was estimated to be 59±14 W/m2 of cooling at the 

surface per unit optical depth. 

[Langridge et al., 2012] used P-3 data to track the evolution of aerosol radiative 

properties during transport within and downwind of the Los Angeles basin.  They 

documented that changes in aerosol hygroscopicity, secondary organic carbon content, 

and ammonium nitrate mass occurring during transport over the time scale of hours had 

significant effects on the aerosol extinction.  They noted the implications these changes in 

radiative forcing due to semi-volatile aerosol constituents would have for accurate 

representation in large-scale climate models.   

[X Zhang et al., 2011b] analyzed WSOC aerosol data from the Pasadena ground 

site to show that nitroaromatics contribute significantly to the brown SOA in Los Angeles.  

They use aerosol radiocarbon (14C) measurements to conclude that anthropogenic carbon 

dominated the aerosol budget in Los Angeles, in contrast to measurements in Atlanta, GA 

showing a minimal anthropogenic component to the water-soluble SOA. 
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4.5 Cloud condensation nuclei and aerosol hygroscopicity 

 Measurements of CCN concentrations throughout the boundary layer in the Los 

Angeles basin and Central Valley varied by two orders of magnitude (~102-104 cm–3 

STP), which represents a substantial fraction of the total submicron particle concentration 

(~103-105 cm–3 STP). Organic species and fully-neutralized sulfate were found to 

constitute more than 75% of the particle volume in all regions, on average, with higher 

organic fractions observed in the Central Valley than in the Los Angeles basin.  Despite 

this variation, large changes in the regionally-averaged CCN-derived aerosol 

hygroscopicity were not observed, and most CCN were found to activate between 0.2-

0.4% supersaturation (κ ~ 0.1-0.4) [R H Moore et al., 2012], where κ is the 

hygroscopicity parameter [Petters and Kreidenweis, 2007].  Hygroscopicities in this 

range reflect the dominance of oxygenated organic species (particularly in the Central 

Valley) and are consistent with the emerging global picture of a continental aerosol 

hygroscopicity of κ ~ 0.3 (e.g., [Andreae and Rosenfeld, 2008; Pringle et al., 2010]). 

 More significant compositional variation was observed within the Los Angeles 

basin, resulting in a more complex picture with regard to aerosol hygroscopicity.  For 

example, by analyzing data from a cavity ringdown extinction spectrometer (CRDS) 

[Langridge et al., 2012] attributed measured changes in humidified aerosol optical 

extinction to gas-aerosol partitioning of organic and nitrate species as the urban LA 

plume moved inland into the warmer, eastern part of the basin.  The gas-to-particle 

partitioning of SOA precursors and the evaporation of semi-volatile ammonium nitrate 

resulted in an overall decrease in hygroscopicity of the aging aerosol.  This trend is 

consistent with Hersey et al. [Hersey et al., 2012], who also observed a decrease (from 
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κ=0.4 to κ=0.2) in sub-saturated aerosol hygroscopicity for 150-250 nm aerosol measured 

aboard the CIRPAS Twin Otter.  Meanwhile, concurrent CCN measurements aboard the 

CIRPAS Twin Otter showed the opposite trend, with supersaturated aerosol 

hygroscopicity increasing with plume photochemical age (κ=0.2 to κ=0.4) at 0.73% 

supersaturation.  This discrepancy likely reflects size-dependent changes in aerosol 

composition during plume aging – a conclusion that is supported by particle time-of-

flight mass spectrometry compositional data [Hersey et al., 2012].  This sort of size-

dependent chemistry was also observed in measurements of a biomass-burning (BB) 

plume sampled by the CIRPAS Twin Otter in the Los Angeles basin, emphasizing the 

role of BB as a source of CCN even while being effectively non-hygroscopic at relative 

humidities less than 100%. 

 

5. Summary 

 The initial CalNex results described above represent currently completed studies 

stemming from this large collaborative project; additional analyses of observations and 

model studies are underway that should extend, improve, and in some cases perhaps 

contradict these early results.   

Climate-relevant findings from CalNex include that leakage from natural gas 

infrastructure accounts for the excess of observed methane over emission estimates in 

Los Angeles.  Methane emissions from rice cultivation appear to be significantly 

underestimated, and the spatial and seasonal allocation of N2O emissions in inventories is 

not fully consistent with inverse models based on the CalNex data.   Air-quality relevant 

findings include the significant 50-year decline in mobile fleet VOC and NOx emissions 
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continues to have an impact on ozone in the Los Angeles basin; ammonia emissions from 

dairy farms appear to be significantly underestimated; the relative contributions of diesel 

and gasoline emission to secondary organic aerosol are not fully understood; and 

nighttime NO3 chemistry contributes significantly to secondary organic aerosol mass in 

the Central Valley.  The contribution of HONO to HOx radical production depends 

significantly on the vertical distribution of HONO in the atmosphere.  While new particle 

mass is dominated by SOA from anthropogenic carbon during the day, primary OA 

contributes about a third of the total OA mass with cooking sources accounting for half of 

that fraction.  Findings simultaneously relevant to climate and air quality include marine 

vessel emissions changes due to fuel sulfur and speed controls result in a net warming 

effect, but have substantial positive impacts on local air quality, and that there are 

significant differences in the radiative effects of black carbon between anthropogenic and 

biomass burning sources. 

We conclude by emphasizing the continuing scientific and regulatory value of 

short-term intensive field studies, even in a well-studied region.  Many key CalNex 

analyses (e.g., [McDonald et al., 2012; I.B. Pollack et al., 2012b; Warneke et al., 2012b]) 

depended critically on the data provided by previous studies, each of which was designed 

to be definitive at the time.  Subsequent intensive field studies will be necessary to 

continue to track evolving emissions, verify control strategy efficacy, and improve the 

understanding of sources of ozone and particulate matter in the California atmosphere. 
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Figure 1.  Maximum 1-hour (a) and 8-hour (b) averaged surface O3 data, and number of days in 
exceedance of the state 1-hour (c) and 8-hour (d) O3 standards, for selected air basins in California 
(www.arb.ca.gov/adam/trends/trends1.php). 
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                           Figure 2.  Map of selected ground sites relevant to the CalNex project in 2010. 
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Figure 3.  A). Daytime (red lines) and nighttime (black lines) NOAA P–3 research aircraft flight 
tracks in California between 30 April and 22 June 2010. B). As in A, showing details of P–3 flight 
segments within the South Coast Air Basin. 
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Figure 4.  As in Figure 3, for the CIRPAS Twin Otter flight tracks between 4 May and 28 May 
2010 (red lines) and the R/V Atlantis cruise track between 14 May and 8 June 2010 (black lines). 
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Figure 5.  As in Figure 3, for the NOAA Twin Otter flight tracks between 19 May and 19 July 
2010 (red lines). 

 A
cc

ep
te

d 
A

rti
cl

e



© 2013 American Geophysical Union. All Rights Reserved. 
 

 

 

Figure 6.  As in Figure 3, for the NASA B200 flight tracks between 12 May and 25 May 2010 
(red lines). 
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Figure 7.  A) 2010 daily maximum (thick red line) and daily minimum (thick blue line) 
temperature data from a weather station near the CalNex ground site in Pasadena.  Also shown are 
the record daily maximum (thin red line), record daily minimum (thin blue line) and average daily 
maximum and minimum (upper and lower bounds of grey shading) temperatures for 1979-2010.  
B) Daily 1-hour averaged ozone maxima in the air basin containing the Pasadena ground site, 
obtained from www.arb.ca.gov/aqmis2/aqdselect.php.  C) As in A) using data from a weather 
station near the CalNex ground site in Bakersfield.  D). As in B) using ozone data in the air basin 
containing the Bakersfield ground site. 
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Figure 8.  CO2–equivalent radiative forcing estimated from the 2009 inventory of California 
greenhouse gas emissions [CARB, 2011]. 
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Table A1a. NOAA P–3 CalNex flights; dates are based on UTC takeoff times. 
 

Flight Date in 
2010 

Description Coordination & overflights 

Fri. April 30 Transit from Denver to LA; San Juan, and Four Corners power plants; Phoenix urban plume – 
Tue. May 4 Emissions and chemistry in the LA Basin; export to desert Pasadena 
Fri. May 7 Southern San Joaquin Valley survey; Fresno and Bakersfield urban plumes; Harris Ranch plume; PBL heights 

over cultivated and fallow lands near Tulare Lake; transport layers; coastal upwelling in Morro Bay 
Pasadena 

Sat. May 8 Ships in the LA Bight; emissions and chemistry in the LA Basin; transport layers; export to desert Pasadena 
Tue. May 11 Emissions from Sacramento Valley rice fields prior to flooding and planting; stratospheric intrusion; urban 

emissions transported into Central Valley; coastal upwelling offshore Pt. Arena 
WGC tower; Pasadena; 
Bakersfield 

Wed. May 12 Oakland; Salinas, Silicon, and Northern San Joaquin Valleys; agriculture and dairy farm emissions; stratospheric 
intrusion; cloud study and coastal upwelling offshore Monterey 

WGC tower; Pasadena; 
Bakersfield 

Fri. May 14 Cloud study and coastal upwelling in LA Bight; emissions and chemistry in the LA Basin Pasadena 
Sun. May 16 Cloud study and coastal upwelling in LA Bight; emissions and chemistry in the LA Basin; export to desert R/V Atlantis; MODIS; 

Pasadena; NASA B200 
Wed. May 19 Emissions and chemistry in the LA Basin; aerosol direct radiative effects experiment; export to desert CIRPAS Twin Otter; 

Pasadena; NASA B200 
Fri. May 21 Maersk vessel fuel switch experiment (flight terminated early) Pasadena; NASA B200 

Mon. May 24 Day–into–night flight (4 PM–11 PM); southern San Joaquin Valley survey; transport layers; LA Basin survey Pasadena; NASA B200 
Sun. May 30 Day–into–night flight (7 PM–1:30 AM); outflow to LA Bight; LA Basin survey NOAA Twin Otter 

Mon. May 31 Night flight (10 PM–4 AM); outflow to LA Bight; LA Basin; export to desert and Salton Sea – 
Wed. June 2 Sunrise flight (1 AM–7 AM); outflow to LA Bight; LA Basin; export to desert and Salton Sea – 
Thu. June 3 Sunrise flight (1 AM–8 AM); outflow to LA Bight; LA Basin; export to desert and Salton Sea – 

 (June 7–11: Redeployed to Gulf of Mexico in support of the Deepwater Horizon oil spill response)  
Mon. June 14 Emissions from Sacramento Valley rice fields during growing season; PBL heights over different land use; 

Sacramento urban plume; cloud study and coastal upwelling offshore Pt. Arena 
WGC tower; Bakersfield; 
Pasadena 

Wed. June 16 Southern San Joaquin Valley survey; Fresno and Bakersfield urban plumes; Harris Ranch plume; PBL heights 
over cultivated and fallow lands near Tulare Lake 

Bakersfield; Pasadena 

Fri. June 18 Oakland; Salinas, Silicon, and Northern San Joaquin Valleys; agriculture and dairy farm emissions; offshore 
Monterey cloud study; coastal upwelling 

WGC tower; DOE G1; 
NASA B200; NOAA Twin 
Otter; Bakersfield; 
Pasadena 

Sun. June 20 Santa Barbara Channel; emissions and chemistry in the LA Basin; export to desert Pasadena 
Tue. June 22 Transit from LA to Denver; export to desert; Las Vegas urban plume; Moapa, San Juan, and Four Corners power 

plants; South Fork, NM and Flagstaff, AZ forest fires; Denver urban plume 
BAO tower, Erie, CO 
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Table A1b.  NOAA P–3 Gas–Phase Measurements 
 
 

Measurement Reference Technique Sample 
interval 

Accuracy at high S/N      
(±1–sigma) 

Precision at low S/N          
(±1–sigma) 

NO, NO2, NOy, and O3 [I.B. Pollack et al., 2010b; Ryerson et al., 
1998; Ryerson et al., 1999] 

Gas–phase chemiluminescence 1 s 3, 4, 12, and 2% 10, 30, 40, and 15 pptv 

NO3, N2O5, NO, NO2, and 
O3 

[Wagner et al., 2011] Cavity ring–down spectroscopy (CRDS) 1 s 20, 10, 5, 5, and 
5% 

2, 2, 70, 45, and 
60 pptv 

CO [Holloway et al., 2000] Vacuum ultraviolet resonance fluorescence 
spectroscopy 

1 s 5% 0.5 ppbv 

CO2, CH4, CO, and N2O [Kort et al., 2011] Quantum cascade laser absorption spectroscopy (QCLS) 1 s 0.1 ppmv, 1, 3.5, 
and 0.2 ppbv 

0.02 ppmv, 0.5, 0.15, 
and 0.1 ppbv 

CO2 and CH4 [Peischl et al., 2012] Wavelength–scanned cavity ring–down spectroscopy 
(WS–CRDS) 

1 s 0.1 ppmv and 1.2 
ppbv 

≤0.15 ppmv and ≤2 
ppbv 

HNO3 [J.A. Neuman et al., 2002] SiF5
–

 chemical ionization mass spectrometry 
(CIMS) 

1 s (15% + 40 pptv) 12 pptv 

NH3 [Nowak et al., 2007] protonated acetone dimer CIMS 1 s (30% + 170 
pptv) 

80 pptv 

SO2 [Ryerson et al., 1998] Pulsed UV fluorescence 3 s 20% 250 pptv 
C2–C10 NMHCs [Colman et al., 2001] GC–FID of whole air samples 3–8 s 5–10% 3 pptv 
C1–C2 halocarbons [Schauffler et al., 2003] GC–MS of whole air samples 3–8 s <10% <0.1 pptv 
C1–C5 alkyl nitrates [Schauffler et al., 2003] GC–MS of whole air samples 3–8 s 10–20% 0.2 pptv 
CH3CN, HCHO, isoprene, 
aromatics, and monoterpenes 

[J de Gouw and Warneke, 2006] Proton–transfer–reaction 
mass spectrometry (PTRMS) 

1s every 
17 s 

20%; (30–100% 
for HCHO) 

 

Peroxyacetyl nitrate (PAN) and 
ClNO2 

[Osthoff et al., 2008; W Zheng et al., 2011b] I–
 CIMS 2 s 20% 5 and 50 pptv 

280– 640 nm actinic flux; photolysis 
frequencies 

[Stark et al., 2007] spectrally resolved radiometry 1 s 30% jO(1D)      15% 
jNO2         9%  jNO3 

3 x10–7 s–1 jO(1D) 3 
x10–7 s–1 jNO2  2 x10–5 
s–1 jNO3 

300–1700 nm spectrally resolved 
irradiance; 4.5–40 µm broadband 
irradiance 

[Pilewskie et al., 2003] VIS–NIR spectrometry; IR filter radiometry 1 s 5% <0.05 W/m2/nm 

H2O   – chilled mirror hygrometry 1 s 1.0 °C 1.0 °C A
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Table A1c.  NOAA P–3 Aerosol Measurements 
 

Measurement Reference Technique Sample 
interval 

Accuracy at high 
S/N       (±1–sigma) 

Precision at    low S/N                     
(±1–sigma) 

Low turbulence inlet [Wilson et al., 2004] Boundary layer suppression by suction – – – 
Size distributions 0.004–1.0 µm (fine), 

1.0–8.3 µm (coarse) 
[C.A. Brock et al., 2008] 5 parallel CPCs, and white and laser light 

scattering  
1 s (See note 1) (See note 1) 

Single–particle refractory black 
carbon mass 

[Schwarz et al., 2008] Single–particle soot photometry (SP2) 1 s  30% greater of 12 
ng/kg or 25% 

Optical extinction (dry; 532 nm) and 
γ(RH) 

[Langridge et al., 2011] Cavity ring–down spectroscopy 1 s, 10 
s 

<2% 4 Mm–1 at 10 
Mm–1 ambient 

Optical absorption (dry; 404, 532, 658 
nm) 

[Lack et al., 2012b] Laser photoacoustic spectroscopy 1 s 10% ~1 Mm–1 

Optical absorption (467, 530, and 660 
nm) on filter media  

[Bond et al., 2004] Particle soot absorption photometry (PSAP) 1 s <20% ~1 Mm–1 

Size–resolved non–refractory NH4
+, 

NO3
–, SO4

2–, Cl– and organic 
composition for PM1  

[Bahreini et al., 2009] Aerosol mass spectrometry (AMS) 10 s 17, 17, 18, 18, 
and 19% 

0.06, 0.01, 0.01, 
0.01, and 0.06 
µg/m3 

Cloud condensation nuclei (CCN) 
concentration (cm–3 at STP) and 
supersaturation (%) 

[R H Moore and Nenes, 
2009; Roberts and 
Nenes, 2005] 

Continuous–flow streamwise thermal–
gradient CCN counter with scanning flow 
CCN analysis (SFCA) 

1 s 10% relative in 
CCN cm–3, 
0.04% absolute 
in 
supersaturation 

≤10 CCN cm–3, 
0.04% absolute in 
supersaturation 

Cloud particle size distribution (0.6–
50 µm) 

[Baumgardner et al., 
2001] 

Laser light forward and back scattering 1 s   

Cloud particle size distribution  (3–50 
µm) 

[Lance et al., 2010] Laser light forward scattering 1 s   

Cloud particle size distribution (50–
6000 µm), morphology 

[Lance et al., 2010] Droplet imaging probe 1 s   

Cloud liquid water content [King et al., 1978] Hot wire probe 1 s 10% 0.05 g/m3 

Note 1:  Uncertainty of fine mode aerosol number is ±(9% + 14/cm3), surface area is +(17% + 0.2 µm2/cm3), –(8% + 0.2 µm2/cm3), and volume is 
+(26% + 0.03 µm3/cm3), –(12% + 0.03 µm3/cm3).  Uncertainty of coarse mode aerosol number is ±(20% + 0.02/cm3), surface area is + 

(32% +0.14 µm2/cm3), –(14% + 0.14 µm2/cm3), and volume is +(52% + 0.12 µm3/cm3), –(20% + 0.12 µm3/cm3).

A
cc

ep
te

d 
A

rti
cl

e



 

© 2013 American Geophysical Union. All Rights Reserved. 
 

Table A2a. CIRPAS Twin Otter CalNex Flights 
 

Flight date in 2010 Description Coordination & overflights 
Tue. May 4 LA Basin with missed approaches at airports throughout the Basin – 
Wed. May 5 LA Basin with missed approaches at airports throughout the Basin – 
Thu. May 6 LA Basin after morning marine layer – 
Fri. May 7 LA Basin – 
Mon. May 10 LA Basin source characterization:  focused on western side in clean, windy conditions Pasadena 
Wed. May 12 LA Basin with outflow to Salton Sea Pasadena 
Thu. May 13 LA Basin with outflow to Salton Sea Pasadena 
Fri. May 14 LA Basin Pasadena 
Sat. May 15 LA Basin, humid/hazy morning Pasadena 
Tue. May 18 San Joaquin Valley, day after passage of a front Pasadena; Bakersfield 
Wed. May 19 LA Basin NOAA P–3; NASA B200 
Thu. May 20 San Joaquin Valley, after cloudy morning in Bakersfield Bakersfield; NASA B200 
Fri. May 21 LA Basin with El Cajon and Banning Pass outflows Pasadena; NASA B200 
Sat. May 22 San Joaquin Valley, sampling north–south line between Bakersfield and Fresno Bakersfield; NASA B200 
Mon. May 24 LA Basin with El Cajon outflow to Apple Valley and Banning Pass outflow to Palm Springs; clear and 

cool, no marine layer but slight aerosol haze 
Pasadena; NASA B200 

Tue. May 25 LA Basin with El Cajon outflow to Apple Valley and Banning Pass outflow to Palm Springs Pasadena; NASA B200 
Thu. May 27 LA Basin after cloudy and cool morning Pasadena 
Fri. May 28 LA Basin with mostly clear morning Pasadena 
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Table A2b.  CIRPAS Twin Otter Aerosol Measurements 
 

Measurement Reference Technique Sample 
interval 

Accuracy at high S/N      
(±1–sigma) 

Precision at low S/N          
(±1–sigma) 

Diffusion inlet [Hegg et al., 2005] Two–stage diffuser – – – 
Dry particle size distributions: 0.005–0.2 
µm and 0.015–1.0 µm 

[Russell et al., 1996; S C 
Wang and Flagan, 1990] 

2 parallel differential mobility 
analyzers 

1.5 min ~20% ~20% 

Aerosol size distributions:  0.1–3 µm – Laser light forward scattering 
(PCASP) 

1 s ~10% ~10% 

Total particle number concentration – 3 parallel CPCs 1 s ~5% 5 cm–3 
Size–resolved non–refractory NH4

+, 
NO3

–, SO4
2–, Cl– and organic 

composition for submicron particles 

[Bahreini et al., 2009] Aerosol mass spectrometry 
(AMS) 

1 min 17, 17, 18, 18, and 
19% 

0.06, 0.02, 0.01, 
0.01, and 0.08 
µg/m3 

Single particle composition and size [Pratt et al., 2009] Aerosol time–of–flight mass 
spectrometer (ATOFMS) 

1 min – – 

Water–soluble organic carbon: Dp < 2.5 
µm 

[Sullivan et al., 2006] Particle–into–liquid sampler 
coupled to a total organic carbon 
analyzer (PILS–TOC) 

4 min 10% 0.1 µg/m3 

Cloud condensation nuclei concentration 
(STP cm–3) and supersaturation (%) 

[R H Moore and Nenes, 2009], 
[Roberts and Nenes, 2005] 

Continuous–flow streamwise 
thermal–gradient CCN counter 
employing scanning flow CCN 
analysis (SFCA) 

1 s 10% relative in 
CCN cm–3, 0.04% 
absolute in 
supersaturation 

≤10 CCN cm–3, 
0.04% absolute 
in 
supersaturation 

Aerosol hygroscopicity (growth factors) 
for 150, 175, 200, and 225 nm dry 
particles at 74 and 92% relative humidity 

[Sorooshian et al., 2008] Differential aerosol sizing and 
hygroscopicity spectrometer probe 
(DASH–SP) 

17–45 s 4.3% Growth Factor 
of 0.04–0.13 

Single–particle refractory black carbon 
mass and coating state 

[Schwarz et al., 2008] Single–particle soot photometry 
(SP2) 

1 s 30% 30% 

Optical absorption and scattering (405, 
532, and 781 nm) 

[Arnott et al., 1999] Photoacoustic Soot Spectrometer 
(PASS3) 

2 s ~30% ~30% 

Optical absorption (467, 530, and 660 
nm) on filter media 

[Bond et al., 2004] Particle soot absorption 
photometry (PSAP) 

1 s 20% ~1 Mm–1 
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Table A3a. NOAA Twin Otter CalNex Flights 
 

Flight date in 2010 Description Coordination & overflights 
Wed. May 19 
Sun. May 23            

Tue. May 25 A 
Tue. May 25 B 

Sat. May 29  
Sun. May 30 

Mon. May 31 A 
Mon. May 31 B 

Tue. June 1 
Thu. June 3 A 
Thu. June 3 B 

Fri. June 4 
Sat. June 5 A 
Sat. June 5 B 

Mon. June 7 A 
Mon. June 7 B 
Tue. June 15 A 

Tue. June 15 B 
Fri. June 18 A 
Fri. June 18 B 

Mon. June 21 A 
Mon. June 21 B 
Tue. June 22 A 
Tue. June 22 B 

Wed. June 23 
Thu. June 24 A 
Thu. June 24 B 

Sat. June 26 

2nd leg of the transit flight from Colorado to California; pollution survey over LA Basin 
O3 distribution over Southern California associated with a stratospheric intrusion  
Pollution survey over LA Basin 
Pollution survey over LA Basin 
O3 distribution over LA Basin and Mojave Desert associated with a stratospheric intrusion  
Day–into–night flight (6 PM–9:30 PM); pollutant distribution over LA Basin and LA Bight 
Pollution survey over LA Basin 
Pollution survey over eastern LA Basin; Doppler lidar test 
Outflow of pollution from LA Basin to Mojave Desert; NO2 comparison with OMI satellite 
Dawn flight: Pollution survey over LA Basin 
Pollution survey over LA Basin 
Pollution survey over LA Basin; transport to Mojave Desert and Imperial Valley 
Pollution survey over LA Basin 
Pollution survey over LA Basin; transport to Mojave Desert and Imperial Valley 
Pollution survey over LA Basin 
Pollution survey over LA Basin; transport to Mojave Desert and Imperial Valley 
1st leg of transit flight from Ontario to Sacramento; pollution survey over Bakersfield area; NO2 comparison 
with OMI satellite 
2nd  leg of transit flight from Ontario to Sacramento; pollution survey over San Joaquin Valley 
Pollution survey over Sacramento area and northern San Joaquin Valley 
Pollution survey over San Joaquin Valley 

Pollution survey over Sacramento and east of Bay Area 
Pollution survey over Sacramento, southern Bay Area, and northern San Joaquin Valley 
Pollution survey over Sacramento and east of Bay Area 
Inflow of Asian pollution over Northern Coast and Sacramento Valley; OMI 
Pollution survey over Sacramento, east of Bay Area, and over Sierra Nevada Foothills 
Pollution survey over Sacramento and east of Bay Area 
Pollution survey over Sacramento, east of Bay Area, and over Sierra Nevada Foothills 
Pollution survey over Sacramento and east/south of Bay Area; transport to San Joaquin Valley, inflow of Asian 
pollution 

Pasadena 
 
Pasadena 
Pasadena 
Pasadena 
NOAA P-3; Pasadena 
Pasadena 
 
Pasadena 
Fontana Arrows 
Pasadena 
Pasadena 
Pasadena 
 
Pasadena 
Pasadena 
Bakersfield 

 
WGC tower 
NOAA P-3; DOE G1; 
NASA B200; Bakersfield 
 
 
WGC tower 
 
 
 
 
WGC tower 
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Sun. June 27 A 
Sun. June 27 B 

Mon. June 28 
Tue. June 29 A 

Tue. June 29 B 

Wed. June 30 A 

Wed. June 30 B 

Fri. July 2 
Sun. July 4 

Mon. July 5 A 
Mon. July 5 B 

Tue. July 6 
Mon. July 12 
Wed. July 14 

Thu. July 15 A 

Thu. July 15 B 
Fri. July 16 A 
Fri. July 16 B 

Sat. July 17 
Sun. July 18 A 
Sun. July 18 B 

Mon. July 19 A 

Mon. July 19 B 
 
 
 
 

Pollution survey over Sacramento and east of Bay Area 
Pollution survey over Sacramento, east of Bay Area, and over Sierra Nevada Foothills 
Pollution survey over Sacramento and east of Bay Area 
1st leg of transit flight from Sacramento to Ontario; pollution survey near Point Reyes, north and east of Bay 
Area 
2nd leg of transit flight from Sacramento to Ontario; pollution survey near over San Joaquin Valley and Mojave 
Desert; transport of pollutants between air basins 
Pollution survey over Salton Sea, along Mexican border, and over portion of northern Mexico; cross-border 
pollution transport 
Pollution survey over San Diego, near Mexican border, and between San Diego and LA; cross-border pollution 
transport 
Pollution survey over LA Basin; transport to Mojave Desert and Imperial Valley 
Pollution survey over LA Basin; transport to Mojave Desert and Imperial Valley 
Pollution survey over LA Basin and transport to Mojave Desert; OMI 
Pollution survey over LA Basin; transport to Mojave Desert and Imperial Valley 
Pollution survey over LA Basin; transport to Mojave Desert and Imperial Valley 
Pollution survey over LA Basin and transport to Mojave Desert; OMI? 
Ontario to Monterey; pollution survey over San Joaquin Valley and Sierra Nevada; transport by mountain slope 
flows 
Day–into–night flight (7 PM–11 PM); Monterey to Ontario: pollution survey over San Joaquin Valley and 
Sierra Nevada; transport by mountain slope flows and low level jet 
Pollution survey over LA Basin and transport to Mojave Desert 
Pollution survey over LA Basin; transport to Mojave Desert and Imperial Valley 
Pollution survey over LA Basin; transport to Mojave Desert and Imperial Valley 
Pollution survey over LA Basin; transport to Mojave Desert and Imperial Valley 
Dawn flight: Pollution survey over LA Basin 
Pollution survey over San Diego, near Mexican border, and between San Diego and LA; cross-border pollution 
transport 
1st leg of the transit flight from California to Colorado; pollution transport from LA Basin to Mojave Desert and 
southern Nevada 
2nd leg of the transit flight from California to Colorado; Four Corners and San Juan Power plants 

WGC tower 
WGC tower 
WGC tower 

 

 

 

Pasadena 
Pasadena 
Pasadena 
Pasadena 
Pasadena 
Pasadena 
Bakersfield 

Bakersfield 

Pasadena 
Pasadena 
Pasadena 
Pasadena 
Fontana Arrows 
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Table A3b.  NOAA Twin Otter Measurements 
 

Measurement Reference Technique Sample 
interval 

Accuracy at 
high S/N      (±1–
sigma) 

Precision at low 
S/N          (±1–
sigma) 

O3  profiles 

Aerosol backscatter 
profiles (300 nm) 
BL height 

Line-of-sight wind 
speed profiles (@ 4 
azimuth angles) 
Relative aerosol 
backscatter profiles (1.6 
µm) 
O3  
Temperature  
Surface temperature 
NO2 vertical column 
density (VCD) 
NO2, HCHO, CHOCHO 
vertical profiles 
Aerosol extinction 
profiles (360, 477, 630 
nm) 
 
 
 
Surface albedo 
 

 

[Alvarez II et al., 2011; Langford et 
al., 2011]  
 
[Davis et al., 1999; White et al., 
1999] 
[Pearson et al., 2009] 

[Pearson et al., 2009] 

www.twobtech.com/model_202.htm 

www.ti.com/lit/ds/symlink/lm35.pdf 
www.heitronics.com/fileadmin/conten
t/Prospekte/KT15IIP_e_V510.pdf 
 
 
 
 
 

Differential absorption lidar 

Differential absorption lidar 

Differential absorption lidar 

Doppler lidar 

Doppler lidar 

UV light absorption 
 
Thermistor 
 
IR pyrometer 
 
 
AMAX-DOAS 

AMAX-DOAS 

AMAX-DOAS 
 
 
4-channel UV and vis irradiance 

10 s 

10 s 

10 s 

2 - 6 s 

1 s 

10 s 
 
1 s 
 
1 s 

2s 

Ascent/ 
descent 
Ascent/ 
descent 

30s 

5 – 10 % (up 
to 30% for 
low SNR) 
~ 10 % 

~ 50 m 

0.1 m/s 

uncalibrated 

1 ppbv / 2% 
 
< 0.2 K 
 
0.06 K 

~7% 

~10% 

~5% 

< 5% (up to 
15% for low 
SNR) 
< 30 % 

~ 50 m 

up to 0.1 m/s 

uncalibrated 

1 ppbv / 2% 
 
0.2 K 
 
0.5 K 

1.5 x1015 
molec cm-2 
depends on 
gas & ave time 
∼ 0.01− 0.03 
km−1 

~5% 
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Table A4a. NASA B200 CalNex Flights 
 

 
Flight date in 
2010 

Description Coordination & overflights 

Wed. May 12 Transit from Tucson AZ - 
Thu. May 13 
Sun. May 16 
 
Wed. May 19 
 
Thu. May 20 
Fri. May 21 
Sat. May 22 
Mon. May 24 
Tue. May 25 
(June 3-28) 
Mon. June 14 
(Flight 2 on this 
day) 
Fri. June 18 

Salton Sea and LA basin.  .  
LA Basin. San Gabriel and San Bernardino Mtns.  
 
LA Basin, export to desert. Catalina Is. low level cloud study 
 
LA Basin. Southern San Joaquin Valley 
LA Basin, export to desert   
San Joaquin Valley, Salton Sea, Over water near  Catalina Is., LA Basin 
LA Basin. Salton Sea. Catalina Is. 
LA Basin. Salton Sea, Southern San Joaquin Valley, Transit to Sacramento 
(Redeployed to Sacramento for DOE CARES Mission, see Raveri et al. 2011) 
Sacramento urban plume, SF Bay area inflow 
 
 
Sacramento, Northern San Joaquin Valley, Intercomparison 

- 
Pasadena; NOAA P–3 
 
Pasadena; NOAA P–3, CIRPAS Twin 
Otter 
Pasadena; CIRPAS Twin Otter 
Pasadena; CIRPAS Twin Otter 
Pasadena; CIRPAS Twin Otter 
Pasadena; CIRPAS Twin Otter 
Pasadena; CIRPAS Twin Otter 
 
NOAA P–3; DOE T0, T1 sites 
 
 
NOAA P–3; DOE G1; DOE T0 T1 
sites 
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Table A4b.  NASA B200 Measurements 
 
 

Measurement Reference Technique Sample 
interval 

Measurement 
Precision 

Bias/Systematic 
Uncertainty 

Backscatter Ratio (532 nm) [Hair et al., 2008] High Spectral Resolution Lidar 10 s 5% 0.01 
Backscatter coefficient (532 and 
1064 nm) 

[Hair et al., 2008] High Spectral Resolution Lidar   10 s 5% 0.16 (Mm-sr)-1 
(532 nm) 

Extinction coefficient (532 nm) [Hair et al., 2008]  1 min 10% 10 Mm–1 
Depolarization Ratio (532 and 
1064 nm) 

[Hair et al., 2008] High Spectral Resolution Lidar 10 s 3% 0.004 

Aerosol Optical Thickness (532 
nm) 

[Hair et al., 2008] High Spectral Resolution Lidar 1 min 10% 0.02 

  Research Scanning Polarimeter    
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Table A5a. WHOI R/V Atlantis sampling locations 
 

Category Start time,  
UTC 

End time,  
UTC 

Details 

Offshore/background (clean marine) air 14 May/1800 15 May/1130 Transit San Diego to Santa Monica Bay 
 16 May/1800 16 May/2300 Coordinated cloud study with P-3 aircraft 
 23 May/0000 23 May/0800 Catalina Island 
 23 May/1530 23 May/2000 Catalina Island 
 25 May/1730 26 May/0130 Shipping lanes off Santa Monica Bay 
 27 May/1930 28 May/0130 Sea lanes south of Pt. Fermin 
 30 May/0600 30 May/0730 Catalina Island; P-3 flyover at 0710 
 30 May/2300 31 May/0530 West of Santa Barbara 
 01 Jun/0200 02 Jun/0000 Transit Santa Barbara to Monterey Bay 
 02 Jun/0000 02 Jun/1700 Monterey Bay 
 02 Jun/1700 02 Jun/2330 Transit Monterey Bay to Golden Gate 
 06 Jun/1900 07 Jun/1900 Farallon Islands; whales 
    
Santa Monica Bay; LAX approaches 15 May/1130 16 May/1500 Santa Monica Bay 1-5 nm offshore 
 17 May/0130 17 May/0730 Santa Monica Bay 1-5 nm offshore 
 21 May/1000 21 May/2000 Santa Monica Bay 1-5 nm offshore 
 24 May/0600 24 May/2130 Santa Monica Bay 1-5 nm offshore 
 25 May/0530 25 May/1700 Santa Monica Bay 1-5 nm offshore 
 29 May/0500 29 May/1600 On station west of Palos Verdes Pt. 
 29 May/1600 30 May/0400 Transit Santa Monica Bay coastline 
 30 May/0800 30 May/1300 Santa Monica Bay near Palos Verdes 
 30 May/1830 30 May/2130 Transit Santa Monica Bay coastline 
    
Santa Barbara Channel area 18 May/0930 18 May/2200 Off Port Hueneme 
 31 May/0800 31 May/1500 Off Ventura 
 31 May/1900 01 May/0200 Off Santa Barbara; methane seeps 
    
    
Los Angeles/Long Beach harbors 20 May/1600 20 May/2000 Transit LA harbor to Long Beach harbor and return 
 22 May/0200 22 May/2200 LA harbor; cruise ship terminal 
 26 May/1630 27 May/1600 LA harbor; west basin 
 27 May/1600 27 May/1730 Transit through Long Beach harbor to San Pedro Bay 
 28 May/1300 28 May/2030 San Pedro Bay; LA harbor; media event at dock 
    
San Pablo Bay; San Francisco/Oakland 
harbors 

03 Jun/0000 03 Jun/0300 Golden Gate to Martinez/San Pablo Bay 

 06 Jun/0100 06 Jun/1530 East of Martinez at Anchorage 26 
 06 Jun/1530 06 Jun/1900 Transit Anchorage 26 to Golden Gate 
 06 Jun/1900 07 Jun/2330 Oakland harbor 
 07 Jun/2330 08 Jun/1400 Anchored east of San Francisco 
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Sacramento River transits; Sacramento 
harbor 

03 Jun/1530 03 Jun/2200 Transit Martinez to W. Sacramento/DOE G-1 at 2005 

 03 Jun/2200 04 Jun/2230 West Sacramento turning basin 
 04 Jun/2230 05 Jun/0400 Transit south and back to West Sacramento 
 05 Jun/1930 06 Jun/0100 Transit from West Sacramento to Anchorage 26 
    
Marine vessel emission studies 17 May/1300 18 May/0000 Santa Barbara/Port Hueneme ships and oil platforms 
 18 May/0000 18 May/0400 NOAA R/V Miller Freeman 
 19 May/0530 20 May/1600 San Pedro Bay anchorage 
 23 May/1000 23 May/1500 San Pedro Bay shipping lanes 
 23 May/2200 24 May/0330 San Pedro Bay shipping lanes 
 24 May/2230 25 May/0230 San Pedro Bay shipping lanes 
 25 May/0300 25 May/0345 Offshore; Margrethe Maersk experiment 
 26 May/0800 26 May/1500 East of San Pedro Bay shipping lanes 
 28 May/0330 28 May/1300 San Pedro Bay; Huntington Beach 
 29 May/0200 29 May/0300 San Pedro Bay shipping lanes; cruise ship 
 30 May/1300 30 May/1400  Offshore; Mathilde Maersk experiment 
    
Ocean-derived aerosol studies 14 May/2150 15 May/0110 Off La Jolla 
 15 May/2230 16 May/0155 Santa Monica Bay 
 18 May/1600 18 May/2200 South of sea lanes off Port Hueneme 
 23 May/0120 23 May/0550 South of Catalina Island 
 23 May/1510 23 May/1930 South of Catalina Island 
 24 May/1800 24 May/2100 Santa Monica Bay 
 25 May/1900 26 May/0110 Sea lanes south of Pt. Dume 
 27 May/1930 28 May/0115 Sea lanes south of Pt. Fermin 
 30 May/2330 31 May/0510 South of sea lanes off Port Hueneme 
 31 May/2325 01 June/0155 Off Santa Barbara 
 06 June/2030 07 June/0200 Southeast of Farallon Islands 
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Table A5b.  WHOI R/V Atlantis gas-phase measurements 
 

Measurement Reference Technique Sample interval Accuracy at high S/N      
(±1–sigma) 

Precision at low S/N          (±1–
sigma) 

NO, NO2 [Lerner et al., 2009] Gas–phase chemiluminescence; LED photolysis 1 min 4%, 11% 0.020 ppbv,  0.030 ppbv 
NO, NO2 [Fuchs et al., 2009] Cavity ring–down spectroscopy (CRDS) 1 min 3%, 3% 0.10, 0.10 ppbv 
N2O5 [Wagner et al., 2011] Cavity ring–down spectroscopy (CRDS) 1 min 10% 2 pptv 
NOy [E J Williams et al., 2009] Gas–phase chemiluminescence; heated Au tube 1 min 25% 0.050 ppbv 
O3 [E J Williams et al., 2006b] UV absorption; gas–phase chemiluminescence 1 min, 1 min 2%, 2% 1 ppbv, 0.1 ppbv 
O3 [T. S. Bates et al., 2008] UV absorption 1 min 2% 1 ppbv 
ClNO2 and Cl2 [Kercher et al., 2009] Chemical Ionization Mass Spectrometry (I-) 5 min 30% 2 and 11 pptv 
HCOOH and HCl [Bertram et al., 2011] Chemical Ionization Mass Spectrometry (ToF-CIMS) 1 s <30% and <50% 15 pptv 
H2O2 [Lee et al., 1995] Aqueous collection, HPLC separation, fluorescence 

detection 
30 s every 150 
s 

(5% + 10 pptv) 10 pptv 

CH3OOH [Lee et al., 1995] Aqueous collection, HPLC separation, fluorescence 
detection 

30 s every 2.5 
m 

(10% + 20 pptv) 20 pptv 

CH2O [Heikes, 1992] Aqueous collection, fluorescence detection 1 min (10% + 25 pptv) 25 pptv 
CO [Lerner et al., 2009] Vacuum ultraviolet resonance fluorescence 

spectroscopy 
1 min 3% 1 ppbv 

CO2 [Lerner et al., 2009] Non-dispersive infrared absorption spectroscopy 1 min 0.08 ppmv 0.07 ppmv 
SO2 [E J Williams et al., 2009] Pulsed UV fluorescence 1 min 10% 0.13 ppbv 
SO2 [T. S. Bates et al., 2008] Pulsed UV fluorescence 1 min 5% 0.10 ppbv 
C2–C7 NMHCs [Bon et al., 2011] In-situ GC–FID  30 min =~10% ~2 pptv 
(CH3)2S, CH3CN, isoprene, 
methanol, acetone, acetaldehyde, 
aromatics, and monoterpenes 

[J de Gouw and Warneke, 
2006] 

Proton-transfer-reaction 
mass spectrometry (PTRMS) 

1 min 20% (18,23,33,267,37,99,14,31 
pptv) 

HCHO, OCS [Herndon et al., 2007] Quantum cascade laser absorption spectroscopy (QCLS) 1 min, 1 min 7%, 15% 75 pptv, 10 pptv 
Gaseous elemental mercury (GEM) [Landis et al., 2002] Cold vapor atomic fluorescence spectroscopy 

(CVAFS) 
5 min 5% 25 pg Hg m-3 

H2O   – chilled mirror hygrometry 1 s 1.0 °C 1.0 °C 
Radon [Whittlestone and 

Zahorowski, 1998] 
Radon gas decay 13 min   

280– 640 nm actinic flux; photolysis 
frequencies 

[Stark et al., 2007] 3-wavelength filter radiometry 1 min 30% jO(1D)      15% 
jNO2         9%  jNO3 

3 x10–7 s–1 jO(1D) 3 x10–7 s–1 jNO2  
2 x10–5 s–1 jNO3 

300–1700 nm spectrally resolved 
irradiance; 4.5–40 µm broadband 
irradiance 

[Pilewskie et al., 2003] VIS–NIR spectrometry; IR filter radiometry 1 s 5% <0.05 W/m2/nm 
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Table A5c.  WHOI R/V Atlantis aerosol, cloud, meteorological, and seawater measurements 
 

Measurement Reference Technique Sample 
interval 

Accuracy at 
high S/N       
(±1–sigma) 

Precision at    low S/N                     
(±1–sigma) 

Aerosol number concentration [T. S. Bates et al., 2001] CNC (TSI 3010, 3025) 1 s 10%  
Aerosol size distributions 0.02 -10 µm  [T. S. Bates et al., 2005] Parallel Aitken DMPS, accumulation mode 

DMPS, and an Aerodynamic Particle Sizer  
5 min 10%  

Aerosol thermal volatility 0.02 – 0.5 
µm at 230°C 

[T.S. Bates et al., 2012; 
Russell et al., 2009] 

Parallel (heated and unheated) SMPSs 5 min 10%  

Sub-1 and sub-10 µm scattering and 
backscattering (450, 550, 700 nm) 
and γ(RH) 

[Quinn and Bates, 2005] Parallel TSI 3563 Nephelometers 1 min 14% 0.13 Mm-1 

Sub-1 and sub-10 µm optical 
extinction (405, 532, 662 nm) and 
γ(RH) 

[Baynard et al., 2007; 
Langridge et al., 2011] 

Cavity ring-down spectroscopy 2-5 s <2% 0.5 Mm–1 at 532 
nm (varies with 
) 

Sub-1 and sub-10 µm optical 
absorption (dry: 406, 532 nm; 
thermodenuded: 406, 532 nm) 

[Lack et al., 2012b] Laser photoacoustic spectroscopy 2 s 10% ~1 Mm–1 

Sub-1 and sub-10 µm optical 
absorption (467, 530, and 660 nm) 
on filter media  

[Bond et al., 1999] Particle soot absorption photometry (PSAP) 1 s >20% ~1 Mm–1 

Aerosol Optical Depth [Quinn and Bates, 2005] Microtops sun photometer Inter-
mittent 

20% 0.015 at 500 nm 

Single-particle refractory black carbon 
mass and coating state 

[Schwarz et al., 2008] Single-particle soot photometry (SP2) 1 s  40% greater of 12 
ng/kg or 25% 

Concentration of BC non-refractory 
coating material 

[Cappa et al., 2012a] Soot Particle Aerosol Mass Spectrometer (SP-
AMS) 

1 min  0.03 µg/m3 

Volatility and hygroscopicity of 
aerosol particles (50, 100, and 145 
nm) 

[Villani et al., 2008] Volatility-hygroscopicity tandem differential 
mobility analyzer 

20 min 0.05 units 
in growth 
factor 

 

Air ion size distribution (0.8 – 0.42 
nm) 

[Mirme et al., 2007] Air ion spectrometer 1.5 min 101 #/cm-3  

Cloud condensation nuclei 
concentration for sub-1 µm aerosol 
at 5 supersaturations 

[Quinn et al., 2008] Continuous-flow thermal-gradient CCN 
counter 

5 min 10% 5 cm-3 

Cloud condensation nuclei 
concentration for 60 nm aerosol at 5 

[Quinn et al., 2008] Continuous-flow thermal-gradient CCN 
counter coupled with an SMPS 

5 min 10% 5 cm-3 
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supersaturations 

Sub-1 and sub-10 µm composition of 
inorganic ions, trace elements, OC, 
EC and total aerosol mass 

[T. S. Bates et al., 2008] Impactors with IC, XRF, thermal-optical, and 
gravimetric analysis 

3 to 16 
hrs 

6 – 31%  

Sub-1 µm alkane, hydroxyl, amine, 
and carboxylic acid functional 
groups and total submicron mass 

[Russell et al., 2009] Fourier transform infrared (FTIR) 
spectroscopy 

3 to 16 
hrs 

20% 0.09, 0.02, 0.01, 
and 0.008 µmol 
bond 

Size-resolved chemistry of single 
particles 

[Gard et al., 1997] Aerosol time-of-flight Mass Spectrometry 
(ATOFMS) 

300 s 15-20% N/A 

Cloud liquid water path [Turner et al., 2007] Microwave radiometer 15 s N/A N/A 

Cloud–base height [Fairall et al., 1997] Ceilometer 15 s  30 m 

Cloud structure and precip [Lhermitte, 1987] W band cloud radar 1 hr   

Temperature/RH profiles [Wolfe et al., 2007] Radiosondes 5 s  0.3C and 4% 

Wind profiles [Law et al., 2002] 915-MHz wind profiler 5 min  1.4 m s-1 

Wind profiles/microscale turbulence [Frisch et al., 1989] C band radar 5 min  1.0 m s-1 

High resolution boundary layer 
turbulence structure 

 Doppler mini-Sodar    

Turbulent fluxes [Bradley and Fairall, 
2006] 

Bow-mounted eddy covariance  20 s, 10 
min, 1 
hr 

 25% at 1 hr 

Seawater DMS [T. S. Bates et al., 2000] sulfur chemiluminescence 15 min 8% 0.2 nM 
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Table A6a.  Pasadena ground site gas–phase measurements 
 

Measurement Reference Technique Sample 
interval 

Accuracy at high 
S/N      (±1–sigma) 

Precision at low S/N          
(±1–sigma) 

O3, NO2, SO2, NO3, 
HONO, HCHO profiles 

[S Wang et al., 2006] Long–path differential optical absorption 
spectrometry (DOAS) 

30 min 3, 4, 3, 10, 5, 
and 5% 

0.8 ppbv and 60, 
25, 1.2, 23, and 
170 pptv 

C2–C10 NMHCs [Kuster et al., 2004] GC–MS    
C1–C2 halocarbons [Kuster et al., 2004] GC–MS    
O3  UV absorption    
NO, NO2, and NOy [Drummond et al., 1985; I. 

B. Pollack et al., 2010a; E J 
Williams et al., 1988] 

Gas–phase chemiluminescence 10 sec   

SO2  Pulsed UV fluorescence    
CO [Gerbig et al., 1999] Vacuum ultraviolet resonance fluorescence 

spectroscopy 
 4% 0.2 ppbv 

CO2 [Peischl et al., 2010] NDIR absorption 1 min 0.14 ppmv 0.02 ppmv 
CO2 and 13CO2  WS–CRDS  0.10 ppmv and 

0.35 ‰ 
 

NO2 [Fuchs et al., 2009] CRDS 1 min 3% 4 pptv 
HONO and CHOCHO  [R.A. Washenfelder et al., 

2008] 
Incoherent broadband cavity–enhanced absorption 
spectrometry 

10 min 15 and 30% 13 and 52 pptv 

HNO3, HONO, HNCO, and 
organic acids 

[P Veres et al., 2008] Negative–ion proton–transfer chemical ionization 
mass spectrometry 

1 min 30% 40 pptv 

PAN and ClNO2 [Mielke et al., 2011] I–
 CIMS    

PAN [Flocke et al., 2005] GC-electron capture detection (ECD)    
HCHO  Liquid–phase fluorescence using the Hantzsch 

reaction 
   

HO, HO2, and HO 
reactivity 

[Dusanter et al., 2009] Laser–induced fluorescence    

280– 420 nm actinic flux; 
photolysis frequencies 

[Shetter and Müller, 1999] spectrally resolved radiometry    

Volatile and semivolatile organic 
compounds 

[Holzinger et al., 2010] High resolution proton transfer reaction time–of–flight mass 
spectrometry 

   

Water–soluble gas–phase organic 
carbon 

[Hennigan et al., 2008] Mist chamber and online TOC measurement    

Total gas–phase volatile and 
semivolatile organic carbon 

 High–resolution electron impact time–of–flight mass 
spectrometry 
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Table A6a. continued 
 
Gas–phase semivolatile organic  
carbon 

 
 
 
[Bouvier-Brown et al., 
2013] 

 
 
 
Sorbent tubes and offline solvent extraction with GC–MS 

 
 
 
3 hr 

 
 
 
22% 

 
 
 
10 – 80 pptv 

Meteorology and eddy covariance      
NO2, HCHO, HONO, 
CHOCHO 

[Coburn et al., 2011] Multi–axis DOAS 5 min 5, 10, 10, and 
10% 

(2.5, 10, 3, and 
1.5) × 1014 
molec/cm2 
vertical column 
density 

CH3CN, isoprene, aromatics, and 
monoterpenes 

[Warneke et al., 2005] Proton–transfer ion trap mass spectrometry 5 min 15 – 25% 15 – 120 pptv 

NH3 [Ellis et al., 2010] Quantum cascade tunable infrared laser differential 
absorption spectrometry 

   

NO2 and CHOCHO [Thalman and Volkamer, 
2010] 

Light–emitting–diode cavity–enhanced DOAS 1 min 5% 11 and 7 pptv 

HONO  Wet chemical derivitization/HPLC 10 min 6% 10 pptv 
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Table A6b.  Pasadena ground site continuous and semi–continuous aerosol measurements 
 

Measurement Reference Technique Sample 
interval 

Accuracy at high 
S/N      (±1–
sigma) 

Precision at low S/N          
(±1–sigma) 

Size–resolved non–refractory 
NH4

+, NO3
–, SO4

2–, Cl– and 
organic composition for PM1 

[DeCarlo et al., 2006] high–resolution time–of–flight aerosol mass 
spectrometry (HR–ToF–AMS) 

5 min 30% 10-100 ng/m3 

Potential aerosol mass [Kang et al., 2007] AMS and SMPS following exposure of ambient 
air to OH 

   

Submicron number distribution  Scanning mobility particle sizing 5 min 5% for size; 
15% for 
concentration 

 

Submicron number distribution  UHSAS 1 min   
Total particle number  Condensation particle counter 1 min   
Number distribution             (300 
nm – 10 µm) 

 Optical particle counter 1 min   

Submicron aerosol volatility [Huffman et al., 2008] Thermal denuder with AMS and SMPS 2 hr   
Organic and elemental carbon  Thermal–optical analysis 1 hr   
Water–soluble organic carbon [R J Weber et al., 2001] Particle–into–liquid sampling and TOC 

measurement (PiLS–TOC) 
10 min   

Carboxylic acids for aerodynamic 
diameter < 2.5 µm 

 PiLS–ion chromatography    

Speciated organic composition [Canagaratna et al., 
2007; B J Williams et al., 
2006a] 

Combined thermal desorption aerosol GC–MS 
(TAG) and HR-ToF-AMS: TAG-AMS 

1 hr   

Speciated organic composition [Worton et al., 2012] Two–dimensional TAG 2 hrs   
Speciated organic composition [Holzinger et al., 2010] High–resolution PTR–TOF–MS    
Water–soluble organic– and 
nitrogen–containing compounds 

[Bateman et al., 2010] PiLS followed by high–resolution electrospray 
ionization mass spectrometry 

30 min   

Single–particle refractory black 
carbon mass and coating state 

[Schwarz et al., 2008] Single–particle soot photometry (SP2) 5 min 2.5% 10% 

Single–particle refractory black 
carbon mass and coating 
composition 

[Onasch et al., 2012] SP–AMS 5 min   

Black carbon mass [Arnott et al., 2005] Aethalometry 5 min 45% 50% 
Optical absorption [Arnott et al., 2006] Photoacoustic soot spectrometer 5 min 0.7 Mm–1 at 

532 nm 
5% at 532 nm 
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Optical extinction (523 and 630 
nm) 

[Massoli et al., 2010] Cavity–attenuated phase shift spectroscopy 1 sec 0.8 Mm–1 5% 

Aerosol extinction, scattering, and 
albedo 

[Dial et al., 2010; 
Thompson et al., 2012] 

CRDS/integrating sphere nephelometry 1 min 1-2 Mm–1  

Single–particle optical size and 
single–scattering albedo at 672 nm 

[Sanford et al., 2008] Laser scattering and extinction in a high–Q 
cavity 

   

Single–particle composition and 
number fractions for particle classes 

[Froyd et al., 2009; 
Murphy et al., 2006] 

Particle analysis by laser mass spectrometry 
(PALMS) 

15% for 
particle 
classifici
ation 
number 
fraction 

  

Single–nanoparticle composition [Zordan et al., 2008] Nano-aerosol mass spectrometer    

Size–resolved cloud condensation 
nuclei 

[Roberts and Nenes, 
2005] 

Continuous–flow streamwise cloud condensation 
nuclei (CCN) spectrometry 

   

Vertically–resolved backscatter 
(355, 532, and 1064 nm) 

[Kovalev et al., 2009] Scanning LIDAR    

Column aerosol optical depth [Holben et al., 2001] AERONET sun photometry    

Boundary layer backscatter and 
mixing height 

[Haman et al., 2012] Aerosol backscatter gradient ceilometer 5 min 20 m (stable 
conditions) to 
100 m 
(unstable 
conditions) 

2 m (stable 
conditions) to 20 
m (unstable 
conditions) 

Size-resolved particle number 
concentrations for 0.5<D<5 µm 

[Hayes et al., 2012] White-light optical particle counter 10 sec   
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Table A6c.  Pasadena ground site aerosol sampler measurements 

 
Measurement Reference Technique Sample interval Accuracy at 

high S/N      
(±1–sigma) 

Precision at 
low S/N          
(±1–sigma) 

Organosulfates and 
Nitrated Organosulfates 

[Surratt et al., 2008; H 
Zhang et al., 2011a] 

Filter collection with subsequent UPLC/DAD/ESI-
HR-Q-TOFMS analyses 

Every 3–6 hrs 
and 23 hrs 

10-30% 1% 

Nitro-Aromatics [Surratt et al., 2008; H 
Zhang et al., 2011a] 

Filter collection with subsequent UPLC/DAD/ESI-
HR-Q-TOFMS analyses 

Every 3–6 hrs 
and 23 hrs 

10-30% 1% 

WSOCs  Filter collection with subsequent H-NMR analyses Every 3–6 hrs 
and 23 hrs 

  

Organic Acids [Kristensen and Glasius, 
2011] 

Filter collection with subsequent HPLC/ESI-HR-Q-
TOFMS analyses 

Every 3–6 hrs 
and 23 hrs 

25% 0.5-1.5 ng 
LOD 

14C of OC and TC  [Szidat et al., 2006] Filter collection with subsequent off-line accelerator 
mass spectrometry 

Every 3–4 hrs 1-5% 5-15% 

OC/EC [Schauer et al., 2003] Filter collection with subsequent thermal-optical 
measurements 

Every 3–4 hrs OC 5-15% 
and 
EC 25% 

OC LOD 
0.3µgC/cm
2 

Organics  Filter collection with subsequent solvent extraction, 
with and without prior derivatization, for GC/MS 
analyses 

Every 3–6 hrs 
and 23 hrs 

  

Oxidized Organics  Filter collection with subsequent 2D-GC/ToFMS Every 3–6 hrs 
and 23 hrs 

10-30% 5% 

Organics [Goldstein et al., 2008] Filter collection with subsequent TAG-2D-GC/MS 
analyses with prior derivatization 

Every 3–6 hrs 
and 23 hrs 

  

Submicron alkane, organic 
hydroxyl, amine, 
carboxylic acid, and non-
acid carbonyl functional 
groups and total submicron 
organic mass 

[Gilardoni et al., 2007; 
Russell et al., 2009] 

Filter collection with subsequent Fourier transform 
infrared  (FTIR) spectroscopy analyses 

Every 3–6 hrs 
and 23 hrs 

21% (Total 
organic 
mass) 

0.09, 0.02, 
0.01. 0.008, 
and 0.005 
µmol of 
bond 

Precursor-specific SOA 
tracers 

 Filter collection with subsequent GC/MS analyses 
with prior derivatization 

Daily (23 hrs)  
 

21% for total 
organic mass 

0.09, 0.02, 
0.01, 0.008, 
and 0.005 
µmol of 
bond 

Primary organic tracers 
and compound-specific 
stable isotope analysis  

[Sheesley et al., 2004] Filter collection with subsequent GC/MS and GC-
IRMS analysis 

Every 3–6 hrs 
and 9–13 hrs 

20% 5% 
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Table A6c. continued 

 

 

 

14C and OC/EC 

 
 
 
 
[Schauer et al., 2003] 

 
 
 
 
Filter collection with subsequent offline accelerator 
mass spectrometric analyses for 14C and thermal-
optical measurement for OC/EC 

 
 
 
 
Daily (23 hrs) 

 
 
 
 
1% for 14C 
and 20% for 
OC/EC 

 
 
 
 
1% for 14C 
and 5% for 
OC/EC 

Elements and Metals [Bukowiecki et al., 2009] Rotating drum impactor (RDI) and subsequent 
synchrotron radiation-induced XRF analysis 

2 hrs 30-40% 5% 

Molecular characterization 
of organics in bulk 
samples; 
Microscopy and 
microanalysis of individual 
particles 
 

[Laskin et al., 2006; Moffett 
et al., 2010a; Moffett et al., 
2010b; Nizkorodov et al., 
2011; Roach et al., 2010] 

MOUDI impactor with different substrates for 
subsequent analysis by Nano-DESI-HR-Orbitrap 
MS†; Computer Controlled SEM/EDX‡; Scanning 
Transmission X-ray Microscopy# 

6 hrs N/A N/A 

Microanalysis  [Adachi and Buseck, 2008] Microanalysis particle samplers with subsequent 
transmission electron microscopy (TEM) analyses 

4.8 min N/A N/A 

VOCs  Tenax tubes with subsequent thermal desorption-
GC/MS analyses 

3 hrs 10% 25% 
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Table A7a.  Bakersfield ground site gas–phase measurements 
 

Measurement Reference Technique Sample 
interval 

Accuracy at high 
S/N      (±1–
sigma) 

Precision at low S/N          
(±1–sigma) 

HO, HO2, OH loss rate, 
naphthalene, and potential 
aerosol mass 

     

NO2, ∑RO2NO2, 
∑RONO2, HNO3 

     

NO      
O3 [Gearn, 1961] UV absorption 1 min ±0.5% ±1 ppbv 
CO, N2O, CH4, CO2, 
H2O, and stable isotopes 
of CO2 

     

VOCs  GC–MS and GC–FID 15 min ±5–20%  
HCHO   Laser–induced fluorescence 30 s ±30% ±70 pptv 
Glyoxal and α–
dicarbonyls 

  Laser–induced phosphorescence 30 s ±20% 5 pptv 

NH3, HNO3, HCl, 
HONO, SO2 

     

HONO [Ren et al., 2010] CRDS 1 min ±15% 1 ppbv 
HNO3, organic acids, 
peroxides, and oxygenates 

  CF3O– CIMS 16 s ±25% 25 pptv 

PAN, PPN, MPAN, and 
other acyl peroxynitrates 

 I– TD–CIMS 1 min ±(3 pptv + 
21%) 
±(3 pptv + 
21%) MPAN 

± 3 pptv 
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Table A7b.  Bakersfield ground site aerosol measurements 
 

Measurement Reference Technique Sample 
interval 

Accuracy at high 
S/N       (±1–sigma) 

Precision at    low S/N                     
(±1–sigma) 

Size–resolved non–refractory NH4
+, 

NO3
–, SO4

2–, Cl– and organic 
composition for PM1  

  Aerosol mass spectrometry (AMS) 5 min 30% 0.03 µg/m3 

IR-active functional groups [Russell, 2003; Russell 
et al., 2009] 

Fourier transform infrared spectroscopy on 
filter sample extracts 

2–4 
hrs 

21% for total 
organic mass 

0.001–0.09 µmol 
of analyte 

Trace elements in fine aerosol [S Liu et al., 2009] X-ray fluorescence on filter samples 2–4 
hrs 

6–40% 0.001–0.16 µg 

Water-soluble anions and cations      

Speciated organics  Thermal desorption aerosol GC–MS (TAG)    

Organic nitrates in the gas/particle 
phase 

     

Organic and elemental carbon      

MOUDI impactor  Nano–DESI with high–resolution MS    

Speciated organics      

Organosulfates and α–dicarbonyls      

Nitrooxy– and  organosulfates   UPLC/ESI-HR-Q-TOFMS 23 hrs 1–30% 1% 

Nitrooxy– and  organosulfates      
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Table A8.  Species measured in whole–air samples 
by NOAA GMD at Mt. Wilson, CA during CalNex. 

 
 

Halocarbons Hydrocarbons Others 
CHBr3 C6H6 CO 
CCl4 C2H2 CO2 
CH3I C3H8 14CO2 
CHCl3 n–C4H10 CH4 
CH2Br2 n–C5H12 N2O 
CH2Cl2 i–C5H12 SF6 
CH3Br  CS2 
CH3Cl  OCS 
C2Cl4   
CCl3F (CFC–11)   
CCl2F2 (CFC–12)   
CClF3 (CFC–13)   
C2Cl3F3 (CFC–113)   
C2ClF5 (CFC–115)   
CHF3 (HFC–23)   
C2HF5 (HFC–125)   
CH2FCF3 (HFC–134a)   
C2H3F3 (HFC–143a)   
C2H4F2 (HFC–152a)   
CF2ClBr (Halon 1211)   
CBrF3 (Halon 1301)   
C2Br2F4 (Halon 2402)   
CHClF2 (HCFC–22)   
C2H3ClF2 (HCFC–142b)   
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Table A9.  Species measured by remote sensing techniques at Mt. Wilson, CA during CalNex. 
 
 
 
 

Measurement Reference Technique Sample 
interval 

NO2, HCHO, glyoxal, aerosol 
extinction (O4) 

[Pikelnaya et al., 
2007] 

Multi-axis DOAS 1 min 

CO2, CH4, N2O, CO, O2 
 

 Near-IR Fourier Transfer Spectroscopy 1 min  
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Table A10a.  CalMex ground sites gas–phase measurements 
 

Measurement Reference Technique Sample 
interval, s 

Accuracy at high 
S/N      (±1–sigma) 

Precision at low S/N          
(±1–sigma) 

H2SO4 [J Zheng et al., 2011a; J Zheng et al., 2010] Atmospheric pressure NO3
–

 chemical 
ionization mass spectrometry (API-CIMS) 

30 36%  0.004 pptv 

Methanol, acetonitrile, 
formaldehyde, isoprene, 
acetaldehyde, acetone, 
methyl ethyl ketone, and 
aromatics 

[Fortner et al., 2009] Proton-transfer-reaction 
mass spectrometry (PTR-MS) 

300 25%; (40-80% 
for 
formaldehyde 
due to RH 
change) 

< 400 pptv (3.0 
ppbv for 
methanol and 1.2 
ppbv for 
formaldehyde) 

CO2, CO, NOx [T O Moore et al., 2009] Infrared absorption (CO2 and CO) and 
chemiluminescence (NOx) 

60(a) 2%, 5%, 5% 0.5 ppmv, 0.04 
ppmv, 0.05 ppbv 

column NO2 [Johansson et al., 2008] Differential Optical Absorption Spectroscopy 300  2.67E15 
molecules/cm2 (b) 

O3  [Dunlea et al., 2006; McAdam et al., 2011] UV absorption 60  0.6 ppb(c) 

NO/NOx  [Dunlea et al., 2007; McAdam et al., 2011] Chemiluminescence (non-specific for NO2) 60  0.4 ppb(c) 

CO  [McAdam et al., 2011] Infrared gas filter correlation 60  0.04 ppm(d) 
SO2  [McAdam et al., 2011] Pulsed UV fluorescence 60  1 ppb(e) 
NOy-HNO3  [Fitz et al., 2003] Chemiluminescence with dual external 

converters and nylon filter 
60  0.5 ppb(c) 

NO2 and peroxyacetyl nitrate 
(PAN) 

 Luminol chemiluminescence One 
instantane
ous 
sample 
every 5 
minutes 

 1 ppb(f) 

CH4 and NMHC  [Zhou et al., 2007] GC-FID One 
sample 
every 70 s 

 20 ppb CH4 
150 ppb NMHC (g) 

Benzene, toluene, 
ethylbenzene, o-xylene, m-
xylene 

[Król et al., 2010] Gas-chromatography Retention TENAX 
15 minutes  0.004(h) 

Hg [Obrist et al., 2008] Atomic Fluorescence 60i  0.2 ng/m3(i) 
                     (a)Faster (0.1-1 s) data available upon request. 
                    (b)Detection limit at 2sigma. 
                    (c)Low detection limit with range of 500 ppb and ±10% expected precision. 
                    (d)Low detection limit with range of 50 ppm and ±0.1 ppm expected precision. 
                    (e)Low detection limit with range of 500 ppb and 1% reading expected precision. 
                    (f)Low detection limit with range of 500 ppb and 20% expected precision. 
                    (g)Low detection limit with range of 20 ppb and 2% of measured value expected precision. 
                    (h)Low detection limit with range of 300 ppb and 10% of measured value expected precision. 
                   (i)Low detection limit with range of 1000 ppm and 10% of measured value expected precision. 
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Table A10b.  CalMex ground sites aerosol measurements 
 

Measurement Reference Technique Sample 
interval 

Accuracy at 
high S/N      
(±1–sigma) 

Precision at low 
S/N          (±1–
sigma) 

Submicron organic 
functional groups and 
total organic mass 

[Russell, 2003; Russell et al., 2009] Fourier Transform Infrared 
Spectroscopy (FTIR) 

2.2 to 
4.3 hrs 

21% (Total 
organic 
mass) 

10-130 ng/m3 

Elemental composition [Hyslop and White, 2008] X-ray fluorescence (XRF) 2.2 to 
4.3 hrs 

8-41%, 68% 
(Cl) 

0.3-75 ng/m3 

Submicron non-
refractory NH4

+, NO3
–, 

SO4
2–, Cl– and organic 

composition 

[Ng et al., 2011] Aerosol Chemical Speciation 
Monitor (ACSM) 

15 to 
30 min 

20-25% 13-200 ng/m3 

Single-particle 
refractory black carbon 
mass and coating state 

[Schwarz et al., 2008; Subramanian 
et al., 2010] 

Single-particle soot photometry 
(SP2) 

5 min  20% for 
time-
averaged 
mass conc. 

<100% 
detection 
efficiency for 
particles <0.7 
fg 

Single-particle 
morphology and 
composition 

[Stöhr, 1992] X-ray spectromicroscopy (STXM-
NEXAFS) 

Single-
particle 

[Takahama et 
al., 2010] 

 

PM2.5 trace elements 
composition 

[Querol et al., 2008] Acid digestion followed by ICP-MS 
analysis 

24 hours < 20% depends on the 
element 

PM2.5 EC/OC content [Zielinski et al., 1997] CM5014 analyzer (UIC, Joliet, IL)  12 hours 10% 3 ng/m3 
Size distributions 
0.03–0.4 µm 
(RH<10%) 

[Khalizov et al., 2009b; Wu et al., 
2007] 

DMA-CPC (TSI 3081 and 3760A)  2 min 10% 1 cm-3 

Aerosol density 
(RH<10%: 46, 81, 
151, and 240 nm) 

[Tajima et al., 2011] Aerosol particle mass analyzer 
(APM) 

10 min 5% 0.05 g cm-3 

Optical extinction 
(RH<10%: 532 nm) 

[Khalizov et al., 2009a; Pettersson et 
al., 2004] 

Cavity ring-down spectroscopy 90 s 1% 0.5 Mm–1 

Optical Scattering 
(RH<10%: 450, 550, 
and 700 nm) 

[Anderson and Ogren, 1998; 
Khalizov et al., 2009a] 

TSI 3563 nephelometer 90 s 1% 0.5 Mm–1 
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PM2.5, particle number 
(3-1000 nm), active 
surface area, total 
polycyclic aromatic 
hydrocarbons, black 
carbon 

[Marr et al., 2006] Light scattering, diffusion charging, 
aerosol photoemission, light 
absorption 

60 s(a) 50%, 10%, 
20%, 20%, 
10% 

1 µg m-3, 1 
cm-3, 10 mm2 
m-3, 10 ng m-3, 
0.1 µg m-3 

Black carbon particle 
mass 

[Allen et al., 1999] Light absorption by suspended 
aerosol particles at two wavelengths: 
880 nm (black carbon) and 370 nm 
(UV-PM) 

5 min 5.2%(b) 
r2 =0.92 
against EC 
Quartz filter 

5.2%(b) 

      

PM2.5, particle mass www.thermo.com TEI personal DataRAM 
nephelometer 

60 s ±5% of 
reading (c) 

±0.2% of 
reading (d)or 
±0.0005 
mg/m3 

PM1, particle mass [Green et al., 2009] Tapered element oscillating 
microbalance 

10 min 0.1(e)μg/m3  

PM0.1, particle count [Hagler et al., 2009] Condensation particle counter 60 s 5% ±3–12% 
 

(a)Faster (1 s) data available upon request. 
(b)Personal communication Tony Hansen, Magee Scientific, Oakland, CA. 
(c)Accuracy referred to gravimetric calibration with SAE Fine (ISO Fine) test dust (mmd = 2 to 3 μm,    g = 2.5, as aerosolized). 
(d)Precision/repeatability (2-sigma) at constant temperature and full battery voltage.  

                             (e)Low detection limit with range of 0 to 1,000,000 μg/m3 and expected precision of 2.0 μg/m3 (1-hour), 1.0 μg/m3 (24-hour) 
 

Table A10b continued 
A

cc
ep

te
d 

A
rti

cl
e



 

© 2013 American Geophysical Union. All Rights Reserved. 
 

                                                           
Table A11.  Radar wind profiler and 

radio acoustic sounding system network 
operational during CalNex. 

 
Location Designation Latitude, degrees Longitude, degrees Elevation, m Sponsor 
Bakersfield BKF 35.35 -118.98 120 NOAA/PSD1 
Bodega Bay BBY 38.32 -123.07 12 NOAA/PSD 
Chico CCO 39.69 -121.91 41 NOAA/PSD 
Chowchilla CCL 37.11 -120.24 76 NOAA/PSD 
Gorman GMN 34.72 -118.80 912 NOAA/PSD 
Irvine IRV 33.69 -117.73 122 SCAQMD2 
Livermore LVR 37.70 -121.90 109 BAAQMD3 
Los Angeles USC 34.02 -118.28 67 SCAQMD 
Lost Hills LHS 35.62 -119.69 80 NOAA/PSD 
Miramar MRM 32.90 -117.10 126 SDAPCD4 
Moreno Valley MRV 33.87 -117.22 452 SCAQMD 
Oakhurst OHT 37.38 -119.63 955 NOAA/PSD 
Ontario ONT 34.06 -117.58 280 SCAQMD 
Pacoima WAP 34.26 -118.41 300 SCAQMD 
Sacramento SAC 38.30 -121.42 6 SMAQMD5 
San Nicolas Island SNS 33.28 -119.52 15 NOAA/PSD 
Simi Valley SIM 34.30 -118.80 283 VCAPCD6 
Tracy TCY 37.70 -121.40 60 SJVAPCD7 
Truckee TRK 39.32 -120.14 1796 NOAA/PSD 
Visalia VIS 36.31 -119.39 81 SJVAPCD7 
All locations except Truckee were equipped with a radio-acoustic 
sounding system (RASS).  
1NOAA Physical Sciences Division;  
2South Coast Air Quality Management District (AQMD);  
3Bay Area AQMD;  
4San Diego Air Pollution Control District (APCD);  
5Sacramento Metropolitan AQMD;  
6Ventura County APCD;  
7San Joaquin Valley APCD 
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