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Executive Summary

Tropospheric ozone (O3) and fine particulate matter (PM) adversely affect public health and are
relevant to climate. In California’s South Coast Air Basin (SCAB) and Central Valley the
concentrations of fine particulate matter (PM 2.5) and Os; frequently exceed health-based
standards. Both O3 and a major portion of PM 2.5 are secondary pollutants, i.e., formed in the
atmosphere as a result of atmospheric chemical transformations that adversely affect public
health, degrade visibility, form and deposit acids, toxics, and oxidants that damage crops and
ecosystems, and modify clouds.

California’s State Implementation Plan relies on predictions from atmospheric models that link
emissions of nitrogen oxides (NOy), volatile organic compounds (VOC), other gases and aerosols
to ambient concentrations of O3 and PM. 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 to test and evaluate these models. The study addressed issues of simultaneous
relevance 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 radiative effects. This project adds to objectives 1, 2, and 3.

Past field campaigns in California have provided mostly information about pollutant
concentrations inside the boundary layer. Little is known about pollution aloft, which can
strongly modify the chemistry of O3 and PM formation. This project has deployed the University
of Colorado Airborne Multi AXis DOAS instrument (CU AMAX-DOAS) during 52 research
flights over much of California to probe the horizontal and vertical distribution of nitrogen
dioxide (NO,), an O3 precursor and radical sink. For selected case studies we further demonstrate
innovative measurements of formaldehyde (HCHO), a carcinogen and a radical source, and
glyoxal (CHOCHO), an air toxic, indicator of the rate of VOC oxidation, and precursor for
secondary organic aerosol, SOA. These mobile column measurements help test and improve
atmospheric models, and ultimately make more robust tools available to manage air resources.

Key findings from this project include:

e The comprehensive mapping of horizontal distributions of NO, vertical column densities
(VCD, concentration integral over height below the aircraft) has provided over 18,000
NO, VCD measurements all over California. The mapping becomes possible with little
error from remote-sensing measurements above the boundary layer (section 3.1).

e The comprehensive NO, dataset generated by this project has been considered in the
construction of NOy emissions in the CARB 2010 emission inventory (EI). We compare
model predictions of NO, based on CARB 2010, and find agreement within 30% with
our NO, VCD observations (section 3.3, 3.4). While the overall NO, amounts agree
within 30%, there is a mismatch in the location where NOy emissions occur (section 3.3).
Detailed analysis of mapping NOy emission fluxes near Bakersfield shows that missing



NOx emissions in the inventory are compensated by larger background NOy emission
over the entire region in the Central Valley.

Our measurements provide vertical distributions of NO,. Near surface concentrations
agree well (within 10%) with ground-based CARB monitoring stations, and observations
at Supersites. NO, is found to be layered, and varies strongly up to altitudes of several
kilometers (sections 3.2, 3.6).

Comparison of our NO, VCD measurements with coincident VCDs measured by OMI
(NASA’s NO; product v2.1) showed very good agreement (within 5%), suggesting that
satellites can provide useful data to manage air resources over California during summer
months. However, we also conclude that uncertain assumptions about vertical
distributions and surface albedo lead to compensating errors in the satellite retrieval. The
good agreement found thus applies only over areas with high surface albedo, like SCAB
during summer, and does not necessarily extrapolate globally (section 3.2).

This project brought into existence tools to measure mobile HCHO and CHOCHO
VCDs. There had not been previous such measurements from aircraft. We demonstrate
the feasibility, and for selected case studies present first maps of HCHO, CHOCHO, and
the ratio of glyoxal to formaldehyde (Rgg = CHOCHO/HCHO VCD, section 3.5). Rgf is
a useful metric to distinguish anthropogenic vs biogenic VOC influences in an air mass.
We compare our HCHO and CHOCHO maps and profiles with predictions from different
atmospheric models (section 3.5, 3.6). The models consistently and significantly under
predict the abundance of both species compared to our observations. We also find
evidence that refining VOC speciation in the inventory leads to an improved agreement
in WRF-Chem predictions over Bakersfield. Vertical distributions show evidence for
missing sources in the boundary layer, and in the residual layer aloft (section 3.6).

In the South Coast Air Basin (SCAB) we observed lower Oz on a very hot weekend in
July. Oz chemistry appears to be on the verge of transitioning to the NOy limited regime
during very hot days. Further reductions in NOy in the future are likely to result in lower
O3 levels under such scenarios (see section 3.7). Spectra containing information about
HCHO and CHOCHO are in principle available for all 52 flights, and provide an
opportunity to further investigate the cause for the lower O3 on hot weekends.

We directly quantify O, production rates (Ox = Oz + NO,) using the divergence flux
approach for a case study flight near Bakersfield. The flux calculations are constrained
also by Doppler-wind, and ozone/aerosol lidar measurements on the aircraft. We find
higher Oy production rates over an area with active oil and natural gas production than
over / downwind of an urban area. The results raise concerns whether emissions from oil
and natural gas production are well represented in the emission inventory (section 3.3).
The dataset provides opportunities to test models for missing VOC precursors, oxidative
capacity, VOC speciation, uncertainties in VOC oxidation rates, with implications for
secondary (inorganic and organic) aerosol formation rates. Maps of HCHO/NO, VCD
ratios further assess directly the VOC/NOy limitation of Oz production (see section 6).

vi
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Abstract

The CU Airborne MAX-DOAS instrument was deployed in California aboard the NOAA Twin
Otter research aircraft during May 19-July 19, 2010. A total of 52 flights were carried out
covering the entire state but with a particular focus over South Coast Air Basin (SCAB) and the
Sacramento area. CU AMAX-DOAS measured horizontal and vertical distributions of nitrogen
dioxide (NOy), formaldehyde (HCHO) and glyoxal (CHOCHO) during the campaign. Other
instruments aboard the aircraft included NOAA TOPAZ lidar which measures vertical profiles of
ozone (O3) and aerosols, NCAS Doppler lidar which measures wind profiles, two radiometers to
measure surface albedo, a radiometer to measure surface temperature, an in-situ O3 monitor and
temperature sensors.

The footprint of CU AMAX-DOAS measurements (~0.02 x 0.9 km?® while flying at 4 km AGL)
is similar to the spatial resolution of atmospheric model predictions (4 x 4 km?), and our
observations provide means to bridge between ground-based observations as part of
measurement networks, Supersites, and satellites to improve atmospheric models used to manage
air resources over California. Here, we start with an overview of the field deployment of the
NOAA Twin Otter and then present various analyses of the data. Our analyses highlight the
benefits of CU AMAX-DOAS observations for atmospheric model improvements, satellite
retrievals and co-benefit of column/profile measurements of NO,, OVOCs, Oz and wind
measurements aboard a research aircraft. We have further deployed two ground based MAX-
DOAS instruments at the CARB measurement station in Fontana Arrows, and at the Caltech
Supersite, and relocated one of the instruments for a period of time to the T1 site in Cool
downwind of Sacramento. We have used these ground-based column observations to evaluate
the uncertainty of mobile NO, VCD measurements from the aircraft during frequent overpasses
with the aircraft. The agreement is found to be excellent (<7% error), and shows the data is
useful to evaluate NOy emissions with high accuracy. Our further analysis of the NO, emissions
from urban areas shows excellent agreement with the CARB 2010 emission inventory (within
30%). NOx emission flux calculations over Bakersfield area also gave similar agreement.
However, emissions from oil and gas operations were found to be missing in the emission
inventory. These emissions also lead to significant Oz production in the Bakersfield area.

We also present the assessment of the NASA OMI satellite NO, data over California during
summer months. We show that uncertain vertical distributions and high surface albedo lead to
compensating uncertainty in the NASA OMI satellite NO; product, which provides useful data
over California during summer months to test atmospheric models over large spatial scale. We
present new evidence that supports Oz formation chemistry being near the peak or on verge of
transitioning to NOy limited conditions in the SCAB. Finally, we present case studies for HCHO
and CHOCHO distributions in the SCAB and show that current atmospheric models significantly
under predict these oxygenated VOCs (OVOC) with implications for O3 as well as secondary
(inorganic and organic) aerosol formation.
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1. Introduction

Air pollution is one of the major problems in most urban areas around the world. It adversely
affects human health as well as has environmental concerns such as causing acid rain, degrading
visibility and damaging vegetation and materials. With half of the world population now living
in urban areas, more people in the world are directly affected by air pollution today than at any
time in the past. Further long-range transport of pollutants can affect areas far away from
sources.

Human activities emit large number of chemical compounds into the atmosphere and are the
main source for air pollution. Emission of nitrogen oxides (NOy) and volatile organic compounds
(VOCs) are particularly important because of their ability to form tropospheric ozone (O3). NOy
and VOCs can react in the presence of sunlight to produce tropospheric ozone. NOy also form
nitrate aerosols which is one of the major component of particulate matter (PM). NOy, O3 and
PM are recognized by the U.S. Environmental Protection Agency (EPA) as criteria pollutants
due to their health and environmental concerns. These criteria pollutants are regulated by air
quality regulating agencies throughout the world by setting health based standards. The National
Ambient Air Quality Standard (NAAQS) set by U.S. EPA are 75 ppb for O3 (8 hour maximum),
53 ppb for NO, (annual mean) and 12 ug/m® and 15 ug/m?® for primary and secondary PM,s
respectively (annual mean). Further Oz and PM are relevant for climate discussions.

Ozone formation is a nonlinear process and is a function of NOy and VOCs. Hence, reductions in
the precursors can increase, decrease or leave the Oz levels unchanged. The photochemical O3
formation process has been extensively studied (e.g. Finlayson-Pitts and Pitts Jr, 2000, Seinfeld
and Pandis, 2006). The only known reactions for Oz formation in the troposphere is given by
reactions R1-R3. Photolysis of NO, produces O(’P) radical which rapidly combines with O,
molecule to form O3 (R1 and R2). Ozone is then rapidly consumed in the subsequent reaction
with NO to regenerate NO; (R3).

NO, + hv — NO + O(P) (280 < A < 430 nm) (R1)
OCP)+0,+M — O3+ M (R2)
NO + O3 — NO;, + O, (R3)

The null O4-NOx cycle represented by reactions R1-R3 establishes a steady-state Os
concentration and does not lead to net formation or loss of O3. Net ozone formation occurs when
VOCs are considered. When a generic VOC molecule is oxidized by OH radical in the HOx
cycle (reaction R4-R6) to form RO,, then HO, and subsequently regenerate OH, two NO
molecules are oxidized to NO,. The NO, molecules then yield O3 via reaction R2 after
undergoing photolysis (R1). Because in the presence of VOCs, NO molecules are oxidized to
NO, via reactions R5 and R6 rather than via consumption of O3 (R3), net photochemical O3
production occurs.



RH + OH + 0, — RO; + Hy0 (R4)
RO, + NO + O, — NO, + R’CHO + HO, (R5)
HO,; + NO — NO;, + OH (R6)

NO; reacts readily with OH to form nitric acid (R7). This is one of the loss processes for NO; in
the atmosphere. Though it is usually not a dominant loss process for NO,, it is sufficiently fast to
form significant HNOjz during the day in polluted regions with relatively high NO;
concentrations. HNOj3 can then react with ammonia to form ammonium nitrate particles (R8).
The ammonium nitrate can exist as a solid particle or in solution and is in equilibrium.

NO, + OH — HNO; (R7)
NH3z; + HNO; — NH4NO3 (R8)
NH4NO;z; —NH,"(aq) + NO* (aq) (R9)

Despite decades of pollution control measures, tropospheric O3 along with particulate matter has
remained a problem in many urban areas in California in particular the South Coast Air Basin
(SCAB) and San Joaquin valley. Both NO, and VOC levels in SCAB and California in general
have gradually decreased over the last few decades and continue to decrease (Russell et al., 2010,
Russell et al., 2012, Warneke et al., 2012, Pollack et al., 2013). However improvement in Oz has
slowed down in recent years and Os levels continue to exceed the air quality standards (Ryerson
et al., 2013). Nitrates continue to form a large fraction of PM mass in California. More than 20%
of PM; mass was found to be nitrates at the CalNex ground site in Pasadena, CA in summer
2010 (Hayes et al., 2013).

The CU AMAX-DOAS instrument was deployed aboard the NOAA Twin Otter during the
CalNex campaign to probe horizontal and vertical distributions of ozone precursor molecule
nitrogen dioxide (NO,), formaldehyde (HCHO), which is a radical source and possibly measure
the secondary organic aerosol (SOA) precursor gas glyoxal (CHOCHO) in California. The
overall objective of the deployment was make the map of spatial distributions of these gases
available to provide better opportunity and ability to test atmospheric models for the purpose of
making improved models available for air resources management. The main elements of our
project can be summarized as follows:

e To upgrade the CU AMAX-DOAS telescope pylon to add vertical profiling capability
and deploy the modified instrument aboard the NOAA Twin Otter as part of the field
campaign.

e To make maps of horizontal and vertical distribution of NO,, HCHO and possibly
CHOCHO available to test atmospheric models.



e To explore synergies between CU AMAX-DOAS, NOAA TOPAZ lidar and other
instruments aboard the aircraft as well as integrate data from ground based super sites,
satellites and atmospheric models.

e Toreport to CARB on our findings and publish scientific journal article.

This report is organized as follows: In Section 2 of this report we describe the field deployment
of the CU AMAX-DOAS instrument. The key findings from this project are summarized in
Section 3 of the report including three manuscripts that have been published in peer reviewed
journal publications. Section 3 also presents findings from ongoing analyses. The publications
and presentations originated from this project are listed in section 4. In section 5, we present the
report summary and conclusions.



2. Field deployment

The CalNex (Ryerson et al., 2013) and CARES (Zaveri et al., 2012) field campaigns took place
during summer 2010 in the Los Angeles Basin (LA Basin) and Sacramento Valley respectively.
Fifty-two NOAA Twin Otter aircraft research flights, totaling 207 hours, took place between
May 19 and July 19, 2010 as part of the two field intensives. Of these, 34 flights were based in
Ontario, California as part of CalNex program (Fig. 2.1b), and 15 were based in Sacramento,
California in coordination with the DOE CARES program (Fig. 2.1c) and three were transit
flight to and from California. Table 2.1 lists and provides a brief description of all the NOAA
Twin Otter flights during the two campaigns. These flights were supported by the California Air
Resources Bureau (CARB) and the NOAA Air Quality Program. The NOAA Twin Otter aircraft
provided an airborne remote—sensing capability and was equipped with the TOPAZ differential
absorption lidar (DIAL) to measure vertically—resolved O3 and aerosol backscatter nadir profiles
(Alvarez Il et al., 2011, Langford et al., 2011), a scanning Doppler lidar to 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 (NO), formaldehyde (HCHO), glyoxal (CHOCHO), and
nitrous acid (HONO) (Volkamer et al., 2009, Baidar et al., 2013). The NOAA Twin Otter also
carried an in situ Oz sensor, a radiometer to measure surface temperature, and upward and
downward irradiance sensors to retrieve surface albedo at 360, 479, 630, and 868 nm. Details
about the instrumentation on the NOAA Twin Otter research aircraft is given in Table 2.2.
Further details on the instrumentation can be found in Section 3. Its deployment and flight plans
were focused on providing data to better understand the emissions sources of NOy to the
atmosphere, the 3-dimensional distribution of Oz, NO,, HCHO, CHOCHO, and particulate
matter in different regions of California, and the key transport processes affecting the spatial and
temporal distributions of these pollutants. CU AMAX-DOAS NO, data from this deployment are
available at http://chem.colorado.edu/volkamergroup/ and preliminary Oz data 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 lasting ~4 hours during the two
campaigns. Maps with the overlaid Twin Otter flights are shown in Fig. 2.1. Morning flights
(between 9-14 PST) were dedicated to mapping horizontal distributions of trace gases and
obtaining high-resolution vertical profiles of trace gases and the aerosol extinction coefficient
from the surface to 4 km ASL at selected locations in the Los Angeles Basin, including a coastal
site, over the high desert, and in the Central and Sacramento Valleys. The morning observations
were primarily aimed at constraining the boundary conditions of atmospheric models,
characterizing pollutant concentrations aloft, and testing of satellite retrievals. During afternoon
flights (between 14-19 PST) 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, NO,, and aerosol into and out of the various air basins of California.
Example morning and afternoon flight plans in the LA Basin are shown in Fig. 2.2.
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Flight date in Description Coordination &
2010 Overflights
Wed. May 19 Second leg of the transit flight from Broomfield, CO to Ontario; Pasadena
pollution survey over LA Basin
Sun. May 23 O, distribution over Southern California associated with a stratospheric
intrusion
Tue. May 25 A Pollution survey over LA Basin Pasadena
Tue. May 25 B Pollution survey over LA Basin Pasadena
Sat. May 29 O3 distribution over LA Basin and Mojave Desert associated with a Pasadena
stratospheric intrusion
Sun. May 30 Day-into—night flight (6 PM—9:30 PM); pollutant distribution over LA NOAA P-3; Pasadena
Basin and LA Bight
Mon. May 31A Pollution survey over LA Basin Pasadena
Mon. May 31B Pollution survey over eastern LA Basin; Doppler lidar test
Tue. June 1 Outflow of pollution from LA Basin to Mojave Desert; NO, comparison Pasadena
with OMI satellite

Thu. June 3 A Dawn flight, Pollution survey over LA Basin Fontana Arrow
Thu. June 3B Pollution survey over LA Basin Pasadena
Fri. June 4 Pollution survey over LA Basin; transport to Mojave Desert and Pasadena

Imperial Valley
Sat. June 5 A Pollution survey over LA Basin Pasadena
Sat. June 5 B Pollution survey over LA Basin; transport to Mojave Desert and

Imperial Valley
Mon. June 7 A Pollution survey over LA Basin Pasadena
Mon. June 7 B Pollution survey over LA Basin; transport to Mojave Desert and Pasadena

Imperial Valley
Wed. June 9 Aborted transit flight to Sacramento
Tue. June 15 A First leg of transit flight from Ontario to Sacramento; pollution survey Bakersfield

over Bakersfield area; NO, comparison with OMI satellite
Tue. June 15 B Second leg of transit flight from Ontario to Sacramento; pollution
survey over San Joaquin Valley

Fri. June 18 A Pollution survey over Sacramento area and northern San Joaquin Valley WGC tower
Fri. June 18 B Pollution survey over San Joaquin Valley NOAA P-3; DOE G1;

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

Sun. June 27 A

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;
NO, comparison with OMI satellite
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
Pollution survey over Sacramento and east of Bay Area

NASA B200; Bakersfield

WGC tower

WGC tower
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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 5B

Tue. July 6

Mon. July 12
Wed. July 14

Thu. July 15 A
Thu. July 15B
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, east of Bay Area, and over Sierra
Nevada Foothills
Pollution survey over Sacramento and east of Bay Area
First leg of transit flight from Sacramento to Ontario; pollution survey
near Point Reyes, north and east of Bay Area
Second 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
First leg of the transit flight from Ontario to Broomfield, CO; pollution
transport from LA Basin to Mojave Desert and southern Nevada
Second leg of the transit flight from Ontario to Broomfield, CO; 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 Arrow

Table 2.1: NOAA Twin Otter flights during CalNex and CARES field campaigns.



Sample

Accuracy at

Precision at low

Measurement Technique interval high SIN (+10) SIN (+16) References
Differential
NO2 vertical Optical 15 .
column density Absorption 2-30s ~7% 1.5x1(c)m_r2‘nolec. B%(i?'re?]tgﬁ([)gg%;]nd
(VCD) Spectroscopy . '
(DOAS)
depends upon
HCHO and
CHOCHO VCD DOAS 2-30s gas and_
averaging time
NO2, HCHO and depends upon
. ascent/des .
CHOCHO vertical DOAS cent ~10% gas and Baidar et al.[2013]
profiles averaging time
Aerosol extinction ascent/des
profiles (360, 477 DOAS cent ~5% ~0.01-0.03 km™ Baidar et al.[2013]
nm)
4-channel UV
Surface Albedo and vis 30s ~5% Oetjen et al.[2013]
irradiance
Differential 5-10% (up to 0 0 Alvarez et al.[2011]
O3 profiles absorption lidar 10s 30% for low <?o/r0 I((;JVF\)/ ?le)A and Langford et
(DIAL) SNR) al.[2011]
Aerosol .
backscatter DIAL 10s ~10% <30% pavee Z‘t"a[lz?loggg‘]”d
profiles (300 nm) '
. _ _ Davis et al. [2000] and
BL Height DIAL 10s 50 m 50 m White et al, [1999]
Line of sight wind
speed profiles (at Doppler lidar 2-6s 0.1 m/s upto 0.1 m/s Pearson et al. [2009]
4 azimuth angles)
Relative aerosol
backscatter Doppler lidar 1s uncalibrated uncalibrated Pearson et al. [2009]
profiles (1.6 pm)
UV light 0 0 www.twobtech.com/model_
03 absorption 10s 1 ppbv/10% 1 ppbv/ 2% 202 him
Temperature Thermistor 1s <02 K 02K WWW‘t"COHTégTé%Sf’sym"”k/'
Surface www.heitronics.com/fileadm
IR pyrometer 1s 0.06 K 05K in/content/Prospekte/KT1511
temperature

P_e V510.pdf

Table 2.2: NOAA Twin Otter measurements during CalNex and CARES field campaigns.
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Figure 2.1: (A) NOAA Twin Otter flights during CalNex and CARES field campaigns from May 19-July 19, 2010.
(B) Same as A showing details of flights over the South Coast Air Basin. (C) Same as A showing details of flights
over the Sacramento area. White arrows in (B) and (C) represent predominant wind flow during the day in summer
months. Predominant wind patterns are shown to illustrate corridors for pollution transport and how the flight
plans were designed to quantify this transport and are not true wind conditions for the measurement days.
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Figure 2.2: Examples of NOAA Twin Otter flight plans in the South Coast Air Basin during (SCAB) the CalNex
campaign: (A) Morning (9-14 PST) and (B) Afternoon (14-19 PST). Stars in (A) represent locations of vertical
profiles inside the SCAB shown in Section 3.6.
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3. Data Analysis and Results

3.1 The CU Airborne MAX-DOAS instrument: vertical profiling of aerosol extinction and
trace gases

Reproduced from: Baidar, S., H. Oetjen, S. Coburn, B. Dix, I. Ortega, R. Sinreich, and R. Volkamer (2013), The CU
Airborne MAX-DOAS instrument: vertical profiling of aerosol extinction and trace gases, Atmos. Meas. Tech., 6,
719-739. doi:10.5194/amt-6-719-2013

The University of Colorado Airborne Multi Axis Differential Optical Absorption Spectroscopy
(CU AMAX-DOAS) instrument uses solar stray light to detect and quantify multiple trace gases,
including nitrogen dioxide (NO,), glyoxal (CHOCHO), formaldehyde (HCHO), water vapor
(H20), nitrous acid (HONO), iodine monoxide (I0), bromine monoxide (BrO), and oxygen
dimers (O4) at multiple wavelengths (absorption bands at 360 nm, 477 nm, 577 nm, 632 nm)
simultaneously, in the open atmosphere. The instrument is unique, as it (1) features

zenith, and multiple elevation angles forward and below the plane by the same
spectrometer/detector system. Sets of solar stray light spectra collected from nadir to zenith scans
provide some vertical profile information within 2 km above and below the aircraft altitude, and
the vertical column density (VCD) below the aircraft is measured in nadir view. Maximum
information about vertical profiles is derived simultaneously for trace gas concentrations and
aerosol extinction coefficients over similar spatial scales and with a vertical resolution of
typically 250 m during aircraft ascent/descent.

The instrument is described, and data from flights over California during the CalNex and
CARES air quality field campaigns is presented. Horizontal distributions of NO, VCDs (below
the aircraft) maps are sampled with typically 1 km resolution, and show good agreement with
two ground based MAX-DOAS instruments (slope 0.95+0.09, R?=0.86). As a case study vertical
profiles of NO,, CHOCHO, HCHO, and H,O concentrations and aerosol extinction coefficients,
e 477 from O4 measurements from a low approach at Brackett airfield inside the
South Coast Air Basin (SCAB) is presented. These profiles contain ~12 degrees of freedom
(DOF) over a 3.5 km altitude range, an independent information approximately every 250 m.
The boundary layer NO, concentration, and the integral aerosol extinction over height (aerosol
optical depth, AOD) agrees well with nearby ground-based in-situ NO, measurement, and
AERONET station. The detection limits of NO,, CHOCHO, HCHO, H;044, €360 €477 for 30
seconds integration time spectra recorded forward of the plane are 5 ppt, 3 ppt, 100 ppt, 42 ppm,
0.004 km™, 0.002 km™ in the free troposphere (FT), and 30 ppt, 16 ppt, 540 ppt, 252 ppm, 0.012
km™, 0.006 km™ inside the boundary layer (BL), respectively. Mobile column observations of
trace gases and aerosols are complimentary to in-situ observations, and help bridge the spatial
scales probed by ground-based observations, satellites, and predicted by atmospheric models.

11
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Conclusions:

The University of Colorado Airborne MAX-DOAS instrument provides highly accurate
and selective measurements of multiple trace gases and aerosols simultaneously by
means of a single, portable instrument.

comparison with an independent inertia system. We demonstrated
the capability of the instrument to map horizontal and vertical distribution of trace gases.
The CU AMAX-DOAS instrument is validated by comparison with NO, VCDs measured
by ground-based MAX-DOAS. The agreement between the airborne and ground based
instrument was very good for coincident measurements (slope: 1.05).
Over southern California, where elevated surface albedo (~10% at 477 nm wavelength,
measured aboard the plane) compensates for reduced sensitivity due to aerosols, the
geometric approximation of Air Mass Factors is shown to be feasible with little error to
convert NO, SCD to VCD below the plane. We estimate the error in the NO, vertical
columns due 7%

high altitude flights over low surface albedo.
The available data set is of high quality to evaluate NO, emissions over California.
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Abstract. The University of Colorado Airborne Multi-Axis agreement with two ground-based MAX-DOAS instruments
Differential Optical Absorption Spectroscopy (CU AMAX- (slope =0.95 0.09,R?=0.86). As a case study vertical pro-
DOAS) instrument uses solar stray light to detect and quarfiles of NG, CHOCHO, HCHO, and $D concentrations

tify multiple trace gases, including nitrogen dioxide O and aerosol extinction coefficients, at 477 nm calculated
glyoxal (CHOCHO), formaldehyde (HCHO), water vapor from O4 measurements from a low approach at Brackett air
(H20), nitrous acid (HONO), iodine monoxide (10), bromine field inside the South Coast Air Basin (SCAB) are presented.
monoxide (BrO), and oxygen dimers4)Gat multiple wave-  These profiles contairy 12 degrees of freedom (DOF) over
lengths (absorption bands at 360, 477, 577, 632 nm) simuk 3.5 km altitude range, an independent information approxi-
taneously in the open atmosphere. The instrument is uniquaately every 250 m. The boundary layer Nsdncentration,

as it (1) features a motion compensation system that decoand the integral aerosol extinction over height (aerosol op-
ples the telescope field of view from aircraft movements intical depth, AOD) agrees well with nearby ground-based in
real time (<0.35 accuracy), and (2) includes measurementssitu NG measurement, and AERONET station. The detec
of solar stray light photons from nadir, zenith, and multipletion limits of NG, CHOCHO, HCHO, HO442, £360, 477 for
elevation angles forward and below the plane by the sam80 s integration time spectra recorded forward of the plane
spectrometer/detector system. Sets of solar stray light speare 5ppt, 3 ppt, 100 ppt, 42 ppm, 0.004#m0.002 knt?

tra collected from nadir to zenith scans provide some vertiin the free troposphere (FT), and 30 ppt, 16 ppt, 540 ppt,
cal profile information within 2 km above and below the air 252 ppm, 0.012 kmt, 0.006 knt! inside the boundary layer
craft altitude, and the vertical column density (VCD) below (BL), respectively. Mobile column observations of trace
the aircraft is measured in nadir view. Maximum informationgases and aerosols are complimentary to in situ observations,
about vertical profiles is derived simultaneously for trace gasnd help bridge the spatial scales that are probed by satel-
concentrations and aerosol extinction coefficients over simlites and ground-based observations, and predicted by atmo-
ilar spatial scales and with a vertical resolution of typically spheric models.

250 m during aircraft ascent/descent.

The instrument is described, and data from flights
over California during the CalNex (California Research
at the Nexus of Air Quality and Climate Change) andl Introduction
CARES (Carbonaceous Aerosols and Radiative Effects
Study) air quality field campaigns is presented. HorizonAirborne  Differential Optical Absorption Spectroscopy
tal distributions of N@ VCD (below the aircrafty maps (DOAS) measurements of different trace gases in the at-

are sampled with typically 1 km resolution, and show gooomosphere by solar_stray light started in_ late 1980s and has
come a long way since then. Early studies were focused on

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Fig. 1. Schematic of the AMAX-DOAS measurement principle. Individual EAs contain different amounts of information from different
layers in the atmosphere. The inset (green triangle) illustrates the geometric approximation used to convert nadir dSCDs to VCDs.

obtaining column integrals of stratospheric trace gases lika limb scanning airborne DOAS instrument was developed
nitrogen dioxide (NQ) (Wahner et al., 1990a), chlorine diox- at the Belgium Institute for Space Aeronomy (BIRA) to ob-
ide (OCIO) (Schiller et al., 1990), and bromine oxide (BrO)tain vertical distribution of trace gases like N@Merlaud et
(Wahner et al., 1990b) from zenith measurements. First real., 2011). Most airborne DOAS instruments use either a sin-
trievals of trace gas concentrations close to the aircraft altigle or multiple fixed LOS and a spectrum collected from the
tude were reported by Petritoli et al. (2002) for stratosphericame EA is used as the reference spectrum for DOAS anal-
ozone (@). These studies were followed by the applica-ysis. However, these instruments lack active control of the
tion of the AMAX-DOAS technique to obtain tropospheric viewing geometry of the telescope during the flight. Pitch
columns for NQ (Melamed et al., 2003; Heue et al., 2005; and roll information from the aircraft is used during post-
Wang et al., 2005) and sulfur dioxide (§@Wang et al., processing to calculate the true viewing angle at the time of
2006; Melamed et al., 2008) over polluted regions. These inmeasurement during the flight. This often leads to a range
struments used multiple telescopes, most notably zenith amaf EAs assigned to measurements, and results in a loss of
nadir, to collect scattered sunlight. Over the past few yearsensitivity to a given layer in the atmosphere compared to
building on the well-established limb observation techniquewhen the EAs are actively controlled in order to retrieve ver
(e.g., McElroy, 1988; Weidner et al., 2005 and referencesical profile information of trace gases. Active control of EAs
within) , the focus has shifted towards retrievals of verti-along with careful selection of EAs also allows for maxi-
cal distribution of trace gases from the aircraft using sevimization of the degrees of freedom (DOF).

eral limb viewing telescopes. Figure 1 shows the concep- Here we describe the CU AMAX-DOAS instrument, a
tual viewing geometry of the so-called Airborne Multi-Axis new and improved AMAX-DOAS instrument with capabili-
DOAS (AMAX-DOAS) technique. Individual elevation an- ties to motion stabilize and collect spectra from multiple axes
gles (EAs) contain different amounts of information from using a single telescope. The CU AMAX-DOAS instrument
different layers in the atmosphere and hence can be used i@as the capability to access zenith, nadir and limb viewing
infer vertical distributions of trace gases. Bruns et al. (2006yeometry by means of a single, rotatable prism telescope
first reported profiles of NQover the Po valley from an air  that is coupled to a motion compensation system. The mo-
borne MAX-DOAS instrument with four telescopes pointing tion compensation system includes angle sensors to measure
at fixed EAs. A boundary layer NCprofile was obtained pitch and roll angles of the aircraft, and a feedback loop to
by Dix et al. (2009) using multiple lines of sight (LOS) and correct the telescope position for pitch and roll angles in real
a descent of an aircraft. Prados-Roman et al. (2011) usedtne. This ensures a constant desired EA is maintained dur
the LOS parallel to the plane and the aircraft descent to rang spectra acquisition in flight. Isolation of the telescope
trieve vertical profiles of BrO in the Arctic. Most recently, from the aircraft movements enables us to systematically

Atmos. Meas. Tech., 6, 719-739, 2013 www.atmos-meas-tech.net/6/719/2013/
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probe the atmosphere with desired sets of EAs in order to re A g Telescon Pron™ webcam _zenith
trieve vertical profiles of trace gases and aerosol extinction € : ' ;
simultaneously, and with the highest possible information
content. The use of a single telescope to collect spectra fron
zenith and other EAs (nadir, and forward of the plane) further ‘
enables the zenith spectra to be used as the Fraunhofer re s
erence spectrum in the DOAS analysis. Zenith spectra usu
ally contain the least amount of tropospheric absorbers, ant
the ability to record zenith spectra close in time to other EA
spectra assures that absorbers above the plane are charact &
ized with minimum difference in radiation fields, and makes |
the instrument inherently more sensitive to absorbers nea ;|
and below the aircraft altitude (Volkamer et al., 2009a).
The CU AMAX-DOAS instrument was successfully de-
ployed from 19 May-19 July 2010 as part of two air quality

studies in California, namely the California Research at the ' 7 7 (B) Motion -
Nexus of Air Quality and Climate Change (CalNex) (see the (A) Telescope Compensation (<
overview paper by Ryerson et al., 2013) and the Carbona System

ceous Aerosols and Radiative Effects Study (CARES) (se€
the overview paper by Zaveri et al., 2012). A total of 52 re- | (F)Calibration == (E) Optical Fiber \== (D) Spectrometer

search flights were performed during this deployment and Lamp Switch Detector System
here we focus on results from one flight on 16 July 2010 T
to describe the technique and characterize instrument per 4{ (C) Electronics Box }7

formance. In Sect. 2 the CU AMAX-DOAS instrument is
described and the instrument configuration is introduced.
Section 3 describes the DOAS analysis procedures, radia
tive transfer model (RTM) calculations, and algorithms tOFig. 2.CU AMAX-DOAS instrument setup aboard the NOAA Twin
retrieve VCDs (vertical column densities) and vertical pro-gyer during the CalNex and CARES campaigns.

files of the trace gas concentrations and aerosol extinction.

Section 4 demonstrates the capability of the new instru-

ment. As a case study, vertical profiles of nitrogen dioxidey telescope pylon mounted outside of a window plate on a
(NO2), glyoxal (CHOCHO), formaldehyde (HCHO), water National Oceanic and Atmospheric Administration (NOAA)
vapor (H0) and aerosol extinction at 477 nm are retrievedTyin Otter remote sensing research aircraft. The collected
from a low approach at Brackett airfield in the South Coashhotons are transferred via optical fibers to two synchronized
Air Basin (SCAB). Finally, as a validation, CU AMAX-  spectrometer/detector systems that are housed inside-the air
DOAS NO; VCDs are compared with VCDs measured by craft fuselage. An optical fiber switch box is placed in be-
two ground-based MAX-DOAS instruments that were reg-yween the light sources (telescopes and Hg calibration lamp)
ularly overpassed during flights, the boundary layer,NO and the spectrometer/detector systems to select between dif-
concentration of the retrieved vertical profile is comparedigrent light sources at a given time. The Hg calibration lamp
to a ground-based in situ sensor concentration, and the intgs ysed to characterize the optical resolution of the spec-

gral aerosol extinction over height, i.e., aerosol optical depthrometer/detector system. The instrumental setup is shown
(AOD) is compared with data from an AERONET station. jn Fig. 2.

Appendix A shows the glossary of frequently used abbre-
viations in the paper. 2.1 Telescope system

| (G) Master Computer I‘

The telescope is designed for high light throughput and a
2 The CU AMAX-DOAS instrument very narrow vertical field of view (FOV, 0% 5.89). It

comprises a 1/2rotating prism, a 1/2lens tube with a 1/2
The CU-AMAX-DOAS instrument collects spectra of scat- f/4 lens and a stepper motor. All the telescope components
tered sunlight between 330 and 720 nm at different EAs. Thare housed in a telescope pylon — an aluminum housing with
scattered sunlight spectra are analyzed for the presence gfiartz windows, which is mounted outside of a window plate
absorbers like Ng9 CHOCHO, HCHO, HO, HONO, IO, on a NOAA Twin Otter research aircraft. The rotating prism
BrO, Oy using the DOAS method (Platt and Stutz, 2008).is installed with © EA parallel to the aircraft heading and is
NO,, CHOCHO, HCHO, HO and Q data will exemplar  driven by a stepper motor with an internal encoder to rotate
ily be presented in this paper. The instrument consists ofertically. The prism is capable of making a complete®360
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rotation and hence allows characterization of the air massespectrometer) covers a wavelength range from 330-470 nm
above, below and in front of the aircraft using the same telewith a custom 1000 grooves/mm (250 nm blaze wavelength)
scope. Viewing directions behind the aircraft are not accesgrating. It is used to measure all other trace gases. The optical
sible due to the structural design of the pylon including theresolutions of the @and TG spectrometers were2.2 nm
placement of viewing ports. An additional telescope with a(~ 7.7 pixels) and~ 0.7 nm (~6.7 pixels), respectively, in-
fixed EA is therefore present in the pylon to reach some of théerred from the full width at half maximum (FWHM) of a
inaccessible viewing geometries of the rotating prism. Thigepresentative Hg line. The CCDs are cooled30°C to re-
telescope was rarely used during the CalNex and CARES8uce dark current. The temperatures of the spectrometers are
campaigns, and data from this telescope are not presentedantively controlled with heaters, while the instrument rack
this paper. The viewing ports on the pylon are heated to prdsox temperature is actively cooled using peltier cooling units
vent formation of ice at higher altitudes. The pylon also in-assuring a constant temperature over a range of varying am-
cludes two webcams: a downward and a forward looking onehient temperatures. Please refer to Coburn et al. (2011) for
to capture atmospheric conditions during the flight and to fil-additional information on temperature stability, data acquisi-
ter for clouds during post-processing of data. The light coltion and electronic and dark current correction for a compa-
lected by the rotatable prism is focused via a lens tube ontable instrument. To suppress spectrometer stray light from
a 12-m-long fiber bundle consisting of ¥245 um fibers. longer wavelength (above 470 nm) and to gain maximum in-
The fiber bundle is configured into two rows of 36 fibers attensities in our regions of interest, i.e., between 330-470 nm,
the telescope end and a circular arrangement at the other. Thethe TG spectrometer, two filters — a BG3 and a BG38 —
end of the fiber bundle away from the telescope is connectedere placed immediately after the shutter.
to a custom-made optical fiber switch box.

2.4 Motion compensation system

2.2 Optical fiber switch box . . ) )
The motion compensation system is used to correct the view-

The optical fiber switch box is used to select between difiNg geometry of the telescope for the aircraft pitch and roll
ferent incoming light sources. It consists of a translationafffécts during the flight. It consists of a PC104 computer con-

stage mounted to a stepper motor linear actuator. The fibefECted to the prism motor and two angle sensors, a Systron
from the telescopes and Hg calibration lamp are connecteonner Inertial MMQ-G, and an electronic inclinometer. The
to one end of the box. Hg spectra were taken before, aftd//MQ-G is @ small robust global positioning system (GPS)
and at regular intervals during flights to check the stability of 22Sed inertial navigation system (INS). It provides accurate
the spectrograph’s optical resolution. A 10-m-long 1.7-mm-3-D position, tlme,_ velocity, and attitude. It is pr_|mar|ly used
diameter silica monofiber, which is used as a mixing fiber tg® measure the pitch and roll angles of the aircraft for our
minimize polarization effects, is mounted on the translationafPPlication, and has an angle accuracy of 5 mrad2%).

stage opposite the incoming fibers from the light sources. Th&n€ information from the sensor is processed by custom Lab-

motor of the linear actuator drives the platform to place the!EW software into the coordinate system along the hori-

monofiber directly in front of the desired fiber with the in- ZON- It is then used to drive the stepper motor of the prism

coming light at a given time. The other end of the monofibef© & New position such that it corrects for.the aircraft's move-
is connected to a bifurcated fiber bundle £7245 pm) to ment and keeps the telescope at the desired EA. The software

deliver light to two spectrometers simultaneously. The bifur "2 capability for a 100 Hz loop rate, and was typically-oper

cated ends are aligned in a single row of 36 fibers to conne@€d &t 10 Hz. The stepper motor has a precision of bla1
to the spectrograph entrance slit. is limited by the resolution of the internal encoder {pt2

precisely read back the position of the motor. The MMQ-G,
inclinometer and the telescope prism are mounted on planes
parallel to the ground such that the EA of the telescope and

Two spectrometers and their respective detectors arthe pitch of the aircraft read zero simultaneously. The incli-
housed in a standard “9aluminum instrument rack nometeris used as a backup during flights for situations when

(19" x 22" x 10 1/2') with modifications to the bottom and the GPS signal required for the MMQ-G is lost. The theo-

top plates for added stability. The spectrometers are Princd€lical angle accuracy of the motion compensation system

ton Instrument Acton SP2150 Imaging Czerny-Turner speciS 0-35, considering the MMQ-G accuracy f0.29 (10)

trometers with PIXIS 400 back illuminated charge-coupled@nd motor internal encoder resolution of'0:Bhe system is

devices (CCDs) detectors. The first spectrometer (later reconfigured to reset the motor when it does not reach a given

ferred to as the £ spectrometer) is equipped with a position within a deS|_red tolerance Igvel by a fixed time in-

500 grooves/mm grating, blazed at 330 nm. It covers 350_Lerval. The same motion compensation system has _also been

720nm and is used to measure all four majar @b- integrated as part of another telescope pylon designed for

sorption bands at 360, 477, 577 and 630nm. The se@daptation of the CU AMAX-DOAS instrument aboard the
T NSF/NCAR GV HIAPER aircraft.

2.3 Spectrometer and detector system

ond spectrometer (later referred to as trace gas —
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1A - 1.0 (0.22, yellow line in Fig. 3a) of the MMQ-G pitch mea-
0.12 L 0.8 surement. This shows that the MMQ-G measures the air
7 craft pitch and roll angles with sufficient accuracy, which
0.08 — — 0.6 . . S : .
| are then being used for real-time pointing corrections. Fig-
0.04 8 ure 3b shows the difference in desired EA and the real-time
_ 0.2 EA read back from the motor internal encoder as a proba-
0.00 - Mome | g9 bility density for the same flight. The laf the Gaussian fit
0.8 - ' : - 1.0 4 to the histogram (0.22 is smaller than the resolution of the
o 0.6 B " i 0.8 § motor internal encoder confirming that the telescope position
% : | o5 B was corrected for the aircraft movements within our ability
5 0.4 . : o4 s to read back the motor position. The width of the histograms
E a7 i : - (Fig. 3b and c) is chosen based on the resolution of the motor
: o | N=s72 [ 022 internal encoder, i.e., .2
0.0 N 0.0 <= A similar plot from a research flight (4h) on
0.4 — ' 16 July 2010 aboard the NOAA Twin Otter is shown in
35~ & i Fig. 3c and the 1wf the Gaussian fit is ®2This slightly
’ X larger distribution is within the resolution of the motor inter
0.2 . nal encoder. The fact that the for both platforms is less
g . than or equal to the ability with which we can accurately
: read the position of the motor demonstrates that this motion
o.o—m e 0.0 compensation is suitable for a wide range of moving plat-
1.0 A 0£ngle 1.0 forms. Since the precision of the stepper motor is°0.@i

order of magnitude better than resolution of the motor-inter

Fig. 3. (A) Distribution of difference in pitch angle of the aircraft nal encoder, it is very likely that the difference between the
measured at real time by the MMQ-G angle sensor of the cureal-time and desired EA is smaller than what is being read
AMAX-DOAS and aircraft avionics system of NSF/INCAR GV HI- back from the internal encoder, and the overall angle accu-
APER aircraft during a research flight on 24 February 2012. 1sracy (1o) of the motion compensation system is better than
angle accuracy (0.29 of the MMQ-G sensor is shown in yellow (.35, The offset of 0.17for the Gaussian fit in Fig. 3c is

bution of fe'e"atrilon ?)”9'9 acc“,racydoffl,thhe cu ASM/AXC'DOAGS tele- angle sensor and the motor, but is smaller than the accuracy
scopeg(B) from the above-mentioned flight on NSF/NCAR GV HI- of the angle sensor.

APER flight and(C) during RF#46 aboard NOAA Twin Otter on The tolerance level (brown dashed lines in Fig. 3b and c)

16 July 2010. 1dfor the Gaussian fits (black lines) are 0.5Had b hich th f .
0.2° for instrument aboard HIAPER and Twin Otter aircraft, respec-a Ove which the MOLor periorms an alfiomatic reset was Set

tively, and are within the resolution of the motor internal encodert® 0-7 (20 theoretical accuracy) for the campaigns described
(0.2°), shown in blue dotted lines. Brown dashed lines represent thBere. The statistical distribution of the EA difference indi-

motor tolerance level (0°F set in the software before an automatic cates that the desired position of the motor was achieved after
reset of the motor position takes place. The red lines represent thhe reset.
cumulative densities.

2.6 Field deployment and operation during CalNex and

CARES

2.5 Performance of the motion compensation system

The CU AMAX-DOAS instrument was deployed aboard the
Figure 3 shows the performance of the system during reNOAA Twin Otter remote sensing research aircraft during
search flights aboard the GV HIAPER and Twin Otter air the CalNex and CARES field campaigns from 19 May—
crafts. GV HIAPER flights provide an excellent opportu- 19 July 2010 in California after test flights in 2008 and 2009.
nity to test the system as the aircraft pitch and roll an-The pylon was modified significantly after 2009. The air
gles measured by the aircraft avionics system during theraft is an unpressurized twin-engine turboprop with an al-
flight are recorded, while avionics data for the Twin Ot-titude ceiling of~ 4 kma.s.l. (above sea level) without sup-
ter flights are not available. The histogram of differencesgplemental cabin oxygen. It has a normal cruising speed of
in aircraft pitch angle recorded at 1Hz frequency mea—~65ms? and ascent rate of 10mst, making it par
sured by NSF/NCAR GV HIAPER aircraft avionics and ticularly suitable for surveying vertical and horizontal dis-
our MMQ-G recording during a research flight §h) on  tributions of trace gases in a polluted urban environment.
24 February 2012 is plotted as a probability density functiorDuring CalNex, the NOAA Twin Otter aircraft was stationed
in Fig. 3a. A Gaussian fit (black line) to the histogram hasat Ontario, CA, and joined the CARES campaign from 16—
a lo deviation of 0.15, which is less than the laccuracy 29 June 2010 at Sacramento, CA. The plane was equipped
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with a suite of remote sensing instruments: the UniversityTable 1. List of trace gas references used for DOAS analysis.
of Colorado deployed the (1) CU AMAX-DOAS instrument

and (2) two 4-channel radiometers (zenith and nadir viewing)  No. Molecule Reference

to measure surface. albgdq (SA); further, NOAA/ESRL/CSD 1 NOy (220 K) Vandaele et al. (1998)

d_eployed (3) a nadir-pointing _TOPAZ (Tunable Ozone Pro-  , NO, (294 K) Vandaele et al. (1998)

filer for Aerosol and oZone) lidar (Alvarez Il et al., 2011), 3 O3 (223K) Bogumil et al. (2003)

which measures vertical distribution of ozong)Gnd the 4 O3 (243K) Bogumil et al. (2003)

(4) University of Leeds HALO Doppler lidar (Pearson et al., 5 04 (298 K) Hermans (2002)

2009), which measures 3-D wind fields, as well as (5) a nadir 6 CHOCHO (298 K) \olkamer et al. (2005)

pointing infrared pyrometer and (6) an in sitg 1@onitor. 7 HCHO (298 K) Meller and Moortgat (2000)
The purposes of the CU AMAX-DOAS deployment were 8  HxO Rothman et al. (2005)

the following: to measure horizontal and vertical distribu- 9  ©4 Greenblatt et al. (1990)

tions of N@, HCHO, CHOHO and aerosol extinction over
California — particularly over the SCAB — to character
ize boundary conditions for comparison with atmospheric3 Data analysis
models, and to probe for pollutant concentrations above the
boundary layer (BL). N@ HCHO and CHOCHO play im- 3.1 DOAS analysis
portant roles in atmospheric chemistry and strongly influence
air quality. NQ is a precursor molecule for tropospherig O The measured spectra were analyzed fopr, NCHOCHO,
formation. Oxidation of nitrogen oxides (N© NO+ NOy) HCHO, H,O and Q using the DOAS method (Platt and
in the atmosphere results in the formation of nitric acid andstutz, 2008) implemented by the WinDOAS software (Fayt
aerosol nitrates, causing acid deposition and visibility degraand Van Roozendael, 2001). In DOAS, measured spectra are
dation. HCHO is the most abundant volatile organic com-analyzed against a Fraunhofer reference spectrum, and ab-
pound (VOC) and produces K@adicals upon photolysis — sorption cross sections of different absorbers in the atmo-
a major oxidizer in the atmosphere, which sustains photosphere are fitted simultaneously in a selected wavelength
chemical production of ©and secondary organic aerosols interval applying a nonlinear least-square fitting routine. A
(SOA) (Griffin et al., 2004; Volkamer et al., 2010). CHO- low-order polynomial to account for scattering processes and
CHO also forms HQradicals upon photolysis and is a di- broadband absorption in the atmosphere as well as broadband
rect precursor for SOA. Studies conducted in Mexico Cityinstrumental features, a Ring reference spectrum to account
have suggested that CHOCHO could be responsible for 10fer the “filling-in” of Fraunhofer lines due to rotational Ra-
15% of SOA formation in Mexico City (Volkamer et al., man scattering (Grainger and Ring, 1962), and an additional
2007). Aerosols directly affect human health and have beeimtensity offset to account for instrumental stray light were
linked to increases in morbidity and mortality (Pope Il et also included in the fitting procedure. The Ring spectrum is
al., 2009). A total of 52 research flights, each lasting up taalculated from the Fraunhofer reference (Bussemer, 1993).
~ 4 h, were carried out over the two month period (206 flightThe Twin Otter aircraft being an unpressurized aircraft, the
hours). Flight plans were developed with the scientific ob{ressure in the cabin changed from 1010-665 mbar over a
jectives of mapping out horizontal and vertical distribution 3.5km altitude range for typical flights (e.g., see Fig. 7). The
as well as characterizing transport of pollutants and validachange in the refractive index as well as any pressure dif-
tion of satellite retrievals. As this was the first deploymentferentials that could give rise to a wavelength shift equally
of this specific instrument pylon, different integration times affect the Fraunhofer lines and Earth atmospheric absorbers,
and EA sequences were explored as well as the LabVIEVENnd are accounted for by including a linear shift of the mea-
acquisition software was updated during the early portion ourement spectrum during analysis. The observed shifts are
the campaign for optimization. Spectra were collected with 21p to 0.18 nm for the TG spectrometer between the spectra
seconds integration time during the second half of the cantaken at the highest and the lowest altitude. A high-altitude
paign, and all the data presented in this paper are 2s data 4 km) zenith spectrum from a clean, cloud-free region of
unless otherwise noted. The most commonly used EA sehe same flight was included for the analysis of the individual
quence included EAs 9@zenith), 20, 10, 5°, 2°, 0°, —2°, flight data. The choice of the zenith spectrum as Fraunhofer
—5°, -1, —20° and—9C (nadir) with @ correspondingto reference spectrum minimizes the amount of tropospheric
a view parallel to the horizon. The FOV of the telescope atbsorbers in the reference spectrum, allowing for the detec-
nadir viewing geometry gives a footprint-of0.55 km while  tion of trace gases more sensitively. Since measured spec-
flying at 4 km altitude. Typically, nadir spectra were recordedtra are analyzed with respect to a reference spectrum, the
every 12-15s, corresponding to a horizontal resolution ofjuantity retrieved from the DOAS analysis is a differential
~ 1km. slant column density (dSCD), which is the integrated dif-
ference in concentration of the absorber along the light path
length with respect to the reference. The trace gas absorption
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Fig. 4.Spectral proofs for the detection(@) CHOCHO,(B) HCHO, (C) O4 at 360 nm(D) NO», (E) H>0 and(F) O4 at 477 nm. CHOCHO
and NG fits are from 14 July 2010 at 22:08 UTC (SZA42°) at~ 150 ma.g.l. HCHO and $0O fits are from 16 July 2010 at 20:19 UTC
(SZA: ~24°) at~600m a.g.l. @ fits are from the same flight at 20:11 UTC (S2A23°) at~ 3000 m a.g.l. The black lines represent the
measured spectra and red lines are fitted reference cross sections. Note thatdod Kpat 477 nm, the absorption is so strong that the
black lines are not visible. All the fits are férBA. The units for retrieved dSCDs for CHOCHO, HCHO, hénd B0 are molecules 113

and for Q are moleculescm™>

Table 2. Summary of DOAS analysis settings for different trace Table 3. Detection limits of CU AMAX-DOAS instrument in the
gases. 2 Rings (warm and cold) were fitted for HCHO retrievals, andlean free troposphere and the boundary layer in polluted urban con-
spectra collected for SZA ~ 65° were only analyzed and hence ditions like SCAB for different integration times. Detection limit
BrO was not included in the fit. was calculated as 1RMS detection limit for the aerosol scenario
presented in the Fig. 10.

Trace gas Wavelength Fitted absorber Polynomial

range order Trace gas Free troposphere  Boundary layer
(nm) (FT) (ppt) (BL) (ppt)
NO, 433-460 1,2,3,6,8,9 3 30s 2s 30s 2s
CHOCHO  433-460 1,2,3,6,8,9 3
HCHO 335-357 1,2, 3,4,5,7 3 NO2 5 30 30 120
Ho0 435-455 1,2,4,5,6,8 3 CHOCHO 3 16 16 65
Oy 350386 12345 3 HCHO 98 290 540 1355
o 440—490 1,2,4,5,8 5 H20442nm(ppm) 42 210 252 760
ca7mm(km™1)  0.002 0.002 0.006 0.006
ezgonm(km™1)  0.004 0.004 0.012 0.012

cross sections and other analysis settings for the retrievals of
the different trace gases are listed in Tables 1 and 2, respetrieval to account for the temperature dependence of rota-
tively. Examples for spectral fits of NOCHOCHO, HCHO, tional Raman scattering, which leads to the so-called “filling-
04, and BO from the data measured during CalNex andin” of the Fraunhofer lines (Ring effect). The inclusion of
CARES campaigns are shown in Fig. 4. Detection limit fora second Ring cross section in the HCHO retrieval (1) im-
CU AMAX-DOAS instrument in the clean free troposphere proved the HCHO fit, (2) minimized fitting residuals and
(FT) and polluted urban BL such as the SCAB for 30 and 2 ¢3) reduced scatter in the retrieved HCHO slant columns. A
integration time is listed in Table 3. It is roughly equivalent second Ring cross section was not needed to achieve compa-
to the 30DOAS fit error for typical clean FT (near Rayleigh rable results for other trace gases where the Ring structures
atmosphere) and polluted urban BL atmospheric conditionsre relatively smaller. A new HCHO reference cross section
(see Fig. 10b for aerosol extinction profile). Note that detechas recently been reported by Chance and Orphal (2011). We
tion limit highly depends upon the atmospheric conditionscompared the dSCDs retrieved with new cross section to the
during the time of measurement. one from Meller and Moortgat (2000) (used in this work) and
We included 2 Ring spectra (Bussemer, 1993), calculateébund the mean difference of 6010'“molecules cm?,
for two different temperatures (298 and 230 K), in HCHO which is well below the DOAS fit error for our retrieval. For
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a mean dSCD of 3.0 10 moleculescm? for 0° EA atall  of AMAX-DOAS data. Auxiliary input parameters used in
flight altitudes for the exemplary flight presented here, thehe radiative transfer program were either measured aboard
difference is only 2 %. the aircraft (i.e., SA), on the ground at the CalNex ground
We used the ©cross section by Greenblatt et al. (1990) site (Ryerson et al., 2013) (i.e., aerosol SSA), at the Cali-
for NO; and CHOCHO retrievals. Thes@ross section by  fornia Air Resources Board (CARB) (http://www.arb.ca.gov/
Hermans (2002) has some nonphysical structures in the baseemepage.htm) monitoring statiomsbased on values from
line around the weak fabsorption band at 446 nm, which previous studies for urban environments (i.e., g-parameter,
seems to affect Nand CHOCHO fits. The nonphysical- e.g., Dubovik et al., 2002).
ity of these structures has been verified by our laboratory
(Thalman and Volkamer, 2013). At the time of writing this 3.3 Geometric approximation for conversion of dSCDs
manuscript, these new,Qeference spectra were subject to VCDs

to ongoing measurements. Hence, for this particular wave- . L
length range, we prefer using Greenblatt et al. (1990). Under the geometric approximation, it is assumed that all the

The quantity retrieved from a DOAS analysis, the dscpPhotons get scattered only once very close to the ground or

is converted to tropospheric VCD (VGR) by using an air are reflected from the surface before entering the telescope
mass factor (AMF). An AMF is a light path enhancement inin nadir geometry. The geometric air mass factor (geoAMF)

the atmosphere for a particular viewing geometry relative tdS then only a function of the solar zenith angle (SZA) and is

vertical path through the atmosphere. The Wgis the in-  9Ven by
tegral absorber concentration per unit area in the troposphere. 1

dscb geoOAMF=1+ ——. (2)
VCDtrop = — (1) CoSs(SZA)

dAMF

dAMF (differential air mass factor) is usually calculated with ;Zeri;hiTﬂit; of the geomedric approximation is shown in

the help of a radiative transfer program to convert the mea
sured dSCD to a VCEp and is a difference in AMF between )
efgom a clean background area is used as reference spectrum.

the measured and the reference viewing geometry. It requ”d\ssuming this background zenith spectrum has no tropo
a priori knowledge of trace gas vertical concentrations an . > . i
b 9 9 spheric NQ, the nadir dSCDs can be considered as tropo

aerosol extinction coefficients along with other input param- ph i ol | densities (SCDs) f fiiah
eters such as pressure, temperature, surface albedo (SEX, eric slant column densities ( s) for most flights per

aerosol asymmetry parameigrand aerosol single scatter f.Lm(.Ed athlow SZA'. ﬁtshzigh Sgﬁ stratospheric_bldﬁon- d
ing albedo (SSA). N®concentrations, profile shapes and tribution changes wit and hence requires independent

aerosol scenarios are highly variable in the SCAB becausreemo_val'_FOr such flights (18 out of 52), strat_ospheriq NO
of the variable sources and hence could result in a significarq‘lonmbL_’t'On was corrected by f|tt|r_19 a po_lynom|al through E.i”
amount of error in radiative transfer calculations of AMFs.the zenith dS.CDS above 1.8 I_<m flight altitude and subtract_lng
Instead, we applied a simple geometric approximation for théhe pquqom|a! from the nadir measu_rements. Thg resultujg
nadir viewing geometry to convert dSCDs to VCDs. The ge_guantlty is defined as the tropospheric SCDs. This quantity
ometric approach, its validity and error associated with thig> then converted to VGRp (VCDirop = SChrop/ge0AMF),

approximation are further discussed in Sect. 3.3. and is d_e;fi_ned as \./CD be_low the a‘rcfaf?-
Sensitivity studies using the radiative transfer model

3.2 Radiative transfer modeling (RTM) McArtim were performed to estimate uncertainties
associated with the geometric approximation. A range of
Since the AMAX-DOAS measurements are carried out inconditions that could potentially occur during the time of
the open atmosphere using scattered sun light as the lighteasurements were explored for this study. A representa-
source, the solar radiative transfer during the time of meative sample of the results is summarized in Table 4, where
surement needs to be modeled to interpret the retrieved dathe relative error in the geoAMF assumption compared to
The radiative transfer program McArtim (Monte Carlo atmo- AMFs calculated using the RTM for different scenarios are
spheric radiative transfer inversion model) (Deutschmann especified. The results for most likely atmospheric state in the
al., 2011) used here is a fully spherical model and simulateSCAB (surface albedo, SA=0.1; single scattering albedo,
radiative transfer in the atmosphere in the UV/Vis/NIR specSSA =0.94; asymmetry parametgr=0.68; aerosol opti-
tral range using a Monte Carlo approach. In McArtim thecal depth, AOD =0.4; boundary layer height, BLH=1.0 km;
3-D atmosphere is simulated as a 1-D modeled atmospheidO, mixing ratio = 10 ppb) is also shown in Table 4; it is
divided into concentric spherical shells. The atmospheridased on ancillary measurements aboard the aircraft, CalNex
conditions during the time of measurement in each vertiground site at Pasadena and CARB ground monitoring sta-
cal layer are assumed to be horizontally and vertically hotions or climatology of urban aerosol. Thomson et al. (2012)
mogeneous. McArtim has the capability to simulate Jacoreported an average value for SSA of 0.92 at 532 nm during
bians of trace gases and aerosols needed for the interpretatithre entire CalNex campaign at Pasadena. They found SSA

In our DOAS analysis, a high-altitude zenith spectrum
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Table 4. Relative error of geometric approximation compared to AMF calculated for nadir viewing geometry at 455 nm using radiative
transfer program McArtim under different scenarios.

Altitude Solar Most Boundary layer NO> Surface albedo Single Aerosol optical
[km] zenith probable height [m] concentration (SA) scattering depth (AOD)
angle (SZA) conditiong [ppb] albedo (SSA)
500 1500 5 20 0.05 0.15 0.90 0.99 0.10 0.80
2 (low) 20 6.3 3.3 9.0 7.2 5.6 3.0 12.2 4.4 9.6 43 6.7
40 4.7 1.0 5.6 5.1 3.2 5.7 9.4 1.1 6.9 2.9 2.6
60 5.9 7.3 6.3 6.0 7.0 153 0.7 8.0 3.3 34 11.0
3.5 (high) 20 3.0 6.3 0.3 2.8 3.2 15.2 5.3 5.3 0.30 4.6 1.0
40 54 8.6 3.1 4.1 5.1 15.9 2.8 7.6 2.1 6.9 4.9
60 16.1 16.4 14.0 145 165 25.0 8.3 175 116 14.2 19.3

* Most probable atmospheric conditions in SCAB: surface albedo = 0.10, single scattering albedg pabd@eter = 0.68, aerosol optical depth =0.4, boundary layer height=1 km
and NGQ mixing ratio = 10.0 ppb.

values to be slightly higher during the day time, when our 60 - T : T

measurements were taken. AOD measured at the AERONET - : §§°k"‘et"°
. » m

station at Pasadena showed AOD values to be lower than 0.4 40 —A— 2km

at 440 nm for almost all of summer 2010, and the AOD of 0.4

likely represents an upper limit to provide a conservative

estimate of relative error. The value of asymmetry param-

eter ¢ is based on the climatology of urban aerosol (e.g.,

Dubovik et al., 2002) and agrees well with measurements

at the AERONET station at Pasadena (range for the entire

campaign: 0.63-0.80). AMFs calculated for this range of

values were within 3 % of AMF relative o= 0.68. It should

be noted that these quantities are wavelength dependent. The

largest source of error was found to be SA (see Table 4), I 1 !

which is constrained using the measurement aboard the air 0 20 40 60 80

craft. Notably, our SA measurements also provide means to SZA

filter data for conQItlonS where the error may exceed 10 0/°Fig. 5. (A) Relative error of geometric air mass factor (geoAMF)

The error from using the geoAMF compared to AMF calcu-compared to AMF for nadir geometry calculated using RTM,

lated for most likely atmospheric state in SCAB is plottedpcArtim for flight altitude of 3.5 km (green) and 2 km (blue) a.g.l.,

as a function of SZA in Fig. 5. Based on this a SZA cutofffor most likely atmospheric conditions in South Coast Air Basin

of 65° was used to constrain the error in the JN@rtical (SCAB). (B) AMF calculated using McArtim (green and blue) and

columns. With these filters the error in geoAMKig % for geoAMF (black). Most likely atmospheric state in SCAB: surface

most conditions (85 % of flight time with SZA65°), and  albedo=0.10, single scattering albedo =0®&fparameter =0.68,

slightly larger (error< 25 % in all cases) for SZA 65° or agrpsol optical depth = 0.4, boundary layer height=1km ang NO

during high-altitude flights over low SA. The error associated™ing ratio =10.0 ppb.

with the geoAMF is consistent with previous airborne DOAS

studies that used the geometric approximation. Melamed et

al. (2003) estimated the error in H@CD from the geo- 3.4 Aerosol extinction profile retrieval

metric approximation to be 20 % based on the discrepan-

cies between measured and modelgd\F. To the best of In the near-UV and visible wavelength range, under cloud

our knowledge, there have been no previous deployments dfee conditions, the change in photon path length compared

AMAX-DOAS with simultaneous SA measurements by in- to the Rayleigh atmosphere and hence the measured dSCDs

dependent sensors. The high SA value-d0 % at 477nm  of a trace gas depend mainly on the aerosol extinction profile.

is found widespread in the SCAB, and has the favorable effhus, if the vertical distribution of an absorber is well known,

fect of reducing errors from the geoAMF assumption due ta¢the dSCD measurements of such species can be exploited to

compensating effects in the radiative transfer calculations. infer aerosol properties. The collisional complex of oxygen
O, is one such species §Hninger et al., 2004; Wagner et al.,
2004; Wittrock et al., 2004; €mer et al., 2010). Thes@on-
centration varies with the pressure, temperature and square of
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the concentration of £ Hence, the dSCD measurements of 20 T
04 can be used to calculate the aerosol extinction profiles. O
dSCD measurements from ground-based and airborne MAX-
DOAS have previously been used for aerosol extinction pro- 15
file and AOD retrievals (@mer et al., 2010; Merlaud et al.,
2011 and references within). Aerosol inversion is a nonlin-
ear problem and hence requires an iterative method. We used
an iterative forward model approach to obtain the aerosol ex-
tinction profile. Under this approach a set of measurgd O
SCDs,y, is related to the aerosol extinction vertical profile, 5
x;, by forward model F such that

m

Altitude [km]
=
e e I e e o e o e o e e e

PRI BRI BT i S

_ ' 0 | L L | rrrsad).
y=F(xi, b) +e, 3) 0 1 2 3 4 5 0 20 40 60

43 2 -5,
0, SCD [x10 "'molec’ cm ] Relative Error (%)

==
o

whereb are forward model parameters that are not retrieved,

i represents the iteration index, ani$ the sum of measure-

ment and model error. Fof @A, i.e., parallel to the hori- Fig. 6. (A) Vertical profile of Q SCDs calculated forOEA at

zon, under cloud free conditions, the measurement is almo4# 7 nm using McArtim (US standard atmosphere with exponential

entirely sensitive to the altitude of measurement and nearlferosol extinction prgfile with exti_nction of_0.2 krhat the ground

all of the vertical information contained in the SCD comes‘z‘bnlﬂez)-ka?:efj‘;a;idh;'?gg;)n';zﬁg‘tﬁ;Z‘r)rro'rnogtﬁecgfe‘;ocrogﬁgt .

from that particular altitude. We exploit this property and re- , ) .

trieve the Fa)lerosol extinction profile Ey using g mF())dif?/ed oniorE™ The solid and dashed lines represent angles above and below
. . - . the horizon, respectively.

peeling algorithm using®CEA O4 SCD measurements. First

the extinction above the highest altitude is constrained us-

ing upward EA scans performed at that altitude. Then the

aerosol extinction values at the subsequent altitudes during.5 Trace gas vertical profile retrieval

the descent are determined iteratively using the set BRAO

O, SCD measurements at those altitudes. Aerosol extinctiod e trace gas vertical profile retrieval algorithm is based on

below the lowest aircraft altitude is obtained using down-the concept of optimal estimation (Rodgers, 2000). The use

ward EA scans performed at the lowest altitude. This pro9f this technique for profile retrieval from AMAX-DOAS

cess is repeated to account for any information p®CDs ~ Measurements has been descrilbed in de_tail before (e.g.,

for 0° EA at a given altitude from the,@olumn below the Bruns et al., 2004) and hence will only be introduced here

measurement altitude, until measured and modeje@aDs  briefly. A set of measurements, which in our case are trace

agree. The profile is then verified using other angles in th§as SCDs for different LOS can be related to a vertical distri-

EA scans during the descent/ascent. It should be noted thBgtion,x, by the forward moddt as shown in Eq. (3). Con-

this approach is feasible only due to the ability to maintairsidering that we use a high-altitude clean-environment zenith

the desired EAs within a narrow error bound also during defeéference spectrum, SCD of the reference spectrum is/can be

scent/ascent of the aircraft, as discussed in Sect. 2.5. considered to be negligible for tropospheric pollutants.

The relative error in @SCDs at different altitudes in the ~ Equation (3) can be rewritten in a linearized form as
atmosphere for different pointing uncertainties fof &8 is _K 4
illustrated in Fig. 6. An uncertainty of 1=t pointing accu- y=Rx+e )
racy, which can easily happen on an airborne platform, coulgyhere K defined asas;ﬂ is the weighting function ma-
result in 20-80 % ©SCD error above 10 km. Even though trix that expresses the sensitivity of measuremeto x.

the Gy concentration is very small above 10 km (around 10 %e used the maximum a posterior solution as described in
of the near surface at 10 km), the SCD atEA can still Rodgers (2000) to solve Eq. (4):

be measured with good signal-to-noise because of the much

longer photon path lengths in the less-dense air. Hence, tf}ez Xa+ (KTS—lK + Sa>7l KTs (y — Kxa) (5)

high sensitivity towards the pointing accuracy is the limit- ¢ ¢ ’

ing source of error. Considering a nonlinear relationship be\'/vherexa is the a priori profile an&, andS, are the a pri-

tween Q SCD and aerosol extinction, this could result in o orror and measurement error covariance matrices, respec-

even larger errors whensCG5CDs are used to retrieve the ey The a priori profile is used to constrain the above

aerosol extinction profile. This highlights the need for a mo-yagcribed problem as it is generally ill-pos&d.was con-

tion compensation system to maintain pointing accuracy ofy,cted using the square of the DOAS fit error as the diag-

the telescope. onal elements of the matrix, the nondiagonal elements were
set to 0. The apriori error covariance mat8y,was used as a
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tuning parameter, maximizing the information content while Table 5. Uncertainty in aerosol extinction coefficient due to uncer
avoiding spurious oscillations in retrieved profiles (Schofieldtainty in model input parameters.
etal., 2004). The nondiagonal elementSimatrix accounts

for correlation of trace gas values between different altitude Parameter Uncertainty  Uncertainty
layers and were included as the Gaussian function shown in In parameter  n extinction
Eq. (5) (Barret et al., 2002; Hendrick et al., 2004): coefficient
Surface albedo +0.05 <2%
(i Y ASymmey parameler <007 o 10%
j— i . (]
Sa) = i Say; exp (=N 2) ( > ) © Ter};lperatuyrep +5°C UF[I)J to 10%
Pointing accuracy +0.3% mostly in transition layer

wherez; andz; are the altitudes of thath and j-th lay-

ers respectively and is the half width at half maximum

(HWHM). The value of was set to half the width of ver these uncertainties are very small (Hendrick et al., 2006;

tical grid considered for inversion (Hendrick et al., 2004). Wagner et al., 2007). Thus, the total error in the retrieved
The solution given by Eq. (5) is a weighted mean of theprofile is given by

a priori profile and the information from the measurement.

This weight is given by the averaging kernel matrix A Stotal = Sm + & + Ss. (8)

A = (KT S, 'K + Sa)_l KTS; K. (7)  WhereSy is retrieval noise covarianc is forward model
parameter covariance, afdis smoothing error covariance

The retrieval at any layer is an average of the whole profilgnatrices. Since the a priori covariance magixs used as a

weighted by the row of the averaging kernel matrix corre-tuning parameter, the smoothing error is also not considered,

sponding to that layer. The averaging kernel matrix also conbut could be estimated from the averaging kernel matrix A.

tains information about the number of independent pieces of The error due to measurement noise is given by the re-

information retrieved, and an estimate of the vertical resolutrieval noise covariance

tion of the retrieved profile at a given level. The trace of the Y

averaging kernel matri\, gives the DOF, i.e., number of Sm = G" S,°G, )

independent pieces of information retrieved. The FWHM of

the main peak of an averaging kernel at any layer gives th¥ere

estimate of the vertical resolution of the retrieved profile at -1

that layer. For an ideal retrieval scenafids an identity ma- G = (KT SK + Sa) KTs;* (10)

trix, the DOF equals the number of retrieved profile layers,

and the averaging kernels peak at their corresponding altis the gain matrix and expresses the sensitivity of retrieved

tudes. In reality, the retrieved profile is a smoothed versiomrofile to measured SCDs.

of the true profile. Sensitivity studies were performed in order to estimate the
EA scans at flight altitude can be used to retrieve verticarror in the retrieved profiles due to uncertainties in forward

profiles (e.g., Bruns et al., 2004), but the sensitivity of sucimodel parameters including EA accuracy. For each forward

scans are limited to mostly 2 km above and below the plandnodel parameteb, we retrieved a new profile;, such that

Box AMF calculations for EAs%and 10 above and below

the horizon show that the sensitivity of these EAs falls belowy = F&x', b)), (11)

50 % of the peak value above and below 2 km of the air .. .

craft. Roscoe and Hill (2002) showed that vertical resolution’Vhered’ is the perturbation to the forward model parameter

can be improved by oversampling, provided that the randorf- . . .

error is degraded. Sensitivity can be improved by combining 1€ difference between retrieved profilesvith forward

/7 1 / H H
EA scan with aircraft ascent/descent. We exemplarily preserf'0d€! parameteb, andx’ with &', gives an estimate of the
vertical profiles from actively controlled EA scans during anforward model error caused by uncertainties in parardeter

aircraft descent at Brackett airfield in the Los Angeles Basin:rhe square of the differences constitutes the diagonal ele-

CA. ment of the corresponding forward model parameter covari-
ance matrix 8
3.6 Error analysis We studied the effects of uncertainties in SA, SSA, asym-

metry parameter, temperature, and EA on aerosol extinc-
Measurement noise, forward model parameter (e.g., SA) urtion coefficients at 477 nm. Results from the study are sum-
certainties and smoothing error due to finite resolution of thenarized in Table 5. The asymmetry parameter uncertainty
inversion grid contribute to the uncertainties in the retrieved g = 0.68+ 0.07) could result in as much as 10 % relative
profiles. The actual model error itself is neglected here asrror in extinction values. A 8C temperature uncertainty
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could also result in similar relative error as thedoncen- et al., 2010; Coburn et al., 2011) were deployed at the Cal-
tration in the atmosphere is temperature dependent (densityex ground site (Ryerson et al.,, 2013) in Pasadena, the
effect). We used temperature measured aboard the aircraft Epntana Arrows CARB monitoring network station and the
minimize this error. Angle accuracy uncertainty was foundCARES T1 (Zaveri et al., 2012) site in Cool, CA at various
to result in large extinction errors G:01 knT1) in the tran-  times of the campaign. MAX-DOAS operates on the same
sition layer at the top of the boundary layer and around eleprinciple as AMAX-DOAS. Spectra measured at off-axis an-
vated layers. It points to the possibility of uncertainty in al-gles were analyzed for NQusing a closest zenith reference
titude of aerosol layers in the extinction profile and resultsspectrum in time. The retrieved N@SCDs for 20 EA were
in a blurring effect (Kritten et al., 2010). Angle accuracy un-converted to VCDs using a dAMF calculated by McArtim.
certainties are often not considered for error estimates fofhis EA was chosen to minimize the effect of uncertainties in
vertical profiles from airborne DOAS measurements, but itmodel parameters — especially magnitude and shape of NO
could be the most important and largest source of error in thprofile and aerosols. Sensitivity studies were performed to
retrieved profiles, especially for transition layers. The errorestimate the error in calculated dAMF due to model param-
bars in the aerosol extinction profile (Fig. 10b) reflect uncer eter uncertainties and is estimated to be around 8 %. Consid-
tainty due to measurement error, and uncertainty in SA, ering~ 3 % dSCD retrieval error and 8 % dAMF error, we
parameter, SA and EA. estimate the overall error in MAX-DOAS VCDs to be around
Uncertainties in aerosol extinction coefficients and EA10 %. Further details about MAX-DOAS measurements dur
were only considered as a forward model parameter affecing the CalNex and CARES campaigns can be found4in Or
ing the retrieved trace gas profiles as other forward model pdega et al. (2013). MAX-DOAS instruments at Pasadena and
rameters (e.g., SA) have already been considered in aerodebntana Arrows were pointing in both east and west direc-
extinction coefficient retrieval. tions, while the one at the CARES T1 site was facing both
north and south. Those MAX-DOAS instruments are capa-
ble of making a full 180EA scan.

4 Results and discussion The NOAA Twin Otter was frequently routed over these
41 Nadir ob . ground sites. The correlation plot between the CU AMAX-
' adir observations DOAS and MAX-DOAS instruments is shown in Fig. 8.

Correlations showed sensitivity to filtering data by criteria
such as the distance of the plane and ground site, the rela-
As an example, a map of NO'CD distribution in the SCAB  tive azimuth angle between plane heading and ground view-
from RF#46 on 16 July 2010 (10:30-14:10 PDT) is shown in"g: and inhomogeneous air mass. The inhomogeneity of air
Fig. 7. The small footprint (& km along the flight track) of Mass was measured by MAX-DOAS, which observed dif-

the measurement allows us to clearly identify local hotspotéérences in6 N@ VCDs in zthe_ east and west view of up
and pollution sources. The N@nap in Fig. 7 reflects our to 2.5x 109 molecules cm?. Figure 7 gives an idea of the

understanding of the NGsources and its relatively short life NO2 VCD variability as mapped by CU AMAX-DOAS. Fil-
time (~4h). Clear N@ hotspots can be observed aroundte.”ng for data W|th|n.5 km radius of the .ground site, clouds
downtown Los Angeles and Ontario, along the major high{Via two webcams installed on the Zurcraft), 52'55;

way, State Route 210, and at intersections of major high@ircraft altitude <4 km, and<1.5x 10*°molecules cm?
ways. In contrast, very little NGis seen in the eastern part NOz VCD difference in east/west view of MAX-DOAS in-

of the basin, and over the High Desert to the northeast, whefdruments in SCAB, as well as coincident measurements
there are no significant local sources of,NThe footprintof ~ Within 10min of the aircraft overpass, resulted in & cor
CU AMAX-DOAS is comparable to air quality models, and relation with slape of 0.86 0.023, 52‘”d offset in VCD of
smaller than that of current solar stray light satellite observa=0-8£3.7x 10"*molecules cm? (R?=0.96) (grey dots in
tions, which also measure VCDs of trace gases; this makeg9: 8). The slope of the Imear_flt line is skewed by the
this data set an excellent opportunity to evaluate emissions ifiéasurements at CARES T1 site that are near or below
air quality models and validate satellite observations. A firsth® detection limit of both the instruments, but nevertheless
application of CU AMAX-DOAS to test NASA NOVCD still a very good agreement between the. two mstruments.
retrievals from the OMI/AURA satellite instrument is cur T Only measurements in SCAB are considered, and-filter

4.1.1 Horizontal distribution of NO »

rently under review (Oetjen et al., 2013). ing is further constrained (relative azimuth angle between
plane heading and ground viewirgt15°, and variability in
4.1.2 Validation of NO, vertical column NO, VCD for both instruments: 8 x 10> molecules cm?),

the slope increases to 048%.09, offset in VCD of
To validate the retrieval of our NO/CDs by CU AMAX- 2.5+ 1.4x 10®molecules cm? (R?=0.86) (Fig. 8). This
DOAS using the geometric approximation, we comparedsensitivity to filtering criteria reflects upon the inhomogene-
our observations with N©VCDs from ground-based MAX- ity of the SCAB air mass and also points to the validity
DOAS instruments. Two MAX-DOAS instruments (Sinreich

Atmos. Meas. Tech., 6, 719-739, 2013 www.atmos-meas-tech.net/6/719/2013/
24


www.atmos-meas-tech.net/6/719/2013

S. Baidar et al.: The CU Airborne MAX-DOAS instrument: vertical profiling of aerosol extinction 731

SN
72|
o |
S !
6 <
S
7 T 5 -
\ - x
= S D g .3,
602 \:\_,f'b Ontario Aifport® so,
’ p . . 1 3
' g \\ A 3\4‘A<zrenc?§v_aiue\l':‘>§ =% ¥ oudod %
. \ o (ol o s, 22
\ 53
10
3.
0N

— Flight Altitude [m]
— Ground Altitude [m]

—— Solar Zenith Angle 30

20

Altitude [m]
[.]1vzs

0

T T T T T T T T
10:30 AM 11:00 AM 11:30 AM 12:00 PM 12:30 PM 1:00 PM 1:30 PM 2:00 PM

7/16/2010 Time of the day [PDT]

Fig. 7. (A) Map showing horizontal distribution of NOVCDs below the aircraft derived from nadir measurements from RF#46 on

16 July 2010 (10:30-14:10 PDT — Pacific Daylight Time) in the SCAB. MAX-DOAS instruments deployment sites and the base airport
for the Twin Otter are shown as red targé®y.Time trace of flight altitude (blue), ground altitude (black) and SZA (green) from the same
flight.

of geometric approach under horizontally inhomogeneousegression between measured dSCD and calculated SCD for
conditions. airborne measurements above 5.5 km in the Arctic to-deter
mine SCDQef and the dSCD correction factor,

4.2 Limb observations
SCD= x dSCD+ SCDet. (12)

Vertical profiles of aerosol extinction coefficient and trace )
gas concentrations were retrieved for a low approach athe dSCD correction factor () has been used to scale mea-

Brackett airfield, CA during RF#46. The aircraft was fly- Sured @ dSCDs to bring inferences of aerosol extinction
ing at~ 3.1 kma.g.l. (above ground level), made a slow dednto agreement with other sensors, such as AERONET (e.g.,
scent to an altitude of 0.6 km a.g.l. at the airport, and then Clémer et al., 2010). It is an empirical observation that some
ascended again. The telescope was scanning a set of EN¥X-DOAS applications find measured;@SCDs to be too
(—90°, —5°, —2°, 0°, 2°, 5°, 9C°) during the low approach. large compared to modeled, @SCDs for a Rayleigh atmo-

A complete set of EAs was also measured at the highest afPhere. The nonphysicality of , different from unity, is a
titude just before the descent and at the lowest point beforéubject of ongoing debate in the DOAS community. For ex-

starting to ascend in order to characterize the air mass abo@@Ple; the value for the correction factor is different between
and below the aircraft. The descent portion of the low ap_dlfferent environments and research groups, wavelength, and

proach took~ 8 min. Low approach is a maneuver over an'anges from 0.75 to 0.89 (Wagner et al., 200@ng@r et al.,
airport in which the pilot intentionally does not make contact2010; Merlaud et al., 2011; Zieger et al., 2011). It has been

with the runway. speculated that the need for could be due to the tempera-
ture dependence of they@bsorption cross section (Wagner
4.2.1 Determination of O4 SCD in the reference et al., 2009; Clemer et al., 2010). Indeed, a temperature un-
spectrum certainty in the @absorption cross section has been reported

(Blickensdorfer and Ewing, 1969; Wagner et al., 2002 and
The scale height of £n the atmosphere is4 km and as our  references within).
measurements were usually performed below 4 km altitude, We employed the same approach as Merlaud et al. (2011)
it is important to quantify the 2SCD contained in the ref- to determine SCfg and . Temperature and pressure as
erence spectrum (SGJp in order to accurately retrieve the measured on the plane were used to prescribe the vertical
aerosol extinction profile. Merlaud et al. (2011) used a lineadistribution of Q in the model. Temperature and pressure
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_ _ Fig. 9. Correlation plot of modeled and measureg 8CDs at
Fig. 8. Correlation plot of NQ VCDs between CU AMAX-DOAS 477 nm for the case study shown in Fig. 10b. SCD of the zenith
and two MAX-DOAS instruments deployed in California during reference (% 10*2molecule€ cm—>) has been added to the mea-

the CalNex and CARES field campaigns. Grey dots represent alured Q dSCDs. Forward viewing geometry includés82°, +:5°
data from both CalNex and CARES campaigns (see text for filtergas.

ing conditions). Data from CalNex further constrained for relative
azimuth between plane heading and MAX-DOAS viewing geome-
try < +15° and NQ VCD variability < 8x x 101°moleculescm? O, SCDs at 477 nm for°0EA. The corresponding aerosol
are shown in red and blue. Black line is the linear fit through the colextinction profile is presented in Fig. 10b. The aerosol ex-
ored points. tinction profile in Fig. 10b indicates that most of the aerosols
are located inside the BL (up to 0.9 km, indicated by the
decrease in N@and aerosol) with a 500-m-thick elevated
profiles were extrapolated to the ground using the lapse ratayer at~ 2.5 km. The error contribution in retrieved extinc-
and scale height determined from the measurements, respeamn due to EA uncertainty of 0.3% shown in Fig. 10c, and
tively. The temperature was 36C and the pressure was it illustrates that pointing accuracy is needed especially to
966 mbar at the ground. Comparison of extrapolated temminimize error in transition layers and elevated layers.
perature and pressure values at the ground with measure-Integration of the extinction coefficient profile over al-
ments at the nearest CARB monitoring stations showed gootitude gives AOD - the total load of aerosols in the at-
agreement withiat2 °C andd-10 mbar, respectively. Profiles mosphere. AOD at 477 nm from the profile in Fig. 10b is
above the aircraft were extrapolated based on the mean tem:16+ 0.03 and agrees well with 0.180.02 at 500 nm mea-
perature and pressure profiles measured at Joshua Tree, Ghwred by the AERONET station located at Pasadena. The
The G profile was also constructed similarly and was mea-AOD values for the AERONET station reported here are
sured by the NOAA TOPAZ lidar aboard the plane. Based ornourly averages and standard deviations for the hour of the
the regression analysis shown in Fig. 9, between simulateldw approach. Pasadena is located 30 km west of the Brack-
and measured OSCDs at 477 nm for the low approach at ett airfield; the telescope was pointing towards the west dur
Brackett airfield during RF#46 (see more details below), wang our low approach, and measurements inherently aver
determine =0.92 0.01 for 477 nm. Hence, it is concluded age over spatial scales of typically few 10 km. Based on
that a scaling factor is not needed to explain our measurehe Koschmieder visibility formula for the visible wave-
ments. An Q reference SCD of 2 10*2moleculécm™  length region — visibility = 3.91/extinction coefficient (see
based on the regression has been added to the measueed., Horvath, 1971) — the visibility at 477 nm during the
dSCDs to convert them to SCDs. time of our measurement would be39 km. The excellent
agreement between the AOD calculated from our profiles and
AERONET station adds confidence to our retrieval approach
and accuracy of the retrieved profile. To our knowledge this
The aerosol extinction coefficient vertical distribution re- is the first demonstration of quantitative retrieval of aerosol
trieved at 477 nm is shown in Fig. 10b. The extinction profileextinction from Q dSCD observations that does not require
was retrieved by iteratively minimizing the residual betweena correction factor.
measured and simulated, SCDs; see Sect. 3.4. Figure 10a
illustrates the agreement between the measured and modeled

4.2.2 Aerosol extinction coefficient profiles
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Fig. 10. (A)Measured (green) and simulated (red) vertical profilesy3CDs for 0 EA at 477 nm from the low approach at Brackett airfield
during RF#46 on 16 July 2010 in SCAB. (B) Corresponding aerosol extinction vertical profile retrieved at 477 nm. (C) Error contribution in
extinction due to angle uncertainty 60.35. Note that the aircraft only flew down 10600 m a.g.l. during the low approach, and a set of
downward EAs at that altitude was used to probe the lower altitudes.

4.2.3 Trace gas vertical profiles a layer of enhanced aerosol is observed in the aerosol ex-
tinction profile (Fig. 10b). The coexistence of CHOCHO and

Figure 11 shows the retrieved NGCHOCHO, HCHO and aerosol aloft could indicate the in situ production of CHO-
H,O mixing ratio profiles from the same low approach.CHO from oxidation of VOCs that have been transported

The NG, CHOCHO, and HCHO vertical profiles have a along with the aerosols. Laboratory studies show consistent
very similar shape, with most of the trace gases Iocate&Y'dence of CHOCHO uptake by aerosols forms SOA (Lig-
inside the BL. This is not surprising since most of thedio et al., 2005; Volkamer et al., 2009b; Trainic et al., 2011).

sources for these gases are close to the surface. On tHé)wever, if this process is partly reversible, the collocation
other hand, the $O profile is almost linearly decreas- ©° CHOCHO and aerosol could also point to aerosols as a

ing with altitude. The retrieved NOprofile shows an av- SOUrce of CHOCHO aloft (Kroll et fal" 2005; Kampf et al.,
erage urban BL value of 14#21.3ppb (at the surface: 2013). It should be noted that while CHOCHO dSCDs at

1 ppb== 2.46x 101 molecules cm? at sea level, and 298 K the elevated layers are close to the detection limit for our

temperature). The hourly NOdata recorded at the near 2 s data, this detection limit can be improved by longer av-

est CARB monitoring station at Pomona, CA are 13 ppb.ehraging times. An Ie_:(ljeva(;ed Iayerr] 05 B als?_ot()jserved in &
Pomona station is located3 km south of the Brackett air the NOAA TOPAZ lidar data at the same altitude (C. Sentff,

field. Our retrieved N@ surface mixing ratio agrees well CIRES & NOAA, personal communication, 2012) and is in-

with the measurement at the ground station. The CHOCH@IUded n _the R.TM (_:rar:culanons for aer_o_sol ext.|n(.:t|o.r(11 an:
profile shows a BL value of 27428 ppt. It also exhibits trace gas inversion. The water vapor mixing ratio inside the

an elevated layer of CHOCHO with 33+ 8 ppt at around _BL_corresponds to a relative humidity, RH =23 %. C.O' .
2.5km (Fig. 11b). The lower error bars in the FT comparedmc'(_jent megsurements of RH at nearl_ay CARB r_nonlton_ng
to the BL is due to two reasons: (1) with both the referenctations varied from RH=23 % (Ontario InternationalAir

spectrum and the measured spectrum taken under very sirﬁﬁ)jtg to RH=34% (Uple}n(:, CdA.)'.Th?. gllgod agre_emen; of
ilar conditions, i.e., FT with lower aerosol load compared to emonstrates control of radiation fields in the inversion.

BL, the DOAS retrieval error is smaller in the FT comparedHCHO vertical profile was retrieved using aerosol extinction

to BL. (2) In our low approach, the aircraft only descendeoprOfiIe ingzgendently Ig_btaisnze_d uhsin§4 @?CD measure-
down to an altitude of~600ma.g.l. , and a set of down- ments at nm (see_ '9. In the Supp emer_1t).

ward EAs at that altitude was used to probe the lower alti- A 250 m altitude grid was chosen for the retrieval of trace
tudes. Hence, the measurement has relatively lower sensitiPaSes: This grid he'ght was chosen base_d on the FOV of the
ity below 600 m (see Fig. S1 in the Supplement). The ebselIelescope, rate of aircraft descent and time it took to com-

vation of 33 ppt CHOCHO in a layer aloft that is decoupledplete one EA scan cycle during the descent. The averaging
from the boundary layer coincides with the altitude Wherekernels for all the trace gases indicate a constant sensitivity
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Fig. 11.Retrieved vertical profiles and corresponding averaging kerngl8)f&tO-, (B) CHOCHO,(C) HCHO and(D) H»O from the low

approach at Brackett airfield. NOCHOCHO and HCHO profiles show most of the trace gases are located close to the source region inside
the BL. Averaging kernels indicate almost constant sensitivity for all trace gases over the entire altitude range. Grey shaded area represer
detection limit for each profile.

for the whole low approach except the lowest layer at the suascent and descent of the aircraft and provides the most in-

face. The DOF are 12.5, 11.5, 11.6, and 11.8 fos, @MIO-  dependent information. This has also been reported by Mer-

CHO, HCHO, and HO, respectively confirming the pres- laud et al. (2011). Bruns et al. (2004) performed theoreti-

ence of independent information approximately every 250 mcal sensitivity study regarding choice of EA for maximizing

The sensitivity of the retrieved profile to different a priori DOF while flying at a constant altitude. Based on the study

profiles was also tested, and the lowest layer inside the Bby Bruns et al. (2004) and our experiment, we recommend

was found to be the most susceptible (up to 20 %), which isaintaining 0 EA actively aligned during descent/ascent

the layer with the least measurement sensitivity. The loweand scanning only at the lowest and highest point during the

averaging kernels below 600 m are explained from the obascent/descent to maximize DOF.

serving geometry of the low approach (see above). While

this decrease in sensitivity for other EAs compared©°to 0

for a given atmospheric layer does not appear to limit ous Conclusions

ability to infer meaningful information near the surface (see

this section above), it highlights the benefit of capabilities toAn airborne MAX-DOAS instrument equipped with a

maintain 0 EA during aircraft ascent/descent to systemat-motion-stabilized scanning telescope to collect solar stray

ically probe the atmosphere with maximum sensitivity andlight photons provides accurate means to probe atmospheric

vertical resolution. composition in terms of the horizontal and vertical distribu-
The averaging kernels (Fig. 11) appear as if there were ntions of multiple trace gases and aerosols simultaneously and

other EAs but © EA used for the profile retrievals. In fact, sensitively by means of a single, portable instrument.

they peak at the altitude of EA measurements. This high-  The CU AMAX-DOAS instrument is validated by com-

lights the fact that OEA is the most sensitive EA during parison with NQ VCDs measured by ground-based MAX-

DOAS. A sensitivity study using radiative transfer modeling
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reveals that the geometric approximation is a viable optiomppendix A

to convert NQ SCD to VCD for measurements below the

plane. This approximation is found to be accurate over southl@ble Al. List of frequently used abbreviations.
ern California, where elevated SA (0 % at 477 nm wave-

length, measured aboard the plane) compensates for reduced &9-- above ground level
sensitivity due to aerosols. We estimate the error in the NO  AMAX-DOAS  airborne multi-axis differential optical
vertical columns due to the geometric approximation to be absorption spectroscopy
less than 7 % under most conditions for SZ85°; a slightly AMF air mass factor
larger error (<25 % in all cases) is found for SZA65° or AOD aerosol optical depth
during high-alt_itude flights over low SA. These _results em- pg_ boundary layer
222;2; benefits of measuring SA and AOD by independent BLH boundary layer height

For a case study, vertical profiles of JAQCHOCHO, CalNex C.a“fom'.a Researfm atthe Nexus of
HCHO, H,0, and aerosol extinction coefficient at 477 nm A'r_Qual_'ty a_md Climate Change
showed that trace gases and aerosols are located mostly in- ¢ARB California Air Resources Board
side the BL, though the presence of an elevated pollution CARES Carbonaceous Aerosols and Radiative
layer was observed as well. Sensitivity studies show that the Effects Study
main error sources in the retrieved vertical profiles of aerosol dAMF differential air mass factor
extinction are due to the asymmetry parameter of aerosol dSCD differential slant column density
scattering. Further, sensitivity studies highlight the need of poE degrees of freedom

pointing accuracy of the telescope on moving platforms like g,

. . - P elevation angle
an aircraft to accurately retrieve vertical distributions of trace

2o L FOV field of view

gases and aerosol extinction coefficients. The accuracy of our
motion compensation is found to keD.35 by comparison FT free troposphere
with an independent inertia system. FWHM full width at half maximum

An ~500-m-thick layer at around 2.5km altitude geocAMF geometric air mass factor
a.g.l. was observed that was decoupled from the BL, and LOS lines of sight
contained 33 8 ppt CHOCHO, N@ below the detection MAX-DOAS  multi-axis differential optical absorption
limit (30 ppt, for 2 s integration time), 545114 ppt HCHO, spectroscopy
0.0294+0.004 knt! ¢477, corresponding to a partial ver RF research flight

tical columns of 4.141.12x 103 molecules cm? CHO-

CHO, 7.10k 1.75x 104 molecules cm? HCHO, and par RTM radiative transfer model
tial AOD of 0.0470.007 at 477 nm. This elevated layer ~ SA surface albedo
contained ratios of CHOCHO/HCHO of 0.8.02, com- SCD slant column density
pared to 0.02# 0.006 inside the BL. The concurrent loca- SCAB South Coast Air Basin
tion of elevated aerosol extinction at the same altitude in- SOA secondary organic aerosol
_dica!tes either collocated CHOCHO sources fro_m VOC ox- gsa single scattering albedo
idation, or the release of CHOCHO that_ was |n|t|_ally taken S7A solar zenith angle
up as SOA back to the gas phase. The increase in the CHO- . .
VCD vertical column density

CHO/HCHO ratio with altitude appears to be outside error
bars, and the cause for this altitude dependence deserves fur
ther investigation.
The capabilities of CU AMAX-DOAS are not lim- Supplementary material related to this article is
ited to the parameters presented here, and also includtvailable online at: http://www.atmos-meas-tech.net/6/
measurements of reactive species such as halogen oxide rad-9/2013/amt-6-719-2013-supplement.pdf.
icals (e.g., Dix et al., 2013), and aerosols at other wave-
lengths. The absence of sampling lines, and inherent aver
aging over extended spatial scales enable the AMAX-DOAS
technique to bridge between ground-based networks, atmo-
spheric models, and satellites, and holds as yet unexplored
potential to advance airborne atmospheric observations, and
improve our understanding of the processes taking place in
the atmosphere. The CU AMAX-DOAS deployment during
the CalNex and CARES field campaigns makes a 10-week-
long data set available that we plan to apply for such studies.
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3.2 Airborne MAX-DOAS measurements over California: Testing the NASA OMI
tropospheric NO2 product

Reproduced from: Oetjen, H., S. Baidar, N. A. Krotkov, L. N. Lamsal, M. Lechner, and R. Volkamer (2013),
Airborne MAXDOAS measurements over California: Testing the NASA OMI tropospheric NO2 product, J. Geophys.
Res. Atmos., 118, 7400-7413, doi:10.1002/jgrd.50550.

Airborne  Multi-AXis Differential Optical Absorption Spectroscopy (AMAX-DOAS)
measurements of NO, tropospheric vertical columns were performed over California for two
months in summer 2010. The observations are compared to the NASA Ozone Monitoring
Instrument (OMI) tropospheric vertical columns (data product v2.1) in two ways: (1) Median
data were compared for the whole time period for selected boxes, and the agreement was found
to be fair (R = 0.97, slope = 1.4 £ 0.1, N=10). (2) A comparison was performed on the mean of
coincident AMAX-DOAS measurements within the area of the corresponding OMI pixels with
the tropospheric NASA OMI NO; assigned to that pixel. The effects of different data filters were
assessed. Excellent agreement and a strong correlation (R = 0.85, slope = 1.05 + 0.09, N= 56)
was found for (2) when the data were filtered to eliminate large pixels near the edge of the OMI
orbit, the cloud radiance fraction was <50%, the OMI overpass occurred within 2 h of the
AMAX-DOAS measurements, the flight altitude was >2 km, and a representative sample of the
satellite footprint was probed by the AMAX-DOAS instrument. The AMAX-DOAS and OMI
data sets both show a reduction of NO, tropospheric columns on weekends by 38 + 24% and 33
+ 11%, respectively. The assumptions in the tropospheric satellite air mass factor simulations
were tested using independent measurements of surface albedo, aerosol extinction, and NO,
profiles over Los Angeles during July 2010, indicating an uncertainty of 12%.

Conclusions:

e The uncertainty of the NASA OMI tropAMF is estimated to be 12% for summer over the
Los Angeles area. Notably, the area probed is characterized by a rather high surface
albedo (here 10% at 479 nm) and low AOD. Our results indicate that a generalization of
the satellite uncertainty over areas with a different surface albedo may not be
straightforward.

e Fair agreement was found for the temporally and spatially averaged data comparison. The
application of successive selection criteria such as pixel nhumber in OMI swath, cloud
radiance fraction significantly improved the agreement. The removal of large OMI pixel
from the comparison was found to be the main driver. Large OMI pixels at the side of the
swath combined with the SCAB being surrounded by relatively unpolluted areas is the
cause for this bias. Thus, it is very important to consider the size of the OMI pixel and
representative sampling of individual pixels for comparison with satellite data.

e Sensitivity studies on the satellite AMF showed that the radiative transfer is rather
independent of the range of aerosol load as encountered during the campaign, but highly
dependent on the surface albedo and the trace gas a priori profile shape.
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[1] Airborne Multi-AXis Differential Optical Absorption Spectroscopy (AMAX-DOAS)
measurements of NO, tropospheric vertical columns were performed over California for
two months in summer 2010. The observations are compared to the NASA Ozone
Monitoring Instrument (OMI) tropospheric vertical columns (data product v2.1) in two
ways: (1) Median data were compared for the whole time period for selected boxes, and the
agreement was found to be fair (R=0.97, slope=1.4+0.1, N=10). (2) A comparison was
performed on the mean of coincident AMAX-DOAS measurements within the area of the
corresponding OMI pixels with the tropospheric NASA OMI NO, assigned to that pixel.
The effects of different data filters were assessed. Excellent agreement and a strong
correlation (R=0.85, slope=1.05+0.09, N=56) was found for (2) when the data were
filtered to eliminate large pixels near the edge of the OMI orbit, the cloud radiance fraction
was <50%, the OMI overpass occurred within 2 h of the AMAX-DOAS measurements, the
flight altitude was >2 km, and a representative sample of the footprint was taken by the
AMAX-DOAS instrument. The AMAX-DOAS and OMI data sets both show a reduction of
NO, tropospheric columns on weekends by 38 +£24% and 33 &+ 11%, respectively. The
assumptions in the tropospheric satellite air mass factor simulations were tested using
independent measurements of surface albedo, aerosol extinction, and NO, profiles for Los
Angeles for July 2010 indicating an uncertainty of 12%.

Citation: Oetjen, H., S. Baidar, N. A. Krotkov, L. N. Lamsal, M. Lechner, and R. Volkamer (2013), Airborne MAX-
DOAS measurements over California: Testing the NASA OMI tropospheric NO, product, J. Geophys. Res. Atmos., 118,

7400-7413, doi:10.1002/jgrd.50550.

1. Introduction

[2] Nitrogen dioxide (NO,) is a regulated air pollutant, and
monitoring is needed to assess the effects of reduction
measures. Satellites provide the opportunity for global
measurements of tropospheric vertical column densities
(tropVCDs) on the basis of nadir measurements of ultraviolet
(UV) and visible scattered sunlight. There is/was a number of
satellite instruments available for measuring NO, tropVCDs
starting in the mid-90s of the last century: GOME on ERS-2
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[Burrows et al., 1999], SCIAMACHY on ENVISAT
[Bovensmann et al., 1999], Ozone Monitoring Instrument
(OMI) on AURA [Levelt et al., 2006], and GOME-2 on
MetOp-A [Munro et al., 2006]. Although satellites today
only have a relatively coarse resolution of ca. 10 to 100's of
kilometers and usually only provide a global picture every
1 — 6days, those measurements are useful tools for trend
analyses [e.g., Richter et al., 2005; Lamsal et al., 2011], to
infer NO, emissions by inverse modeling [e.g.,, Miyazaki
et al., 2012; Lin, 2012], as assimilation data for air quality
forecasting [e.g., Wang et al., 2011, Petritoli et al., 2011],
and to deduce NO, surface concentrations [e.g., Lamsal
et al., 2008; Lee et al., 2011]. However, tropVCDs from
different research groups do not always agree [e.g., Lamsal
et al., 2010; Bucsela et al., 2008; Boersma et al., 2008].
Differences result mainly from differences in the assump-
tions in the radiative transfer calculation and in the way the
stratospheric NO, is removed from the total column density.
The uncertainty of satellite retrievals for polluted environ-
ments is dominated by the uncertainty in the radiative
transfer calculations and originates from the necessary
assumptions made to describe the surface albedo, the NO,
and aerosol extinction a priori profile shapes as well as insuf-
ficient information about clouds [Boersma et al., 2004;
Richter and Burrows, 2002]. Therefore, regular validation

7400

35


mailto:rainer.volkamer@colorado.edu

OETIJEN ET AL.: AMAX-DOAS TESTING OF NASA OMI NO2 (V2.1)

—— OMI nadir W
——— AMAX 5km nadir e low
----- AMAX 5km zenith R
—— AMAX 3km nadir vi[  aerosol
64----- AMAX 3km zenith ' .
— ground-based 25° H E
E I ke :
=,
S 44
=
= |
7
24 #
high
aerosol
6 J
g L.
=
B 4
= .’
= 49—
] ,'
2 - l’
0 1 2 3
box air mass factor
Figure 1. BAMFs for satellite and aircraft geometries for a

SZA of 17° (time of OMI/AURA overpass over North
America). Aircraft BAMF was calculated for aircraft
altitudes of 3 km and 5 km. The BAMFs have been calculated
for 435 nm for OMI and otherwise for 446 nm (center wave-
lengths of the NO, fitting windows). Aerosol optical depths
are 0.2 and 0.5 and have a negligible effect on the nadir
observations. The nonzero zenith BAMF below the aircraft
highlights the need for choosing a reference spectrum with
low trace gas concentration.

under a variety of conditions and also spanning the entire
area of a satellite footprint is important.

[3] We present an NO, validation study using the
University of Colorado Airborne Multi-Axis Differential
Optical Absorption Spectroscopy (CU-AMAX-DOAS)
instrument, which is optimized to obtain tropVCDs of trace
gases as well as detailed profile information for trace gases
and aerosol extinction when flying so-called low approaches
[Baidar et al., 2013]. We recorded data in California from 19
May — 19 July 2010 flying on a NOAA Twin Otter aircraft
(http://www.aoc.noaa.gov/aircraft otter.htm) and compared
the data to the NASA OMI tropospheric NO, product.
The sampling area contained pollution hotspots like the
Los Angeles Metropolitan Area as well as background
conditions, e.g., over the High Desert. These measurements
were part of the California Research at the Nexus of Air
Quality and Climate Change (CalNex, campaign overview
by Ryerson et al. [2013]) and Carbonaceous Aerosols and
Radiative Effects Study (CARES, campaign overview by
Zaveri et al. [2012]) campaigns. We also deployed a set of
upward and downward pointing radiometers to measure
surface albedo. Hence, the key parameters for the solar
radiative transfer calculation, i.e., surface albedo, aerosol
extinction profiles, and trace gas profiles, were measured
quasi-simultaneously with the NO, tropVCD. Since the

AMAX-DOAS instrument measures in a similar wavelength
range as the UV/visible satellite spectrometers, the same
absorbers can be retrieved which makes this technique
applicable to the validation of other species as well, e.g.,
glyoxal or formaldehyde.

[4] Satellite instruments and the CU-AMAX-DOAS
instrument measure with a similar viewing geometry, i.e.,
nadir or near nadir. Hence, they exhibit similar vertical sensi-
tivities. Figure 1 compares box air mass factors (BAMFs;
BAMFs are equivalent to weighting functions for optically
thin absorbers, and they express the average light path
enhancement with respect to the vertical thickness of a layer)
for a typical scenario during CalNex/CARES at the solar
zenith angle (SZA) of the OMI overpass. AMAX-DOAS
measurements are on average about 50 — 36% more sensitive
than OMI to the lowest 1 km in the atmosphere for an aircraft
altitude of 3 — 5km, respectively, but the shapes of the
BAMFs are very similar. The aerosol extinction in these
examples is rather at the extremes: AERONET measure-
ments at CalTech, Pasadena indicate a mean aerosol optical
depth (AOD) 0of 0.19+0.08 and a median AOD of 0.18 with
0.14 being the 25th percentile and 0.24 being the 75th
percentile at 440 nm over the time period of 19 May — 19
July 2010. As can be seen from Figure 1, the differences in
the BAMFS for the two different AODs are negligible for
the nadir observations (compare top and bottom panel).

[s] Tropospheric NO, satellite validation has been
performed with airborne or ground-based chemilumines-
cence NOy analyzers, but also with airborne or ground-based
remote-sensing instruments.

[6] When comparing ground-based concentrations with
column densities measured from space, assumptions of the
profile shape have to be made either by using models
[Petritoli et al., 2004; Ordoriez et al., 2006; Blond et al.,
2007; Lamsal et al., 2010] or mixing depth from climatol-
ogies [Boersma et al., 2009] or as done by Schaub et al.
[2006], using NO, measurements from different altitudes in
the Alps to construct a profile. The chemiluminescence
NOy analyzers applied in the above studies use a heated
molybdenum oxide surface to reduce NO, to detectable
NO. These analyzers are known to suffer from interferences:
species such as nitric acid or peroxyacetyl nitrate also convert
to NO [e.g., Steinbacher et al., 2007; Dunlea et al., 2007],
and correction factors have to be applied [e.g., Ordoiiez
et al., 2006]. Discrepancies between the different measure-
ments can partly be attributed to the nonrepresentativeness
of point measurements [e.g., Ordoiiez et al., 2006; Schaub
et al., 2006; Celarier et al., 2008; Boersma et al., 2009].
Hence, ground-based in situ monitor validation is best
performed for background sites [e.g., Lamsal et al., 2010].
Especially at urban hotspots, the traditional and localized
ground-based validation attempt fails [e.g., Lamsal
etal., 2010].

[7] In situ measurements of NO, on an aircraft make
profile measurements possible when the altitude of the
aircraft is changed. Usually, spiral flight patterns are
performed for this. The concentrations can then be integrated
to yield partial column densities. However, missing layers
have to be interpolated and the layers above maximum flight
altitude or below the minimum extrapolated to obtain a
tropVCD to compare with satellite products [Heland et al.,
2002; Ladstitter-Weiflenmayer et al., 2003; Martin et al.,
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2004; Bucsela et al., 2008; Boersma et al., 2008; Hains et al.,
2010]. This approach is prone to introduce errors for the
bottom layer where most of the NO, resides and an aircraft
is not allowed to fly, at least not if not taking off or landing
at an airport.

[8] Ground-based multi-axis (MAX) DOAS measure-
ments have been used for comparison with satellites since
those instruments not only provide tropVCDs, but also
surface concentrations for comparison with NO, analyzers
[e.g., Brinksma et al., 2008]. Measurements usually agree
within the limits of the uncertainties. But the quality of agree-
ment is variable depending on satellite product, but also
season and location. MAX-DOAS tropVCDs at highly
polluted areas seem to indicate that also those measurements,
similar to the ground-based in situ sensors, are more sensitive
to local emissions and yield higher columns than the satellite
(Figure 1) [e.g., Irie et al., 2008; Brinksma et al., 2008; Ma
et al., 2013; Irie et al., 2012]. Other remote-sensing
ground-based techniques that have been used for satellite
validation include Lidar [Volten et al., 2009], zenith-sky
DOAS measurements [Petritoli et al., 2004; Chen et al.,
2009], and direct-sun DOAS [Wenig et al., 2008].

[s] Although airborne DOAS NO, measurements have
been performed for several years [e.g., Melamed et al.,
2003; Wang et al., 2005; Merlaud et al., 2011], only in three
studies, NO, tropVCDs were compared to satellite measure-
ments but with very limited data from only one day of
measurements each [Heue et al., 2005, 2008; Bruns et al.,
2006; Walter et al., 2012]. Knowledge of the horizontal
variability of tropVCDs can also be obtained by ground-
based mobile MAX-DOAS, and those tropVCDs were
compared to OMI but again only for a few days of measure-
ments [Wagner et al., 2010; Shaiganfar et al., 2011].

[10] The advantages of using the CU-AMAX-DOAS mea-
surements recorded during summer 2010 over California for
NASA OMI NO, tropVCD validation are the vast amount of
data collected over a time period of two months (overall
206 h) spanning an area covering Los Angeles and surround-
ings (and to a lesser extent Sacramento and surroundings).

2. Instrumentation and Measurements

[11] The CU-AMAX-DOAS measurements used for this
validation study were recorded during the CalNex and
CARES campaigns, both took place in California in summer
2010. The CU-AMAX-DOAS instrument and albedo sensors
were mounted to the NOAA Twin Otter remote-sensing
aircraft which was based out of Ontario International
Airport during CalNex from 19 May — 15 June and 30 June
— 19 July and for a shorter time period (16 — 29 June),
McClellan Airport in Sacramento during CARES. The
majority of the measurements were performed over the
Greater Los Angeles Area and its relatively unpolluted
surroundings. Hence, measurements of the study presented
here provide a large range of NO, conditions from back-
ground to highly polluted.

2.1. CU-AMAX-DOAS Instrument and NO,
tropVCD Retrievals

[12] The instrument and its performance during CalNex
and CARES are described in detail in Baidar et al. [2013].
Briefly, a telescope pylon is window-plate-mounted pointing

parallel to the flight direction. A motor-mounted prism in the
telescope permits scanning in forward, upward, and down-
ward directions under discrete elevation angles with a field
of view (FOV) of 0.3°%5.9°. Independently of the move-
ment of the aircraft, the angle is held constant with respect
to horizontal by means of an angle sensor coupled to a motor
adjusted with controller times of~20 Hz and an overall 1
sigma angle accuracy of 0.35°. The collected light is
transmitted by a split glass fiber bundle into two tempera-
ture-stabilized spectrometer/CCD detector systems. In this
study, spectra only from one of the systems are used with a
wavelength range of 330 — 470nm and a resolution of
0.7 nm full-width half-maximum (FWHM). The spectra are
analyzed with the well-known DOAS technique [e.g., Platt
and Stutz, 2008]. Here, the WinDOAS software [Fayt and
Van Roozendael, 2001] was used to retrieve NO, slant
column densities (SCDs) in a wavelength range from 433
to 460 nm applying two NO, absorption cross sections at
220K and 294 K [Vandaele et al., 2002], and further includ-
ing cross sections for the oxygen dimer [Greenblatt et al.,
1990], ozone [Bogumil et al., 2001], glyoxal [Volkamer
et al. 2005], and water vapor [Rothman et al., 2005]. A ring
cross section was calculated with the MFC software
[Gomer et al., 1993] from the zenith reference spectrum
and taken into account as a pseudo-absorber in the DOAS
fit. A polynomial of the order of three was used and a
straylight correction (see Fayt and Van Roozendael, 2001)
applied. All spectra of one flight were analyzed in compar-
ison to one common zenith reference spectrum recorded
during that particular flight in a clean environment and fly-
ing at relatively high altitudes, i.e., ca. 3 — 5 km. The results
are trace gas differential SCDs (dSCDs), i.e., the integrated
absorber density along the average photon path from the sun
to the telescope, and differential with regards to the amount
of NO, present in the reference spectrum.

[13] In the following, only nadir and zenith spectra are
investigated, for other geometries see Baidar et al. [2013].
Stratospheric NO, concentrations are relatively stable but
undergo photochemical reactions resulting in a distinct
diurnal pattern with higher NO, towards higher SZAs. In
addition, the dSCDs also increase towards higher SZAs
due to the longer light path through the stratosphere.
Therefore, for some early or late measurements, fast
changes in the stratospheric NO, over the course of a flight
occurred. This change is a smooth function with time of day
for a certain location. However, changing the location of the
aircraft also changes the local SZA. A polynomial of the
order of three was fitted through all the zenith dSCDs
(the frequency for zenith measurements varied, but was up
to every 30s towards the latter half of the campaign, see
also below) of such a flight with aircraft altitudes of
1800 m above sea level (ASL) or more. This polynomial
was then subtracted from the nadir dSCDs which yields
an effective tropospheric SCD (tropSCD). The polynomial
approach was chosen instead of a linear interpolation of
the zenith dSCDs in order to better account for slight
variations in the possible residual tropospheric NO, origi-
nating from possible tropospheric NO, above the flight al-
titude as well as changes in stratospheric NO, due to the
slight changes in the local SZA. This leads to a relatively
high uncertainty of 0.5 — 2.0 x 10'> molecule cm 2 in the
stratospheric correction when the polynomial had to be
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applied to the measurements. For many flights, the nadir
dSCDs can be directly interpreted as a tropSCD assuming
that the zenith reference spectrum, obtained at altitudes
3 km, only contains stratospheric NO, and that the change
in stratospheric NO, is negligible during a 4 h flight. Of 41
flights, 18 indicated a changing stratospheric NO, load
during parts of the flight, and those were corrected with
a polynomial.

[14] The original or corrected tropSCD is then converted to
a tropVCD with a geometric air mass factor (geoAMF):

tropSCD _ tropSCD
geoAMF ~ secSZA + 1

tropVCD = (1)

[15] For this geoAMF, the assumption is made that the
photons reach the telescope after being reflected from the
Earth's surface in the nadir point. Hence, the slant column
in comparison to the vertical column is weighted by the
secant function of the SZA plus unity for the part of the
lightpath from the nadir point into the telescope. The aircraft
height and hence the integration height is implicitly included
in this equation by applying the trigonometric function of a
right-angled triangle. After extensive radiative transfer calcu-
lations simulating a range of possible scenarios for NO,
mixing ratios and mixing heights, optical aerosol parameters,
AOD, and surface albedo, the geometric approximation was
found to be an adequate approximation and chosen here to
be independent of climatology or model NO, profile data
which would be needed as a priori in radiative transfer simu-
lated AMFs. Baidar et al. [2013] have shown that this
geometric conversion yields reliable results within 10%
comparing with ground-based MAX-DOAS instruments.
The error due to the use of geoAMF depends on the SZA
and is accurate to within 6% for SZA <20°, 10% for
SZA <50°, and 20% for SZA <60° when compared to
radiative transfer simulation performed with the McArtim
code [Deutschmann et al., 2011] for the predominant condi-
tions encountered during the CalNex/CARES campaigns
[Baidar et al., 2013]. Most flights were conducted at
SZA <60°. The uncertainty on the NO, cross section is ca.
5% depending on the temperature [Vandaele et al., 2002].
For the nadir dSCD, the 1 sigma DOAS fitting error is ca.
3% and the limit of detection ca. 3.2 x 10'*> molecule cm 2
for 2s integration time. In addition, the uncertainty in the
geoAMF (see above) and the uncertainty of 0.5 — 2.0 x 10'3
molecule cm 2 in the stratospheric correction have to be
taken into account. An overall estimate for the uncertainty
of the tropVCD is 10 — 20% depending on the SZA.
Please note that the overpass of the AURA satellite occurs
at about 17° SZA over California and therefore at a time
closest to the minimum uncertainty of the AMAX-
DOAS measurements.

[16] The CU-AMAX-DOAS data acquisition software was
improved over the course of the two months resulting in
integration times of 2's for the latter half of the campaigns.
The scanning sequence when flying at altitudes above 2 km
above ground level (AGL) included the angles 90°, 2°,

52, 10°, 20° 90°, 0° 2° 5° 10° and 20° (positive
angles upward and negative downward), with a larger
number of observations on the downward looking angles.
Typically, nadir spectra were recorded every 12 — 15s.

With a typical aircraft speed of 65ms !, this corresponds
to a horizontal translation of about 900 m. The FOV of the
telescope gives a nadir footprint of ~20 m across and ~550 m
along the track while flying at 4km altitude for 2s
integration times.

2.2. NASA OMI Instrument and NO,
tropVCD Retrievals

[17] OMI flies on the NASA Aura satellite which was
launched into a near-polar sun-synchronous orbit in 2004
[Levelt et al., 2006]. The crossing of the equator occurs at
13:45 local time. Two-dimensional CCD detectors span the
wavelength range from 270 nm to 500 nm (FWHM 0.45 nm
— 1.0nm) in one dimension, and the other dimension is
binned to monitor 60 different ground footprints perpendicu-
lar to the flight direction in a push broom manner. The width
of the resulting swath is ca. 2600 km, and global cover-
age is obtained within one day. The size of the ground
footprint varies across the swath from 13 x24km? at
nadir to~40 x 160km? for the edge of the orbit due to
the optical aberrations and asymmetric alignment. Due
to the so-called row anomaly caused by partially blocked
entrance optics, some of the 60 pixels have to be
excluded in the further analysis.

[18] The NO, tropVCDs data product used here (v2.1) is
the standard NASA OMI NO, product and is based on the
algorithm described in Bucsela et al. [2013]. Briefly, the
recorded spectra are analyzed with the DOAS method in a
fitting window from 405nm to 465nm applying the
Vandaele et al. [2002] NO, absorption cross section and a
reference solar irradiance spectrum. The obtained SCDs are
then corrected for instrumental artifacts. This is called
destriping since the effect varies across the orbital track. To
separate stratospheric and tropospheric components, applica-
tion of stratospheric AMFs to destriped SCDs yield initial
VCDs. Areas of tropospheric contamination in the
stratospheric NO, field are identified using monthly mean
tropospheric NO, columns from GMI simulations. Those
regions are then masked, and the residual field of the
stratospheric VCDs measured outside the masked regions is
interpolated to estimate stratospheric NO, columns for each
measurement. The stratospheric SCDs are subsequently
subtracted from the original SCDs yielding the tropSCDs.
The tropospheric AMFs (tropAMF) are calculated using a
precomputed scattering-weight table from TOMRAD
[Davé, 1965] and monthly mean NO, profiles from the
GMI simulation. The algorithm uses OMI-based reflectivity
[Kleipool et al., 2008], a cloud fraction and cloud pressure
derived as described by Acarreta et al. [2004], temperature
profiles from the GEOS-5 meteorological field, and the
ETOPOS topography. The tropopause height is obtained
from GEOS-5 monthly tropopause pressures. The effects of
aerosols on the OMI NO, retrieval is implicitly accounted
for through the use of the OMI-derived surface reflectivity
which is usually larger than the true surface reflectivity due
to scattering from aerosols [Torres et al., 2007], and through
the OMI cloud parameters [Boersma et al., 2011].

[19] The uncertainty in the SCDs is ca. 10'° molecule
cm 2 which corresponds to about 10% of the total slant
column for polluted regions, and the stratospheric corrections
leads to an uncertainty of ca. 2x10'* molecule cm 2
[Bucsela et al., 2013]. Stratospheric AMFs have an
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uncertainty of 1 — 2% and the tropAMF uncertainties range
from ca. 20% for low cloud fraction to 30 — 80% for high
cloud fraction, but are highly dependent on the NO, profile
shape [Wenig et al., 2008; Bucsela et al., 2013]. The overall
error on the tropVCD is <30% under clear-sky conditions
and typical polluted conditions (>1x10'> molec cm 2)
[Boersma et al., 2009; Hains et al., 2010; Irie et al., 2012;
Bucsela et al., 2013].

2.3. Albedo Sensor

[20] The University of Colorado albedo instrument con-
sists of two four channel radiation sensors (Skye instruments
SKR 1850) mounted to the top and the bottom of the NOAA
Twin Otter research aircraft pointing straight upwards and
downwards. Each of the four telescopes is equipped with a
custom interference filter with~10nm wide transmission
centered at 361 nm, 479nm, 629nm, and 868 nm. The
sensors are fitted with a cosine correcting diffuser plate to
measure irradiance from the hemispherical distribution. To
ensure the upward and downward facing channel pairs at
any given wavelength are directly comparable, a calibration
factor for each channel was determined by simultaneous
zenith measurement of solar radiation during a bright sunny
day. 1 Hz data were recorded during all flights. The ratio of
the normalized up-welling counts to the normalized down-
welling counts is defined as the surface albedo.
Atmospheric backscatter for higher flight altitudes was
corrected as follows: Radiative transfer simulations show
that outside the aerosol layer, up-welling and down-welling
radiation is a linear function of sensor altitude. Surface al-
bedo measurements from high altitude flights were corrected
for the base altitude of 1100 m AGL which was assumed to
be just outside the aerosol layer. After this correction, surface
albedo measured during high altitude flights showed good
agreement with low altitude flights (<1000m, See
Figure 7), which were conducted to minimize the need for
atmospheric correction. During postprocessing, the 1Hz
radiation data from the two sensors were averaged for 30's
to maximize signal to noise. The overall uncertainty on the
surface albedo is+5%. The instantaneous footprint of
hemispherical irradiance measurements is a circle with
~2.5km radius, while flying at 2.5km, which is smaller
than the OMI pixel size (see section 2.2).

2.4. Flight Planning and Measurements

[21] The Twin Otter flight plan included usually a morning
flight (ca. 10 — 14h local Pacific Daytime Time) with
emphasis on a combination of low approaches to obtain pro-
file information and constant flight altitude at ca. 2 — 2.5km
AGL, just outside the boundary layer, followed by an
afternoon flight (ca. 15 — 19 h) with a constant flight altitude
of~3.5 — 4km AGL. Overall, we performed 51 research
flights on 30 days over the two month period, but only 41
flights took place on the same days as OMI measurements.
This is due to the row anomaly of this instrument (see
section 2.2). Coordination with satellite overpasses was not
the primary focus of the flight planning. Rather, the frequent
OMI overpasses coupled with the large swath width of the
OMI instrument result in a high number of flights that are
suitable for satellite validation.

3.

3.1.

[22] In a first step, tropVCDs are grouped to calculate the
median values for specific regions over California covering
the whole two months, i.e., individual measurements of the
two observational platforms are not directly compared, but
rather the respective medians of distributions within a
specific region. The regions, as outlined by boxes in
Figure 2, are chosen at locations with sufficient data points
of AMAX-DOAS measurements. These mainly urban areas
include the Greater Los Angeles Area (boxes 1 — 5),
Bakersfield (boxes 6 — 7), and Sacramento (boxes 8 — 10).
OMI tropVCDs are selected when the center of a pixel is
located within a box on the same day a Twin Otter flight took
place over this box. Days on which either data set is not
available are excluded. There is no other temporal coinci-
dence criterion applied resulting in possible time differences
between the AMAX-DOAS measurements of up to 7h
before and 5h after the satellite overpass. Figure 3 shows
the medians split by region for the two instruments. Both data
sets follow a similar trend: high NO, tropVCDs are observed
over the Los Angeles Metropolitan Area (boxes 1 and 2)
where many major motorways intersect. The Los Angeles
International Airport (LAX) and the Port of Los Angeles
are both situated in box 2. The Inland Empire also displays
very high NO, (box 3). Lowest NO, is found west of
Bakersfield (box 7). In general, the regions around
Bakersfield and Sacramento are cleaner than the Greater
Los Angeles Area. As expected, NO, amounts are closely
related to population and transportation. The population of
the Greater Los Angeles Area is 17,877,006 (2010 US
census, http://2010.census.gov/2010census/data/). In com-
parison, the population of Sacramento is 466,488 and
Bakersfield 347,483. In the so-called South Coast Air Basin
(SCAB), a geopolitical area defined for the purpose of air
quality management and delimited by the Pacific Ocean to
the west and mountain ranges in all other directions, on-road
motor vehicles and other mobile sources together account for
91% of the total NOy emissions (Emission data for 2008 by
California Air Resources Board: http://www.arb.ca.gov/
app/emsinv/fcemssumcat2009.php).

[23] The satellite data are lower than the AMAX-DOAS
measurements for enhanced NO,, see boxes 1 and 3. This
is also reflected in the slope of 1.4+0.1 for the linear regres-
sion analysis of the two data sets (Figure 4, CU-AMAX-
DOAS vs. NASA OMI, Pearson correlation coefficient
R=0.97, offset 0.7+0.5x 10'> molecule cm 2). If the data
from boxes 1 and 3 are omitted, the slope is reduced to
0.94+0.1 and hence insignificantly different from 1. The
Pearson correlation coefficient is 0.96 and the offset
0.4+0.3 x 10'> molecule cm 2. Please note, the simple linear
regression does not take the uncertainty of the individual data
points into account, and these offsets are much smaller than
the range of the 25" and 75" percentile of the data (see
Figure 3) or the uncertainty of the stratospheric correction.
The reason for the underestimation of the OMI data for
enhanced NO, most likely originates from the selection
criteria for the satellite pixels. As stated above, the center of
the ground footprint has to be within the box. Furthermore,
also pixels at the side of the OMI swath are included and
those can be up to 160 km wide. This results in a bias to

Satellite Validation
Comparison of All Data
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Figure 2. Overview of CU-AMAX-DOAS NO, tropVCDs over California 19 May — 19 July 2010. To
show the variation in the background NO,, the color scale was set to a range up to 1 x 10'® molecule
cm 2, but highest observed NO, was ~3 x 10'¢ molecule cm 2. White dashed boxes in panel a mark the
outlines of panels b—d. The dotted boxes (1-10) in b—d outline the areas for which the data were averaged
for comparison with NASA OMI NO, averages as summarized in Figures 3 and 4. Stars in panel b mark the
location of profiles as presented in Figure 8; from west to east: Santa Monica, Brackett, Ontario, and

Banning airports.

background values since the actual area sampled by OMI
included in the average will extend beyond the delimiters
of the boxes by up to 80 km. Especially, the highly polluted
boxes are surrounded by cleaner areas, e.g., box 3 is adjacent
to the San Gabriel Mountains and the High Desert located to
the north and west.

[24] Only for the Greater Los Angeles Area (boxes 1 — 5),
statistics were good enough to separate the data into weekend
and weekday measurements. A clear decrease can be observed
(see Figure 3) which is caused by a reduction of heavy-duty
diesel-fueled vehicles and is consistent with previous studies
for California [e.g., Marr and Harley, 2002; Chinkin et al.,

2003; Pollack et al., 2012 and references therein]: the NO,
is lower by 38+24% and 33+ 11% for AMAX-DOAS and
OMI, respectively. In the regression analysis (see Figure 4),
the slope for the weekday data of 1.8 +0.3 is clearly larger
than the 1:1-line, whereas the weekend regression with a
slope of 1.1£0.2 is consistent with a slope of unity. Both
offsets are insignificantly different from zero. However, the
two slopes are statistically different indicating as already
mentioned above, the overestimation of the AMAX-DOAS
data in comparison to the OMI measurements is nonlinear.
The reason for this is the exponential increase of the satellite
pixels towards the edge of the swath.
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Figure 3. Comparison of NASA OMI and CU-AMAX-DOAS median tropVCDs. Data were averaged
over two months and within the boxes 1-10 as indicated in Figures 2b—d. Boxes 1-5 are located over
the Greater Los Angeles Area, 6—7 over Bakersfield, and 8—10 over Sacramento. A linear regression
analysis was performed on the median of the data, and the results are shown in Figure 4.
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Figure 4. Linear regression analysis for data from Figure 3.
The correlation coefficient R and the slopes and offsets are
given in the legend. The offset has to be multiplied by
[10'° molecule cm 2].

3.2. Comparison Based on Individual OMI Pixels

[25] The large number of data points of the CU-AMAX-
DOAS instrument allows for a validation of the NASA
OMI data on a pixel level. Figure 5 shows an example flight
on 1 June 2010 where the AMAX-DOAS tropVCDs are
plotted on top of the gridded OMI data. The individual
AMAX-DOAS measurements can be combined within the
area of a satellite pixel to calculate a mean AMAX-DOAS
NO, tropVCD which can then be compared to the specific

OMI tropVCD. In order to identify the AMAX-DOAS data
points within that area that is given by the four corner points
of the OMI pixel, the so-called point-in-polygon problem
was approached with a ray-casting algorithm. The flight
presented in Figure 5 is from earlier in the campaign where
the detector exposure times were 20s. Nevertheless, there
are up to four AMAX-DOAS measurements per OMI pixel.

[26] Several factors can affect the quality of the compari-
son exercise. In the following, we discuss five key parame-
ters: (1) Since the NO, lifetime is in the range of a few
hours and also transport can take place, the time difference
between the measurements is very important. (2) Although
most sources of NO, are close to the surface, our vertical
profile measurements during this campaign have shown that
the NO, can be mixed in the BL up to ca. 2km [Baidar
et al., 2013] and hence the aircraft altitude determines the
fraction of the NO, tropospheric column sampled by the
AMAX-DOAS. (3) As was observed above, the quality of
the comparison suffers when the large pixels at the sides of
the swath are included, and hence this parameter is tested
here as well. (4) Obviously, the cloud radiance fraction
determines how representative the measured OMI column
is for the whole pixel. In general, the cloud radiance fraction
during the campaign was rather low though.

[27] (5) Further, we define a quantity we call the normal-
ized distance to assess the representativeness of the
AMAX-DOAS measurements within a pixel with respect to
the sampled area. The OMI pixels are divided into similarly
sized subgrid cells with a side length of~7.5km each
resulting in 3x2 to 20x4 dimensional subgrids. This
variation is due to the increasing footprint of the OMI
measurements from the middle to the side of the swath. In a
first step, it is checked whether the above defined subgrid
cells contain any data points. Matrices with the dimension
of the subgrid are defined for each of these individual cells.

']

2010-06-01

Tropospheric NO2 column ( 10" molec. cm?)

01 1 2 3 4

5 6 7 9 10

Figure 5. CU-AMAX-DOAS NO, vertical columns plotted on top of a NO, NASA OMI swath for a
selected flight on 1 June 2010. The white plus indicates the AMAX-DOAS measurement recorded at the
time of the OMI measurement, circles indicate a time difference <30 min, diamonds >30 min, and the size
of the symbols is inversely proportional to the time difference.
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Figure 6. Panel f summarizes the data from Figure 5. The letter and number combination of the x-axis
indicates the location of the individual OMI pixel in the grid of Figure 5. Panel a: normalized distance
(see text and Figure A1), panel b: cloud radiance fraction of the OMI measurement, panel ¢: mean time
difference between the AMAX-DOAS and the OMI measurement, panel d: Twin Otter altitude, panel e:
number of individual AMAX-DOAS data points that were in the average of panel f. The red lines and
associated arrows (green: good, red: less optimal) indicate chosen thresholds for the selection criteria,
and the blue dots below panel f mark the good data points based on the selection criterion which contributed

to the regression analysis shown in Table 2.

The step distance between occupied subgrid cells are
assigned as the matrix elements for the individual occupied
cell matrix. For example, the distance between adjacent
occupied cells is 1, between diagonally adjacent occupied
cells 2, a knight's move distance is 3, etc. These individual el-
ements are summed up and divided by the value of the best
case scenario, i.e., every subgrid cell contains at least one
data point. Consequently, the normalized distance is a
number between 0 and 1 and an approximate measure for
the distribution of the AMAX-DOAS data points within an
OMI pixel. How to obtain the normalized distance is
sketched in Figure A1 for an example of three occupied cells
of'a 3 x 2 subgrid. This normalized distance is less dependent
on the actual number of data points which varied during the
campaign due to different integration times.

[28] The data for the example flight of Figure 5 are summa-
rized in Figure 6f with each spatially coincident measure-
ment identified by a letter and number coordinate as
defined in Figure 5. Figures 6a — e show the key parameters
as described above: The normalized distance of the
AMAX-DOAS data points (Figure 6a), the OMI cloud

radiation fraction (Figure 6b), the mean time difference
between the AMAX-DOAS measurements and the OMI
measurement (Figure 6¢), the aircraft altitude (Figure 6d),
and the number of AMAX-DOAS data points (Figure 6e).
During this example flight, the included data points are from
the OMI pixel numbers 18 to 24 (with 30 and 31 being the
center of the orbit) within the OMI swath. With a combina-
tion of selection criteria as indicated by the horizontal red
lines in Figures 6a — d (normalized distance >0.01, cloud
radiance fraction <50%, OMI overpass within £2h, flight
altitude >2 km), the initial 31 data points are reduced to 13
as indicated by the blue marks below panel f. The resulting
slope of the linear correlation is 0.8 +0.2, with a moderately
strong correlation coefficient of R=0.78 and an offset of
1.1£0.9 x 10'> molecule cm 2. Please note the uncertainties
of the measurements are neglected in the regression since the
uncertainty for each individual data point is unknown (see
sections 2.1 and 2.2). This and all following regression
results are based on the AMAX-DOAS data acting as
ordinate and the OMI data as abscissa in the Cartesian
coordinate system.
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Table 1. Regression Analysis for All Data on the Pixel Level®

Offset N OMI Pixels Standard Deviation of Fit!
Scenario® Slope [1015 molec/cmZ] (AMAX-DOAS Data Points) R [1015 molec/cmz]
All data 1.12+0.04 0.67+0.13 1016 (34,058) 0.69 2.9
Pixels*:
6-55 1.07+0.04 0.25+0.14 546 (10,555) 0.78 2.4
11-50 1.04+0.04 0.35+0.19 363 (5300) 0.78 2.6
16-45 1.06+0.05 0.37+0.20 284 (3507) 0.79 2.5
Normalized distance:
>0.01 1.17+£0.04 0.36+0.15 602 (28,559) 0.78 25
>0.05 1.21+0.05 0.23+0.24 312 (20,649) 0.80 2.8
>0.1 1.30+0.08 0.09+0.35 187 (14,756) 0.79 3.0
Cloud radiance fraction:
<50% 1.14+0.04 0.51+0.14 908 (32,153) 0.70 2.8
<30% 1.14£0.04 0.51+0.11 848 (28,135) 0.70 2.8
OMI overpass:
+2h 1.18+0.07 0.69+0.23 382 (12,607) 0.66 3.1
+lh 1.30£0.12 0.23+0.36 131 (3248) 0.69 2.8
Flight altitude:
>2km 1.05+0.04 0.58+0.13 830 (27,994) 0.69 2.5
>3 km 1.12£0.06 0.31+0.20 391 (12,208) 0.72 2.8
>4 km 1.39+0.08 0.27+0.26 126 (4177) 0.84 2.0

“AMAX-DOAS data acting as ordinate and the OMI data as abscissa in a Cartesian coordinate system.

bSee section 3 for details.
“Numbers refer to the pixel number in the OMI swath.

9The standard deviation of the fit= ﬁ i (Bxi+4) 2withN being the number of measurements, x; and y; the measurements themselves, and A and

B the intercept and slope of the regression, respectively.

[29] In the following, this kind of regression analysis is
applied to all of the available data. As before, the initial selec-
tion criterion is that the NASA OMI and the CU-AMAX-
DOAS measurements were performed on the same day.

This results in 1016 individual OMI measurements being
initially included in the comparison and 34,058 colocated
AMAX-DOAS measurements for the two months of the
measurement period. For the comparison of the two data sets,

Table 2. Regression Analysis Results for All Data on the Pixel Level for a Combination of the Best-Off-Scenarios Based on Table 1*

Offset N OMI Pixel Standard Deviation of Fit
Scenario® Slope [10]5 molec/cmz] (AMAX-DOAS Points) R [10]5 molec/cmz]
All data 1.12+0.04 0.67+0.13 1016 (34,058) 0.69 2.9
Pixels 11-50° 1.04+0.04 0.35+0.19 363 (5300) 0.78 2.6
Pixels 11-50° 1.03+0.04 0.35+0.16 282 (5021) 0.86 2.0
+ Norm. distance >0.01
Pixels 11-50¢ 1.01+0.04 0.30+0.17 252 (4671) 0.86 2.0
+ Norm. distance >0.01
+ Cloud rad. fraction <50%
Pixels 11-50¢ 1.06+0.08 0.20+0.37 81 (1220) 0.82 2.3
+ Norm. distance >0.01
+ Cloud rad. fraction <50%
+ OMI overpass+2h
Pixels 11-50° 1.03+0.09 0.14+0.43 56 (632) 0.85 2.3

+ Norm. distance >0.01

+ Cloud rad. fraction <50%
+ OMI overpass+2h

+ Flight altitude >2 km

“AMAX-DOAS data acting as ordinate and the OMI data as abscissa in a Cartesian coordinate system.

"See section 3 for details.
“Numbers refer to the pixel number in the OMI swath.

9The standard deviation of the fit= ﬁ S (Bxi+A4) 2withN being the number of measurements, x; and y; the measurements themselves, and A and
-

B the intercept and slope of the regression, respectively.
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Figure7. Surface albedo at 479 nm as measured by the radiometers on board the NOAA Twin Otter on 31
May 2010 (symbol: diamonds) and 12 July 2010 (symbol: discs) in the Los Angeles region.

the AMAX-DOAS measurements are first averaged within
the subgrid cells as defined for the calculation of the normal-
ized distance, and the resulting mean values are then again
averaged. This two-step calculation of the mean is done to
avoid any weighting towards heavily sampled areas of the
OMI pixel. Table 1 shows the results for the linear regression
analysis for the averaged AMAX-DOAS measurements
compared to the OMI data and how the results change when
constraining the above described key parameters.

[30] In general, the correlation coefficient increases with
more stringent limits and so does the slope up to values
significantly higher than 1 (see Table 1), i.e., the AMAX-
DOAS measurements are higher than the NASA OMI ones
(by up to 39+8%). The only exception to the increase of
the slope with stricter coincidence criteria is when removing
the large OMI pixels at the sides of the swaths from the
comparison; then the slope actually decreases (although not
significantly within the uncertainty range). The offset does
not seem to follow a certain pattern, but is mostly positive.
However, the numbers are smaller than the uncertainty on
the stratospheric correction of 0.5 — 2 x 10'> molecule cm 2
for the CU-AMAX-DOAS measurements and 0.2x 10'°
molecule ¢cm ? for the NASA OMI. This somewhat
surprising trend in the slope can be explained when viewed
in relation to the results described in the following exercise.

[31] Table 2 and Figure A2 summarize the effect of succes-
sively applying the weakest selection criteria to the full data
set of the initial 1016 OMI pixels again. The weakest criteria
were chosen to leave sufficient data points for good statistics.
After removing the sides of the swath, adding any other
limitation results in a strong correlation of R >0.82 and does
not change the slope significantly from 1. In the end, for the
remaining pixels, the agreement is excellent, and the
concluding slope is 1.03+0.09. After removing the large
pixels of the side of the swath, constraining the normalized
distance decreases the standard deviation of the fit and
increases the correlation coefficient showing that the normal-
ized distance is indeed an important factor. Limiting the cloud
radiance fraction only results in negligible effects since the
pixels had more or less already a very low cloud fraction to
start with. Reducing the difference in the OMI overpass time
to +2h within the AMAX-DOAS measurements removed

many of the data points, and the results are not very conclusive
anymore. The standard deviation of the fit as well as the uncer-
tainty on the slope significantly increased. The consecutive
removal of measurements with an aircraft altitude <2 km does
not change the picture anymore which suggests that most of
the NO, is below 1.8 km, the initial selection criterion.

[32] As mentioned above, these results seem to be in
contrast to Table 1 where the individual limiting criteria
mostly increased the slope, i.e., the AMAX-DOAS data seem
to overestimate the NO, in comparison to the OMI pixel.
This previous regression analysis was performed including
all pixels of the OMI swath. The area of the footprint of a
nadir AMAX-DOAS pixel is 0.011km? when flying at
4km altitude and integrating for 2s (see section 2.1 last
paragraph). This is relatively small in comparison to the
OMI footprint area of 312-6400 km?. This indicates that in
combination with the small FOV of the AMAX-DOAS
instrument, the NOAA Twin Otter is not fast enough to

model x 5
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Figure 8. Profiles for NO, (panel a) and the aerosol
extinction coefficient at 477 nm (panel b) as derived from
CU-AMAX-DOAS measurements on 16 July 2010 [Baidar
et al., 2013]. The locations of these profiles are marked in
Figure 2b, and they span the SCAB in roughly east-west
direction from the Banning mountain pass to the coast
(Santa Monica Airport). The profiles were normalized to
Om ASL. The red line shows the NO, GMI model profile
for Los Angeles for July 2010 multiplied by factor 5.
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Table 3. Satellite tropAMF Sensitivity Studies for 17° SZA and 435 nm*

NO, Profile
Santa o° o°
Scenario Banning Model Brackett Model Ontario Model Monica Model Measurements Model
Albedo 0.083, no aerosols 1.28 1.36° 1.21 1.36 1.12 1.36 1.10 1.36 0°1.18 1.36°
Albedo 0.1, aerosol extinction from Figure 8b  1.38° 1.45 1.32° 1.46 1.33° 1.46 1.21¢ 1.45 0" 1.31° 0" 1.46
Albedo 0.1, no aerosols? 1.37 1.44 1.32 1.44 1.23 1.44 1.22 1.44 ?1.29 1.44

%: mean.

btropAMF calculated with the same NO, profile and same settings for the aerosol/surface albedo parameterization as the actual OMI tropAMF calculations.
‘tropAMF calculated using the Twin-Otter-measured average aerosol extinction, average NO, profiles (Figures 8a and 8b), and albedo.

dScenario to illustrate that aerosols have only little influence.

representatively sample the large OMI pixels in a sufficiently
short time interval. Since the flight tracks were mainly over
polluted areas, the MAX-DOAS measurements are automat-
ically biased to the enhanced NO,. In order to verify this,
even more satellite data are needed so that the regression
presented in Table 1 could be amended to only include
OMI data with pixel numbers of 6-55 or even 11-50.
However, OMI pixels in the same swath and adjacent swaths
are measured almost simultaneously. Hence, to improve on
this validation technique, extended time periods of measure-
ments, several aircrafts measuring simultaneously, a larger
FOV of the AMAX-DOAS instrument, faster aircrafts, or a
combination of the four is needed.

4. Sensitivity Studies on the Satellite AMF

[33] In this section, the assumptions of the satellite radiative
transfer are tested with available auxiliary measurements of
trace gas profiles, aerosol extinction profiles, and surface
albedo. As can be seen from Figure 1, the sensitivity of the mea-
surements towards the actual NO, profile changes with altitude.
Hence, the tropAMF depends on the a priori trace gas profile:

Y.BAMF; VCD{?"™"
tropVCD* P" iori

with BAMF; and VCD? 7" being the BAMF and the trace
gas a priori partial vertical column of the layer i and
tropVCD* """ the integrated a priori profile. The summation
is performed from the surface to the tropopause for discrete
layers. If the true profile is different from the a priori profile,
this can introduce significant errors in the tropVCD retrieved
with this tropAMF.

[34] As mentioned above, the satellite retrieval uncertainty
is dominated by the uncertainty in the tropAMF calculation
and there the most important parameters are trace gas con-
centration profile and surface albedo [Boersma et al., 2004;
Richter and Burrows, 2002]. By using independent profile
observations measured by the AMAX-DOAS instrument
while flying low approaches over airports [see Baidar
et al., 2013] as well as surface albedo by the radiometers,
sensitivity studies were performed to test the assumptions
made in the NASA OMI retrievals. As mentioned above,
the radiative transfer calculation of the OMI retrievals param-
eterizes the aerosol load in the atmosphere in combination
with the surface albedo by applying the so-called effective al-
bedo calculated from the measurement itself. Here, a case
was chosen for an OMI nadir pixel for Los Angeles for
July 2010 which was deemed as relatively low cloud by the

tropAMF =

@

OMI retrieval algorithm having an effective albedo of
0.083. The corresponding NO, profile is given in Figure 8a
and was obtained from the GSFC GMI CTM model. The
resulting tropAMF is 1.41 at 435 nm.

[35] Figure 7 shows the surface albedo as measured from
the Twin Otter in summer 2010 over the Greater Los
Angeles Area, parts of the High Desert and over the San
Bernardino Mountains. Mostly, the surface albedo is around
0.10£0.02. Only over some of the mountain ranges and the
Pacific Ocean, the surface albedo is lower: ca. 0.03 — 0.07.
Figures 8a and 8b show the NO, and the 477 nm aerosol
extinction profiles measured during four low approaches
over the Greater Los Angeles Area (location marked in
Figure 2b) on 16 July 2010. Both shape and absolute values
of the trace gas profiles differ significantly from the
model profile.

[36] Here, tropAMFs are calculated for the OMI nadir
viewing geometry at a SZA of 17° for a clear-sky scenario.
Simulations are performed for the five different NO, profiles
from Figure 8a. The McArtim code is employed because
aerosol extinction can be treated explicitly. The aerosol
optical properties were chosen as 0.94 for the single scatter-
ing albedo, typical for wavelengths >400 nm, and 0.68 as
asymmetry parameter, typical for polluted environments.
These are the setting used for retrieving the NO, and aerosol
profiles shown in Figure 8 using the same radiative transfer
model McArtim. The aerosol extinction profiles correspond-
ing to the NO, profiles at the four different locations are
applied (see Figure 8b). Calculations were also performed
for a Rayleigh atmosphere with 0.083 (corresponds to the
effective albedo) and 0.1 surface albedo. Profiles for
pressure, temperature, and ozone were taken from the US
standard atmosphere to be consistent with what was used
during the profile retrievals [Baidar et al., 2013]. However,
using the GEOS-5 meteorological field (which drives the
GMI model) pressure and temperature profiles increases the
tropAMFs by ~1 —2%. The tropAMF obtained by mimicking
the OMI retrievals by using the albedo settings (i.e., effective
albedo of 0.083 and no aerosols) and the NO, model profile
results in a tropAMF of 1.36 which is within 4% of the actual
OMI tropAMF applied to the measured slant columns. The
aim of these radiative transfer calculation comparisons is
not to reproduce the exact OMI tropAMF, but rather to study
the differences to the standard scenario, i.e., 1.36 tropAMF in
order to identify the main contributors as well as obtaining an
estimate for the satellite tropAMF uncertainty.

[37] Table 3 summarizes the results for the different
scenarios. On average, the GMI model profile results in a
larger tropAMF in comparison to the measured NO, profile
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tropAMF by 11-15%. An increase in the surface albedo of
20% results in an average tropAMF increase of 9% for the
measured profiles. When using the GMI model profile in
combination with the different measured aerosol extinction
profiles, the tropAMF changes by <1%. The weak depen-
dence of the satellite (but also the AMAX-DOAS)
tropAMF on the aerosol extinction profile was already
explained in the introduction. Using a combination of the
Twin Otter measurements for surface albedo, aerosol
extinction profile, and NO, profile and giving equal weights
to the four individual profile combinations yields on average
a tropAMF of 1.31. This value is about 4% lower than the
tropAMF of 1.36 using the OMI settings, i.e., an effective
albedo of 0.083 in combination with a Rayleigh atmosphere,
and the model NO, profile. Looking at the individual
measured profiles, the maximum deviation is for the coastal
profile at Santa Monica with 12%. It is worth noting that this
value of 12% is smaller than the differences caused by only
using the different NO, profiles, i.e., up to 15%. Applying
the measured effective albedo seems to partly offset the
nonideal choice of the model trace gas profile.

[38] In summary, the NASA OMI tropAMF for the Los
Angeles area for July 2010 is only as good as the estimate
for the albedo and especially the trace gas profile.
Considering the assumptions in the simulations and the range
of values, a tripling of the average difference seems to be
appropriate to estimate the satellite tropAMF uncertainty
for the Los Angeles area for the summer to be 12%. This is
much better than the estimate described in section 2.2 for
OMI retrievals in general (ca. 20% for low cloud fraction,
30 — 80% for high cloud fraction [Wenig et al., 2008;
Bucsela et al., 2013]), but is consistent with the results of
the linear regression study in the previous section.

5. Additional Error Sources

[39] Error sources in the OMI and the AMAX-DOAS data
products which have not been discussed so far in this
manuscript are the effect of the orography on the field in
the RTM calculations, the temperature dependence in the
NO, absorption cross section, and the contribution to the
NO, column from above the aircraft altitude: The radiative
transfer models used in this study treat the atmosphere and
the surface elevation as isotropic. However, the terrain height
of the SCAB is highly variable. On the other hand, areas with
highest NO, are usually not in the foothills of the surround-
ing mountains. Also, this effect should become significant
only for large SZAs in combination with the position of the
sun in the direction of a mountain range. Hence, the influence
is most likely negligible, especially when investigating statis-
tical ensembles of data. A detailed study is beyond the scope
of this manuscript.

[40] The AMAX-DOAS analysis was performed with a
combination of two NO, cross sections at 220K and 294 K.
When using only the cross section at 294 K in the analysis,
the differences in those dSCDs to the dSCDs obtained with
the combination of the two absorption cross sections are neg-
ligible. However, using the 220K cross section yields 20%
smaller dSCDs. This highlights the need for treating the
temperature dependence of the NO, absorption cross section
in the two retrievals in a similar way for a meaningful
comparison. In the satellite algorithm, the temperature

dependence of the cross section is treated explicitly by assim-
ilating a temperature profile and calculating a correction
factor for the cross section [Bucsela et al., 2013]. The
average temperature in the lowest kilometer in the model
profile for July over California is 295 K and therefore close
to the value in the AMAX-DOAS retrievals.

[41] NO, can be produced in the free troposphere from
lightning, but California was mainly cloud free during the
campaign. However, the GMI model profile yields a partial
column of 4 x 10'* molecule cm ? from 5 km to the tropo-
pause. This partial column above the aircraft is comparable
to the offsets found in Table 1.

[42] The CU-AMAX-DOAS retrieval error is already low,
but could possibly be improved for higher SZA by using op-
timal estimation to obtain a vertical column including obser-
vations from additional viewing angles. This will be
examined in a follow-up research paper.

6. Summary and Conclusions

[43] In this paper we presented (1) a comparison of NASA
OMI with CU-AMAX-DOAS NO, median tropVCDs over
2 months for defined areas and a comparison on an individual
OMI pixel basis over California in summer 2010, and (2)
sensitivity studies on the satellite AMF. The results can be
summarized as follows:

[44] 1. Fair agreement was found for the temporally and
spatially averaged data comparison (section 3.1). The slope
between the tropVCDs of the two instruments is 1.4+0.1
and the correlation coefficient 0.97. This is caused by a
combination of large OMI pixels at the side of the swath
and the SCAB being surrounded by relatively unpolluted
areas. Therefore, large pixels should be excluded if the
coincidence criterion is based on pixel center coordinates.

[45] 2. The mean AMAX-DOAS tropVCDs were calcu-
lated for coincident OMI pixels. A regression analysis was
performed and the successive application of a combination
of individual selection criteria to the data (i.e., pixel number
in the OMI swath, normalized distance, cloud radiance frac-
tion, satellite overpass time, and aircraft altitude) led to a
strong correlation of 0.85 and a slope of 1.03+0.09 in the
end showing good agreement. The main driver seems to be
the removal of the large pixels from the comparison. The
AMAX-DOAS footprint area of ~0.011km? is relatively
small in comparison to the OMI footprint area of 312—
6400 km?. Optimizing the normalized distance is also impor-
tant. The cloud radiance fraction and the aircraft altitude have
only minor impacts on the results since the former is very low
anyways over Los Angeles in summer and in the latter case
since most of the tropospheric NO, seems to be confined
below 1800 m.

[46] 3. The statistics of this validation technique can be
improved by extending the time periods of measurements,
coordinating several aircrafts at the same time, developing
an AMAX-DOAS instrument with a larger FOV, deploying
a faster aircraft or a combination of the four.

[47] 4. Sensitivity studies on the satellite AMF showed that
the radiative transfer is rather independent of the range of
aerosol load as encountered during the campaign, but highly
dependent on the surface albedo and the trace gas a priori
profile shape.
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[48] 5. The uncertainty of the NASA OMI tropAMF is
estimated to be 12% for summer over the Los Angeles area.
Notably, the area probed is characterized by a rather high
surface albedo (here 10% at 479nm) and low AOD. A
generalization of the satellite uncertainty over areas with a
different surface albedo may not be straightforward.

[49] 6. The observed weekly cycle of the NO, is consistent
with previous studies. A decrease of 38 +24% and 33+11%
for AMAX-DOAS and OMI measurements, respectively, is
found for the weekend in comparison to weekdays. While
the effects on ozone are not the subject of this study, we note
that this decrease in NO, leads to higher ozone during week-
ends in June (consistent with Pollack et al. [2012], and ref-
erences therein), but lower ozone during a hot weekend
case in July [Baidar et al., 2012].

[s0] The aircraft observations reported here were only par-
tially intended for satellite validation. Purposeful validation,
flying grids coincident in time and space with the satellite
overpass, and adjustments to the actual AMAX-DOAS
instrument could provide a more detailed data set. All this
said, it can be concluded that (1) CU-AMAX-DOAS is well
suited for satellite validation when the above precautions
are taken into account, and the data collected over
California are a valuable data set to validate other satellite
instruments and (2) the NASA OMI tropospheric NO,
product (v2.1) delivers high quality data for the Californian
summer season.
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3.3 Combining Active and Passive Airborne Remote Sensing to Quantify NO, and Ox
Production near Bakersfield, CA

Reproduced from: Baidar, S., R. Volkamer, R. Alvarez, A. Brewer, F. Davies, A. Langford, H. Oetjen, G. Pearson,
C. Senff, and R.M. Hardesty (2013), Combining Active and Passive Airborne Remote Sensing to Quantify NO, and
Oy Production near Bakersfield, CA, British Journal for Environmental and Climate Change, 3 (4), 566-586.
doi:10.9734/BJECC/2013/5740

A research flight on June 15, 2010 was conducted over Bakersfield, CA and nearby areas with
oil and natural gas production. Three remote sensing instruments, namely the University of
Colorado AMAX-DOAS, NOAA TOPAZ lidar, and NCAS Doppler lidar were used to quantify
production rates of nitrogen dioxide (NO,) and Oy’ (background corrected O3z + NO) using the
horizontal flux divergence approach by flying closed loops near Bakersfield, CA. By making
concurrent measurements of the trace gases as well as the wind fields, we have reduced the
uncertainty due to wind field in production rates. We find that the entire region is a source for
both NO, and O,’. NO, production is highest over the city (1.35 kg hr* km? NO,), and about 30
times lower, though non-zero, at background sites (0.04 kg hr* km? NO,). NO, emissions as
represented in the CARB 2010 emission inventory generally agree well with our measurements
over Bakersfield city (within 30%). However, emissions upwind of the city are significantly
underestimated. The O’ production is less variable and widespread throughout the region, and
accounts for 7.4 kg hr* km™ O, at background sites. Interestingly, the maximum of 17.1 kg hr™
km? O,’ production was observed upwind of the city. A plausible explanation for the efficient
Oy’ production upwind of Bakersfield, CA are favorable volatile organic compound (VOC) to
NOy ratios for Oy’ production, that are affected by emissions from large oil and natural gas
operations in that area.

Conclusions:

e An innovative approach to quantify and locate NOy emissions, and to quantify the O
production rates from an urban area is presented. There is no similar such measurements
reported in the literature. The approach has the potential to also measure OVOC fluxes.

e The largest NOy emissions are found over the city of Bakersfield, while the highest Oy’
production was observed upwind of the city, over areas with large oil and gas operation.
VOC emissions from oil and gas operations create a favorable VOC to NOy ratio for O
production, and are likely the cause for the observed high Oy’ production rate. Elevated
Oy’ production is widespread, and rather uniform throughout the region.

e NO, emissions are non-zero also at background sites in the Central Valley. The overall
NOy emissions from the city of Bakersfield are well represented in the CARB 2010
emission inventory (within 30%), though differences in the location of emissions are
observed. NOy emissions from oil and natural gas operations are currently missing in the
emission inventory.
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Aims: The objective of this study is to demonstrate the integrated use of passive and
active remote sensing instruments to quantify the rate of NO, emissions, and investigate
the O, production rates from an urban area.

Place and Duration of Study: A research flight on June 15, 2010 was conducted over
Bakersfield, CA and nearby areas with oil and natural gas production.

Methodology: Three remote sensing instruments, namely the University of Colorado
AMAX-DOAS, NOAA TOPAZ lidar, and NCAS Doppler lidar were deployed aboard the
NOAA Twin Otter during summer 2010. Production rates of nitrogen dioxide (NO,) and
O,‘ (background corrected O3 + NO,) were quantified using the horizontal flux divergence
approach by flying closed loops near Bakersfield, CA. By making concurrent
measurements of the trace gases as well as the wind fields, we have reduced the
uncertainty due to wind field in production rates.

Results: We find that the entire region is a source for both NO, and O,’. NO, production
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is highest over the city (1.35 kg hr" km™ NO,), and about 30 times lower at background
sites (0.04 kg hr' km® NO,). NO, emissions as represented in the CARB 2010 emission
inventory agree well with our measurements over Bakersfield city (within 30%). However,
emissions upwind of the city are significantly underestimated. The O,  production is less
variable, found ubiquitous, and accounts for 7.4 kg hr' km? O, at background sites.
Interestingly, the maximum of 17.1 kg hr' km? O production was observed upwind of
the city. A plausible explanation for the efficient O,’ production upwind of Bakersfield, CA
are favorable volatile organic compound (VOC) to NO, ratios for O, production, that are
affected by emissions from large oil and natural gas operations in that area.

Conclusion: The NO, and O3 source fluxes vary significantly, and allow us to separate
and map NO, emissions and O, production rates in the Central Valley. The data is
probed over spatial scales that link closely with those predicted by atmospheric models,
and provide innovative means to test and improve atmospheric models that are used to
manage air resources. Emissions from oil and natural gas operations are a source for O,
air pollution, and deserve further study to better characterize effects on public health.

Keywords: Active and passive remote sensing; LIDAR; AMAX-DOAS; fluxes, air pollution;
1. INTRODUCTION

Ozone (O3) and nitrogen oxides (NO, = NO + NO,) are trace gases that are important
components of air pollution. Health concerns of O3z and NO, are related to respiratory
illnesses such as chest pain, reduced lung function, asthma, emphysema whereas
environmental concerns include reduced vegetation growth and acid rain. Due to these
concerns both trace gases are recognized as air pollutants by air quality regulating agencies
around the world, and are regulated by air quality standards and guidelines. The World
Health Organization (WHO) air quality guideline recommends the standard to be set at 100
Mg m* (~51 ppb) for O3 (8 hour mean) and 40 ug m* (~21 ppb) for NO, (annual mean) [1].
The National Ambient Air Quality Standard (NAAQS) set by U.S. Environmental Protection
Agency are 75 ppb for Oz (8 hour maximum) and 53 ppb for NO, (annual mean) [2].
Similarly, the current air quality standard for the European Union are 120 ug m? (~61 ppb)
for O3 (8 hour maximum) and 40 ug m* (~21 ppb) for NO, (annual mean) [3]. Further, Osis a
greenhouse gas that is relevant to climate discussions [4]. The lifecycles of O3z and NO, are
intimately coupled, because NO, photolysis by sunlight drives photochemical O; production,
while emissions of NO destroy O3 to form NO,. The sum of O3 and NO, is called O,, and is a
conserved quantity as it implicitly accounts for the destruction of O; by NO (O, titration).
Excess O, is formed from the oxidation of volatile organic compounds (VOCs) in the
presence of NO, [5-7]. Fig. 1 shows a schematic diagram of photochemical O3 production
and evolution of NO, NO,, O3 and O, concentrations upwind (I), within city limits (lI) and
downwind (lll and IV) of an urban area. Different chemistry in these regions results in the
characteristic spatial patterns in NO,-O; distributions depicted in Fig. 1, which are: (1)
Background Oj present in the upwind region (I). (2) Emission of NOy in the city limits (ll),
which leads to (3) O3 removal via reaction with NO to produce NO, (titration reaction). (4)
Photochemical production of O; from VOC/NO, chemical cycles, which dominates downwind
of the city center (Ill) and results in O3 concentrations to accumulate. Further (5) the O3
concentration does no longer accumulate in some distance downwind (IV), when NO, has
been oxidized to NO,. NO, is efficiently deposited or lost to aerosols resulting in insufficient
NO, to drive VOC-NO, chemical cycles (NO, limited region). Ultimately O3 removal by
photolysis and dry deposition leads to a slowly decreasing Oz concentration here [6-8].

567
51


Sunil
Typewritten Text
51


British Journal of Environment & Climate Change, 3(4): 566-586, 2013

Due to their importance for air quality and human health, NO, and O3 plumes from point
sources and urban areas have been extensively studied. Previous studies have estimated
NO, emission rates from point sources like power plants [9], urban areas [10-13], O;
production rates in urban plumes [14,15], the amount of O3 transported from urban areas
and its impact on regional background O [15], and the relationship between O;, NO and
NO, as function of NO, in urban areas [16]. However, despite decades of research, models
that predict O3 formations have not been constrained by observations at the scale of cities
and immediately downwind of cities. The comparison at the local scale is important, because
of uncertain and changing emission of VOCs [17], NO, [18], complicated transport [19-21]
over cities and downwind of cities, and also uncertainties in non-linear chemistry that
couples VOCs, NO, and O3. Such chemistry is heavily parameterized in current atmospheric
models used to predict O;. The net O3 production by VOC oxidation is related to the
conversion of NO to NO, by organic peroxy-and hydro peroxy radicals that are formed
during the airborne oxidation of VOCs by atmospheric oxidants like OH, NO;, O3, and ClI
radicals [22]. Under high NO, conditions, the rate of Oj; production is limited by the
availability of VOCs, while availability of NO, controls the rate of O3 production under low
NO, conditions [22-25]. For example, the testing of detailed chemical mechanisms of VOC
oxidation using simulation chamber data [26,27], and field observations [28-31] often predict
lower O3z formation rates than that are actually being observed. The uncertainty in the
chemistry of O3 formation can be of similar relevance as uncertainties in emissions, and
transport [30]. Further, transport of O, across city, state and international borders causes
possible non-attainment of Oj; levels at sites downwind [15,20,32] and the changing
boundary conditions complicates enforcement of regulations.

Over the course of the last decade, emission control policies aimed at reducing ambient O3
levels have resulted into NO, reductions in North America and Europe [18,33-38]. NO,
sources in the troposphere are primarily related to anthropogenic emissions from on-road
motor vehicles and power plants. With more than half of the world population now living in
urban areas, cities have developed into hotspots for NO, sources [18,33,34] and provide
opportunities for NO, reductions that are relevant on the global scale. This trend towards
urbanization on global scales is unique in the history of mankind, and has the potential to
change the planet. There is an increasing need for the development of analytical approaches
that are effective at quantifying emissions of NO,, provide experimental constraints to Oy
production rates, and transport in order to refine atmospheric models that are used to
manage air resources.

The primary objective of this study is to demonstrate the potential and feasibility of integrated
use of passive and active remote sensing instruments and column observations to estimate
the rate of NO, emissions, and investigate the O, production from an urban area. We use the
mass conservation approach to estimate source strength for NO,, and O, from an urban
area. Recently, ground based mobile differential optical absorption spectroscopy (DOAS)
measurements have been used to estimate NO, emissions from urban areas using this
approach [10,11,13]. A similar approach has also been used to probe NO, emission from
megacities using satellites [12]. We have made simultaneous measurements of NO, vertical
columns, O3 and wind profiles for the first time from a research aircraft. The data set
provides an opportunity to estimate production of individual species and investigate the
conserved quantity, O,, which could be significantly impacted by Oj titration in NO, source
areas such as city centers. As a case study, data from a research flight on June 15, 2010
over Bakersfield, California is presented.
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Fig. 1. Schematic diagram showing cross-section of ozone formation in an urban area
under steady wind conditions and horizontal flux divergence measurements in a
closed loop for source strength calculations. Evolution of NO (orange), NO, (blue), O,
(maroon) and O, (green) over different urban regions: (I) upwind, (ll) urban center, (lll)
downwind and (IV) further downwind are also illustrated.

2. METHODOLOGY

We use a mass conservation approach to estimate the emission and production source
strength of NO, and O,. Neglecting the molecular diffusivity term in the mass conservation
equation, the NO, and O, source strengths within a given volume can be estimated from
their time rate of change within the volume and the horizontal flux divergence across the
boundaries enclosing the volume. We have conducted measurements of vertical columns of
NO,, O3, and wind profiles aboard a research aircraft that flew box patterns over and near an
urban area. Fig. 1 shows a conceptual schematic illustrating our approach for measuring
NO, and O, production rates.

Three remote sensing instruments namely (1) the University of Colorado Airborne Multi-Axis
Differential Absorption Spectroscopy instrument (CU AMAX-DOAS), (2) the National
Oceanic and Atmospheric Administration (NOAA) Tunable Optical Profiler for Aerosol and
Ozone (TOPAZ) lidar and (3) the National Center for Atmospheric Science (NCAS) Doppler
lidar were deployed aboard the NOAA Twin Otter research aircraft. The configuration of the
three instruments aboard the Twin Otter is shown in Fig. 2. A total of 52 research flights
were conducted over the course of two months (May 19-July 19, 2010) as part of the
California Research at the Nexus of Air Quality and Climate Change (CalNex) [39] and the
Carbonaceous Aerosol and Radiative Effects Study (CARES) [40] field campaigns in
California during summer 2010. Most of the flights were focused on the Los Angeles basin
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and Greater Sacramento area. More details on the individual Twin Otter research flights can
be found in Ryerson et al. [39]. One of the foci of this deployment was to constrain the
emission and production of NO, and O3 upwind, within and downwind of urban areas.

2.1 AMAX-DOAS

The CU AMAX-DOAS instrument [41,42] uses scattered sunlight as the light source (passive
remote sensing). The scattered sunlight spectra are analyzed for the presence of absorbers
like NO,, glyoxal (CHOCHO), formaldehyde (HCHO) and oxygen dimer (O,) among others
using the DOAS method [43]. The instrument and its performance during CalNex and
CARES field campaigns are described in detail in Baidar et al. [42]. Briefly, a telescope pylon
is mounted on the outside of the window plate of the aircraft and includes a rotatable prism
to collect scattered photons from different elevation angle (EA) i.e. angle relative to the
horizon. Spectra collected from different EA contain information from different layers in the
atmosphere and hence can be used to obtain information about vertical distribution of trace
gases. The collected photons are transferred to a spectrometer / charge coupled device
(CCD) detector system via optical glass fiber bundle. Here we will only present data from
nadir viewing geometry from the flight over Bakersfield.

The measured spectra were analyzed, for NO, in a wavelength range from 433 to 460 nm,
against a fixed zenith reference spectrum recorded during the same flight in a clean
environment and flying at relatively high altitudes (3 — 5 km; 3.5 km for this flight). Zenith
spectra were recorded frequently, and are used to correct for stratospheric NO, contributions
and NO, above the aircraft. The nadir NO, differential slant column densities (dSCDs) are
observed below the plane and correspond to the average integrated difference in
concentration of the absorber along the light path with respect to the reference. Since most
of the NO, sources in an urban environment are located close to the surface, the retrieved
nadir dSCD was considered to be the boundary layer slant column (dSCDy). NO, nadir
measurements were performed every 20-25 s and hence NO, data points are available
every ~1.5 km horizontally. For the conversion of nadir NO, dSCDy, into boundary layer
vertical column densities, VCDy,, the geometric Air Mass Factor (AMF4.,) approximation was
applied.

1 SCD
AMF,,, = — = Fnbl )
1+cos (SZA) bl

Here, SZA refers to solar zenith angle at the time of the measurement. This approach is in
good agreement with explicit radiative transfer calculations for California while flying
between 2 and 4 km. Radiative transfer calculations for the conditions of the Bakersfield
case study (flight altitude: 2 km, SZA: <25°), and comparisons with ground based vertical
columns consistently reveal the uncertainty in AMFg, to be less than 7% [42]. The overall
uncertainty in NO, VCD for the Bakersfield case study is estimated to be around 9% (AMF g,
: <7%, NO, cross-section: ~5%, DOAS fit: ~3%) [42,44].

2.2 TOPAZ

NOAA'’s nadir-looking TOPAZ differential absorption lidar is a compact, solid-state-laser-
based O;lidar that emits pulsed laser beams at three tunable wavelengths in the UV spectral
region between about 285 and 300 nm [45]. The differential attenuation of the three

wavelengths due to O; permits the retrieval of O; concentration profiles along the laser beam
path [46]. TOPAZ O; profiles were computed every 10 s (or about 600 m horizontally) with a
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vertical resolution of 90 m. The ozone profiles extend from about 400 m beneath the plane to
near the ground. O3 values in the lowest two measurement bins (lowest 180m) above
ground level (AGL) are typically not used because of poor signal to noise ratio.

12.5° off nadir
Track

Fig. 2. Instrumental setup of CU AMAX-DOAS, NOAA TOPAZ lidar and NCAS Doppler
wind lidar aboard the NOAA Twin Otter research aircraft during CalNex and CARES
field campaigns. The yellow, purple and maroon lines represent viewing geometry of
CU AMAX-DOAS, NOAA TOPAZ lidar and NCAS Doppler wind lidar respectively. The
three instruments are also shown in the insets.

The TOPAZ lidar also provided aerosol backscatter profiles for the longest (and least
absorbed by O3) of the three emitted wavelengths near 300 nm. The time resolution of the
aerosol backscatter profile measurements is the same as for O3, but the vertical resolution is
much finer at 6 m. We used these highly resolved lidar backscatter profile data to retrieve
boundary layer height (BLH) by employing a Haar wavelet technique [47]. This approach is
based on the (often valid) assumption that the aerosol concentration is higher in the
boundary layer (BL) than in the lower free troposphere (FT). The altitude at which the
strongest aerosol gradient is found by the wavelet technique is used as an estimate of the
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BLH. At times, the contrast in aerosol backscatter between the BL and the overlying FT is
not sufficient to yield reliable results, and the BLH is not reported for such scenarios.

We used the BLH estimates and O3 profiles measured with the TOPAZ lidar to compute O3
column data integrated over the depth of the BL. To fill in data gaps in the O profiles close
to the ground, we averaged the ozone measurements in the lowest two gates with usable
data (typically 200 - 300 m AGL) and extrapolated this value to the ground. We then
integrated these extrapolated ozone profiles from the surface to the top of the BL to yield BL
O3 column density along the flight track at 10-s resolution. When BLH estimates were not
available from the backscatter profile for a given Oj; profile, BLH was interpolated from
adjacent measurements to compute Oj; vertical column over the BLH. TOPAZ O,
measurements have been extensively compared to and agree well (x2-9%) with in situ
airborne O3 observations [48].

2.3 Doppler Wind Lidar

Information on the wind structure below the aircraft was provided by the NCAS Doppler lidar
[49] mounted in the Twin Otter cabin. The lidar measures the Doppler shift of radiation
scattered from atmospheric aerosol particles to estimate the component of wind along the
lidar line of sight. Typical precision of the lidar radial wind measurements under acceptable
aerosol loading is better than a few tens of cm s”. The lidar was mounted in the cabin with
the beam transmitted vertically through a small camera port located on the underside of the
aircraft (Fig. 2). In order to measure the horizontal component of the winds a rotatable
refractive wedge mounted in the port directed the beam to 12.5° off nadir. The original
scanner design included two wedges, which provides greater beam deflection and enables
vertical pointing; however poor optical quality of the wedges forced us to eliminate the
second wedge to reduce total attenuation through the scanner.

During flight operations the wedge was rotated to four different azimuth angles (45, 135,
225, 315°) relative to the flight track. Dwell time at each azimuth angle was 1 s for most of
the Doppler measurements during CalNex. A complete rotation among the four azimuths
required 8 s, including the time required to rotate the wedge to a new position. At the
nominal Twin Otter speed of 60 m s a complete 4-beam scan was completed about every
500 m. Vertical resolution of the lidar wind measurements was roughly 50 m.

Information on aircraft speed and orientation was obtained from the CU AMAX-DOAS motion
compensation system [42]. Additionally, we used the surface return at the four look angles,
for which the only Doppler shift results from motion of the aircraft, to provide additional
information on aircraft orientation and velocity. For the case described here, a 19-beam
running average of the radial wind estimates at each of the four azimuth angles was
computed to improve precision of measurements. After removal of the Doppler shift induced
by aircraft motion, the velocities from the four azimuth angles were combined in a least-
squares type algorithm to estimate the mean wind speed and direction in each of the 50 m
range gates where backscatter was high enough to provide a strong signal. The wind speed
and direction were averaged up to the BLH before further calculations of horizontal flux. The
uncertainty in the wind measurement is estimated to be around 6% based on the difference
between wind retrievals from a longer (19-beam) and a shorter (3-beam) running average
wind fits.
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2.4 Bakersfield Case Study

Bakersfield is a city located in the southern part of the Central Valley, CA, surrounded mostly
by agricultural area and oil and natural gas operations. In the summer months, wind blows
predominantly from the northwest down the valley providing steady wind conditions
necessary for the method presented here. The Bakersfield area also makes for an
interesting case study to probe NO, and O, production from a large city influenced by
intense agriculture and petrochemical production. In particular, we have probed (i)
background air unaffected by urban anthropogenic emissions, (ii) air upwind, influenced by
agricultural and petrochemical production, (iii) urban emissions from the city, and, (iv) the
chemical evolution downwind, after it is perturbed by urban emission inputs.

The flight plan of the Twin Otter on June 15, 2010 (see Fig. 3) was designed to interrogate
NO, emissions and constrain the O3 production from different source regions enclosed by
“boxes” by applying the horizontal flux divergence approach. The flight plan included an
enclosed box, over areas with no major emission sources, in the northwest of Bakersfield to
characterize the background conditions (Box A; see Fig. 4). Two boxes (Box C and D; D is
twice the size of C) were flown over the city of Bakersfield to constrain
emissions/productions from the city. In order to contrast NO, and O3 production upwind and
downwind of Bakersfield, two additional boxes (Box B and E) were created by interpolating
the measured NO,, O3 and wind data for the western legs (shown as diamonds in Fig. 4). A
larger trapezoid (Box F) was flown, connecting the three boxes, and enclosing the entire
greater Bakersfield region. It took approximately 15, 13 and 18 minutes to complete boxes A,
C and D respectively while the larger Box F took ~75 minutes. The entire box patterns were
flown at a constant altitude (~2000 m above sea level), well above the BL. Details related to
the times and meteorological conditions encountered for each boxes are summarized in
Table 1.

Table 1. Meteorological conditions on June 15, 2010 for the closed boxes flown near
Bakersfield, CA

Box Area Time Wind speed  Wind direction Boundary layer
(km x km) (UTC) (mls) (°) height (m, AGL)

mean * sdev mean * sdev min max

A 20x 14 20:24-20:38 56+1.7 283 +44 1005 1548
B 20x 19 43+1.6 314 + 41 760 1425
C 20x9 19:41-19:54 41+15 317 £ 49 936 1425
D 20x 18 21:07-21:25 47+09 317 + 26 1049 1481
E 20x 18 3.0+£0.8 328 + 27 1066 1450
F 67 x 56 19:54-21:11 3.3+1.8 313+ 41 760 1524

2.5 Horizontal Flux and Source Strength
For each transect, the gas flux at a point, x along the flight path is obtained by multiplying the
column measurement at that location, column(x) by the corresponding wind speed averaged

over the BLH, u*,,4(x) [10,11]. The flux calculation through a surtace area, A IS shown In
equation 2:

[J.dAgreq = f;lz fOBLH conc(z).u*(z).dzdx = f;lz Ugpg (X). column(x)dx  (2)
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Where J corresponds to flux at any location, x to the flight direction, z to the altitude, u* to
the wind speed orthogonal to the flight direction (x) and is assumed to be constant over the
BLH, u ., to wind speed averaged up to the BLH, and

column = fOBLH conc(z).dz (3)
u" = u.sin () (4)

Here u is wind speed and B is angle between wind direction and flight heading.

Flux measurement in a closed loop can be used to estimate source strength within the
enclosed volume [10,11]. The general continuity equation in the integral form is given in
equation (5) and is the basis for the source strength calculation. It involves three terms:
source, flux divergence and rate of change of concentration.

- - I5)
Qnet = 455] dAgreq + fyol%dvvol (5)

i.e. the net source strength of an enclosed volume, Q. is the sum of fluxes through all areas
along the closed loop (incoming and outgoing) and change in concentration inside the
volume.

We assumed that the time dependence of concentration in the enclosed volume is zero over
the time scale of our measurement. Our measurements were performed during the midday
when rate of change of NO, and O3 concentration in the Bakersfield area is very small (see
Fig. 5). Hence, we neglected the second term on the right hand side in equation (5). We also
assumed that the net vertical exchange and deposition are negligible over the timescale of
our measurement. Hence, the net flux i.e. the difference in fluxes entering and leaving the
enclosed volume through the walls gives the source strength for the species of the particular
enclosed area at the time of the measurement.

2.6 Daily NO, Emission

Daily NO, emission was estimated based on the computed NO, source strength, diurnal
profile of NO, and the NO, to NO, ratio measured at the California Air Resource Board
(CARB) monitoring station at Bakersfield. It is computed as:

; _ v'20 [NO2(B)]  [NOx(B)]
NO, emssion = t=10E'[N02(t0)]'[N02(t)] (6)

Where E is the computed NO, production rate from (5), t is hour of the day, t, is the hour of
our measurement. Therefore, the daily NO, emission is the sum of product of measured NO,
emission rate at time tg, ratio of NO, at time t and {, and ratio of NO, to NO, at time t over the
course of the day. In order to minimize potential bias created due NO, accumulation
overnight, we only calculated daily NO, emission for the period when NO, and NO,
measurements at the CARB station were stable (10:00-20:59 PST). Fig. 5 shows NO,, NO,
and O3 mixing ratios measured hourly at the Bakersfield CARB monitoring station on that
day. The time period of our measurement and time frame for the daily NO, emission
calculation are also shown in Fig. 5.

574

538


Sunil
Typewritten Text
58


British Journal of Environment & Climate Change, 3(4): 566-586, 2013

3. RESULTS AND DISCUSSION

The measurement on June 15, 2010 over Bakersfield, CA was performed at mid-day when
the change in NO, and O3 concentration is very small, providing chemically stable conditions
most suitable for source strength calculations. This is supported by NO, and O;
measurements at the CARB monitoring station at Bakersfield (see Fig. 5). Column O3, BLH
from the NOAA TOPAZ lidar, column NO, from the CU AMAX-DOAS, and wind speed and
direction from NCAS Doppler lidar are shown in Fig. 3. Fig. 3a shows the BLH at the time of
the measurement retrieved from TOPAZ backscatter profiles. In general, the highest O; and
NO, VCDs were measured in the southeastern corners of the boxes especially for boxes
with significant emission sources (Fig. 3b and 3c), consistent with the prevailing wind
conditions. We calculated NO, and O, production rates for the six boxes.

. Bounday Layer Height (AGL) [km] B | 0, VD [x10 molecules cm”]
¢ Y - : o ol ) < ’ 3

L NO, VCD [x10 " *molecules cm"]
) < R

[ e »
.. "
\l

Fig. 3. Maps of (A) Boundary layer height (BLH) above ground level, (B) O; vertical
columns up to the BLH, (C) NO, vertical columns and (D) wind speed and direction
from the flight over Bakersfield, CA on June 15, 2010. BLH and O; columns were
measured by NOAA TOPAZ lidar, NO, vertical columns by CU AMAX-DOAS and wind
speed and direction by NCAS Doppler wind lidar. Black diamond on A shows the
location of CalNex Bakersfield supersite.
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The wind speed and direction and BLH during the time of measurements for different boxes
are given in Table 1. The wind was blowing predominantly from the northwest and provided
ideal conditions as horizontal flux divergence measurements require steady wind fields (also
see Fig. 3d). The variability in wind speed and direction was larger for upwind boxes (A and
B) compared to downwind boxes (D and E). The BLH range for boxes D and E were also
smaller compared to other boxes. The observed BLH variability is most likely a combination
of land use changes (irrigated fields vs. dry land vs. urban heat island) and the fact that
upslope flow over the foothills east of Bakersfield favor BLH growth, while strong subsidence
over the middle of the valley acts to suppress BL growth. We use the BLH variability to
estimate the amount of BL air column susceptible to exchange with the FT (see Section
3.1.). Since all the parameters needed to quantify flux are constrained by measurements
here, the horizontal variability in BLH does not pose a limitation to our approach. Notably,
the variability of BLH remains difficult to predict by atmospheric models, and warrants further
investigation.

Background corrected O, (O,’ from here on) column up to the BLH, computed as the sum of
NO, and background corrected O; columns, is shown in Fig. 4. Background correction for O,
is needed as we are interested in the source strength of the area at the time of measurement
i.e. the amount that is being produced locally. The background correction also minimizes any
potential biases due to BL-FT exchange in case of strongly varying BLH. If BLH is constant
over a box, then background correction is not necessary, because incoming and outgoing
background fluxes are the same and cancel each other. Note that we measure column
amount of O3 and NO,. Background O3 levels were calculated based on the mean O3
concentration over the BLH in the northwestern corner of the Box A (see Fig. 4). We note
that ‘background’ air in the Central Valley is affected by transport of pollution emitted upwind;
indeed we find significant production of O, in Box A. However, low and similar amounts of
NO, are transported into and out of Box A, and net production of measured species is the
lowest observed anywhere. We find no evidence for major emission sources within Box A.
The mean and the standard deviation of the background O3 concentration was 1.20 + 0.03 x
10" molecules cm™ (48.8 + 1.2 ppbv, 1ppbv = 2.46 x 10'° molecules cm™). It was assumed
that this background O3 concentration is representative of the entire area. A background O,
column was calculated for each measurement point along the flight track by multiplying this
O3 concentration with BLH at that location. This background column was then subtracted
from the measured O3 column to determine O3, which corresponds to the excess O3 column
at each point along the flight track. NO, VCDs were used without further corrections as they
were below the detection level over that area (4.2 x 10" molecules cm™, ~130 pptv). The
average column NO, to O, partition ratio increased from 2% over the background site to 7%
over the city of Bakersfield. Thus, NO, gas forms a significant portion of O, over the urban
area and would result in a bias if O3 production rates were calculated instead of O,. By
investigating O, we eliminate the uncertainty due to titration of O3 by NO to form NO, in the
NO, source regions.
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Fig. 4. Map of O,’ vertical columns up to the BLH. Rectangles represent different
boxes flown over Bakersfield: (A) upwind background area, (C) over the city, and (F)
over the entire area. Colored rectangles in the inset highlight three boxes: (B) upwind,
(D) over the city, and (E) downwind. Box B and E were created for comparison
purposes by interpolating the western legs. Interpolated data are shown as diamonds.
Black areas in the map show active oil and gas wells in the region.

The minimum, maximum and mean mixing ratios of NO, and O3 for each box are also given
in Table 2. The average NO, and O3 concentrations were lowest for the background box.
The NO, concentrations show higher variation within a box as well as between the boxes,
indicating highly local NO, sources in the area. The mean O3 does not vary much between
the boxes (see Table 2). Notably, the maximum O3 concentrations were observed to be
generally related to the O,’ production rates in the box upwind of a given box, which is
expected. Both O; and NO, showed the highest average concentration over the downwind
box (E). Considering that the production rates are lower compared to the boxes upwind (B
and D), there could be some accumulation of NO, and O; taking place in this box.

The enclosed areas are sources for both NO, and OX' for all the boxes investigated. The NO,
and O, production rates calculated for different boxes are given in Table 2. The production
rates were calculated using equation (5) and have been normalized for the area of the boxes
so that they can be directly compared to each other. As expected, the background, Box A,
has the lowest production rate for both NO, and O,. The NO, production rate in the
background box was 0.04 kg hr”' km™. The NO, production rate was highest for Box D and
amounts to 1.35 kg hr' km? above Bakersfield. This is consistent with the present
knowledge that urban city limits are the dominant source for NO, emissions in California [18].
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Boxes C and E, located in the northern half of Box D, and immediately downwind of Box D
respectively, show about 13 times lower NO, production rate, indicating that the NO,
sources from the urban area are highly localized. Interestingly, the site upwind of Bakersfield
(Box B) was also found to be a significant source for NO, compared to the downwind site
(Box E).

Table 2. NO, and O; mixing ratios and NO, and O,’ production rates normalized by
area of the boxes for each box near Bakersfield, CA on June 15, 2010

Box Mixing ratio’ Production rates’
NO, (pptv) O; (ppbv) NO,’ o.°
min/ max / mean min/max/mean (x10%kg hr' km?) (kg hr' km?)

A 22 /864 /298 45/59 /51 4+8 74+06
B 38/951 /497 47 / 62/ 58 60 +6 17.1+£0.8
C 145/ 2425/ 852 47 /67 / 58 11 %15 1M1+£2
D 149/ 1554 / 694 52/68/60 135+12 13+1
E 563/1948 /1183 56/76 /66 12+10 11 +1
F 22 /1948 / 582 45/76 /59 39+1 94+0.1

"Mixing ratio is calculated assuming that the NO, and Oj3 are uniformly distributed over the boundary
layer. Conversion: 1 pptv =2.46 x 1 0" molecules cm™ and 1 ppbv =246 x 1 0" molecules cm™.
’Molecular weight of NO2 (MWho2) =46 g/mole
*Molecular weight of Ox (MWoy) = 48 g/mole
*Error in the production rates represents total propagated measurement uncertainty. Details are
provided in Section 3.1.

The O,’ production rate for the background box was 7.4 kg hr' km™, the lowest of all boxes.
Box A likely represents the O,’ production rates for regions in the Bakersfield area that are
not affected directly by the urban emissions. Notably, the NO, production from within box A
was the lowest we have observed in this case study. However, our approach does not
attempt to make a correction for NO, losses due to photochemistry and deposition, and as
such the reported NO, production has to be considered a lower limit. While the measured
NO, flux was essentially zero within error of the measurements, this indicates that
comparable amounts of NO, enter and exit the box, and that enough NO, was present to
produce Os. This was confirmed by our observations of elevated O, production in box A.
Interestingly, the O,  production rates over the Bakersfield city limit (Box C and D) and
downwind site (Box E) only showed small enhancement (< factor of 1.75) over the
background O,’ production rate. This indicates that even though the NO, levels in the wider
area surrounding Bakersfield are relatively small (~330 pptv), there is enough NO, to sustain
photochemical O, production in the entire region. Surprisinglg, the upwind box (Box B) was
found to have the largest O, production rate (17.1 kg hr' km™, 2.3 times that of Box A). The
O, production rate in Box B was 133% that of urban Box D while the NO, production was
only about 40% of the urban box. A plausible explanation for our observation of efficient and
high O, production from Box B could be from enhanced VOC levels due to large oil and
natural gas operations in the area, creating favorable conditions for enhanced O3 production
(high VOC/NO, ratio). Oil and natural gas production is a source for atmospheric methane, a
greenhouse gas, and other more reactive hydrocarbons as well as NO,. The observed
elevated emissions of NO, in box B indicate emissions are active in this area. While higher
NO, is likely to contribute to the higher O; production rate, additional VOC emissions are
needed to explain such a high increase in the O3 production rate. We are unable to conclude
about additional VOC sources from our data at this point, but note that some emissions of
reactive hydrocarbons are expected from the oil and natural gas production in the area that
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for all the boxes except for the upwind box, B. Considering that the daily emission estimates
are in better agreement compared to the hour of measurement, there is a discrepancy in the
timing of NO, emission in the emission inventory. The diurnal profile of NO, and the NO, to
NO, ratio varies between days as well as seasons and hence we do not attempt to scale up
to the yearly NO, emission. However with regular flights over different times of the day and
course of different seasons, the combination of active and passive remote sensing has the
potential to constrain and improve NO, emissions in emission inventories.

Table 3. Daily and hourly NO, emissions calculated for June 15, 2010 from (i) using
derived NO, production rate and NO, and NO, diurnal profiles measured at CARB
monitoring station at Bakersfield, CA and (ii) NOx emissions from CARB 2010
emission inventory for that day. Errors represent error due to uncertainty in NO,
production rates

Box NO, Emissions’ (metric tons)
This work CARB 2010 emission inventory
Daily” Hourly® Daily” Hourly®
A 0.2+0.5 0.02 £ 0.04 1.1 0.11
B 51105 0.40+0.04 1.1 0.11
C 04+0.6 0.03 £ 0.05 10.6 1.05
D 10.7+£0.9 0.85+ 0.07 13.5 1.33
E 0.9+0.8 0.07 £ 0.06 2.2 0.22
F 32.1+0.9 2.56 £ 0.07 29.2 2.91

"Molecular weight of NOy (MWiox) = 46 g/mole.
2Daily = 10:00-20:59 PST.
3Hourly = hour of our measurement

3.1 Error Estimates

Error in calculated fluxes and source strengths are a function of uncertainties in the
measurements of individual species, winds, uncertainties about sinks (dry deposition and
oxidation), and the variability of atmospheric state. Previous source strength calculations
have found the uncertainty in the wind to be the largest source of error as it was not
measured concurrently [10,11]. The uncertainty in the wind measurements is estimated to be
around 6%. Thus, the uncertainty in the wind measurement itself has a relatively small effect
on the production rates in our study. This uncertainty is very likely not representative of wind
variability within the boxes but the variability in wind are captured as part of individual wind
measurements.

The overall uncertainty in NO, VCD is ~9%. The contributions of different error sources in
NO, VCD uncertainty is given in Section 2.1. It is assumed that all of NO, were located
inside the BL. Based on the amount of NO, above the BL in the vertical profile through the
city center (see Fig. 6) we estimate this leads to a systematic error of around a few percent.
The lidar O3 profile measurements at 90 m vertical resolution have an error of typically 6-
10% and can be improved by integration and averaging [45,48]. O; data were integrated
vertically (~10 points) and horizontally (2-3 points) for flux calculations at each location. As a
result, the statistical uncertainties in the integrated O3 are reduced to ~2%. O; data to the
ground were extrapolated from measurement at lowest two gates assuming a well-mixed BL
(see section 2.3). Based on the difference between measurement at the CARB stations and
extrapolated values, we estimate this systematic error to be around 5%. The uncertainty in
BLH retrieval for TOPAZ backscatter profile is ~7%. Considering the standard deviation of
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10% in the OX’ and ~1% in the NO, production rates. For an air mass transport time of 1 hour
(between production and measurement), Ibrahim et al. [10] estimated the error in the
production rate due to chemical transformation of NO,, based on average atmospheric NO,
lifetime, to be around 10%. Considering that the transport time for our conditions is around
0.5 hour, we estimate the error due to chemical transformation of NO, to be less than 5%.
The atmospheric lifetime of O; is more than 3 times that of NO, Hence, we estimate the
error in O,’ production rate due to chemical transformation to be smaller than 2%. Thus, the
potential error due to entrainment, dry deposition and chemical transformation is in the same
order as the total measurement uncertainty in the production rates.

We observed very high local variation in BLH and this could also potentially result in error in
the calculated production rates. The BLH variability makes the air column susceptible to
exchange with the FT via horizontal transport. We have tried to bind the magnitude of this
exchange in two ways: Method A calculates it as a product of the relative amount of air
column (with respect to the average) susceptible to this exchange based on the difference in
the average BLH measured for the upwind and downwind legs and our measured production
rates; Method B calculates the same number based on the maximum and minimum BLH,
assuming they occur equally frequent within each box. This is likely an upper limit estimate
of such transport, since BLH is something in between most of the time. Note that we only
know the BLH along the edge of the boxes and not within the boxes. We find that the
uncertainty due to this potential FT exchange accounts for 1-8% (method A) of the overall
horizontal flux. Method B yields 15-30% as an upper limit for FT exchange. To our
knowledge the horizontally variable BLH as a mechanism for BL-FT exchange has not
previously been studied, and deserves further investigation. We consider the error in
horizontal fluxes from method A to be most likely representative of uncertainty in the
production rates listed in Table 2 due to such an exchange.

4. CONCLUSION AND OUTLOOK

We demonstrated the feasibility of co-deployed active and passive remote sensing
instruments aboard a research aircraft to study NO, emissions and O, production rates out of
an urban area. NO; vertical column, O3 vertical profile and wind profile measurements
aboard the aircraft were used to calculate NO, and O, fluxes from source areas along the
flight track.

The advantages to co-deployment of these three remote sensing instruments on a mobile
platform for this kind of study are as follows:

1. The flux calculations are fully experimentally constrained. In particular,
measurements of wind and BLH along the flight track decouple horizontal and
vertical transport; column measurements integrate pollutant concentrations over the
BLH, and are inherently insensitive to vertical inhomogeneity.

2. Measurements constrain NO,, O3, O, (O3+NO,), enabling studies of NO, emissions
and O, production rates also over NO, source areas, i.e., under conditions when O,
concentrations are reduced due to NO emissions (Oj titration to form NO,).

3. Colocation of all three sensors on a single platform minimizes error, and makes the
flux calculation straightforward by assuring sampling on similar temporal and spatial
scales.

The horizontal flux divergence approach presented here for a case study in the Bakersfield
area has comparatively small error for the largest box (Box F) and larger error for the
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smallest box (Box C). The overall measurement uncertainty in the individual flux
measurement is in the order of 10-11%. The potential error due to entrainment, dry
deposition and chemical transformation is of a similar magnitude, and can in the future be
further reduced through coupling with atmospheric models. Our measured NO, and O,’
production rates reveal higher O; production upwind of Bakersfield in an area with active oil
and natural gas production. This finding is highly significant within experimental error, and
spatially well separated from urban source areas. Comparison of NO, emissions with the
CARB 2010 emission inventory suggest that the NO, emissions from the urban area are well
represented in the inventory. However, the location and timing of the NO, emissions within
the urban area could be improved. In contrast, NO, emissions over areas with active oil and
natural gas production were found to be significantly underestimated; higher background
emissions compensate for these local effects over the entire study area. The atmospheric
impacts of emissions from oil and natural gas production deserve further investigation.

Models that predict O; formation have not previously been constrained by observations at
the scale of cities and immediately downwind of cities. The synergistic benefit of combining
active and passive remote sensing instruments demonstrated here holds great potential as
an innovative tool to improve NO, emission inventories (emitted amounts and location) as
well as constrain O, production rates experimentally, and over extended areas. The local
variations in BLH deserve further investigation as to their role in the exchange of air between
the BL and the FT. Further, other trace gases (e.g., formaldehyde and glyoxal) can be
measured by AMAX-DOAS and hold largely unexplored potential to extend this approach to
the study of VOC oxidation rates. The co-deployment of AMAX-DOAS, TOPAZ lidar and
Doppler wind lidar during 51 remaining flights provide a valuable dataset to locate and
constrain NO, emissions over much of California especially the South Coast Air Basin, the
Bay area, as well to assess the transport of NO, and O, across the US-Mexican border.
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Addendum Section 3.3

Comment 1: For the calculation of O3 production rates, why was the average wind speed over
the entire column used instead of pairing height dependent wind speed with height dependent O3
concentration? Also for the calculation of NO, production rate, it was assumed that the wind
speed up to the BLH was constant. Was this true during the campaign? How would the results
vary if vertical profiles for NO, (e.g. calculated based on VCD) and O3 and the height dependent
wind speed were used in the calculations?

The O3 profiles over the BLH for this flight were relatively flat (see Fig. 3.3.6 in page 65). The
vertical variability in O3 mixing ratio over the BLH is smaller compared to the uncertainty in the
O3 measurements. The wind speed profiles varied along the flight track, and we use the average
instantaneous wind over the BLH to calculate the flux because this average wind is very well
known. Notably, any vertical variability in horizontal winds does not affect the flux calculation
given the O; profile is constant. The standard error in the wind speed over the BLH is 0.14 ms™
(average value for the flight) which is smaller compared to the wind measurement uncertainty
(6%). Given the flatness of the O3 profiles, considering the profiles for O3 and wind speed would
not change the results shown here.

For NO, the vertical distribution shows significant variability over the height of the air column.
We have measured this distribution during a low approach over Bakersfield (see Fig. 3.3.6 in
page 65), and several other case studies (see Fig. 3.2.8 in page 44 for the variability in NO,
profiles within the LA basin). We use the average wind speed over the BLH corresponding to
each NO, measurement for NO, production rate calculations, rather than extrapolating the NO,
profiles and using altitude dependent wind profiles. The profile in Fig. 3.3.6 was flown
traversing Box D shortly after the completion of that box. For this profile ~80% of the NO; is
located below 800m, and virtually all NO; is located below 1.5km. Given that BLH was higher
than 800m on average, we expect an error ~10% in the flux calculations. This is comparable or
smaller to other error sources. Finally, some angle scans were conducted at regular intervals
during this (and other) flight(s), and the spectra from these scans in principle facilitate
information that can be used to assess the variability of NO, profiles along the flight track.
However, this data was not leveraged in the present analysis due to time limitations and the
scope of the paper. A further refined analysis that leverages angle scans could in principle be
used in conjunction with vertically resolved wind measurements to further improve the results.

Notably, NO, makes a minor contribution (few percent) to the Oy production rates. Thus,
considering the profiles of NO,, O3 and wind speed will not change our conclusions about Oy
fluxes.

Comment 2: In instances where the aerosol backscatter signal is low — the BLH cannot be
determined accurately — what is used in the calculations for the production rates? Since the
average column densities are used, the flux through a given segment of a box would be highly
sensitive to the BLH estimate. Is this uncertainty incorporated in estimates for production rates?

For instances where BLH could not be retrieved from aerosol backscatter signal, the BLH was
interpolated from adjacent measured BLH. Uncertainty in the retrieval of BLH was incorporated
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in the error calculation for production rates but uncertainty due to interpolation of BLH is not
included. Please refer to section 3.1 of the manuscript (Page 64) for discussion on uncertainty
related to BLH variability in flux calculations.

Comment 3: In Table 1, why are times of the flights for boxes B and E not included?

Boxes B and E were created for comparison purposes by interpolating measured NO;, O3 and
wind data for the western legs. These boxes were only partly flown, and therefore the times are
not included in Table 1. Please refer to section 2.4 of the manuscript.

Comment 4: In Table 1, the boundary layer height varies greatly between min and max values
for most of the boxes (factor of 1.5 — 2). Is this variation over the course of the flight? Are
separate BLH'’s used for different segments of each box in the calculation of production rates?
Some further detail in how these rates were calculated would help the reader.

The minimum and maximum boundary layer heights given in Table 1 are variation in BLH along
the flight track for each individual box flown. The BLH measured at each point along the flight
track was used to calculate the O3 vertical column and average wind speed and direction up to
the BLH at that point. BLH was interpolated where no BLH retrievals were possible. We used
NO, and O3 vertical columns measured at that particular location to compute the Ox VCD. The
NO; and Oy columns are then multiplied by the corresponding wind measurements to derive flux
at each location along the flight track. The calculation of production rates is based on sum of
individual flux measurements along a closed loop. The calculation of production rates is
described in detail in section 2.5 of the manuscript (page 57).
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3.4. Airborne MAX-DOAS measurements over California: Evaluation of NO, emission
inventories in atmospheric models.

3.4.1. Introduction

Better quality of life in large cities and urban areas are often offset by a severe degradation of air
quality. Atmospheric chemistry models are used by air quality regulating agencies to forecast air
quality and warn people of impending adverse conditions. Along with the meteorology and
chemistry of pollutants, emission inventories of the pollutants are major components of these
models. Emission inventories often lag behind by few years and are one of the main sources of
uncertainty in the model results. In addition, with new stricter regulations, emissions of
pollutants such as nitrogen oxides (NOx = NO + NO,) and volatile organic compounds (VOCs)
have been decreasing steadily over the last few decades in urban areas such as South Coast Air
Basin (SCAB) (e.g. Russell et al., 2010, Warneke et al., 2012, Pollack et al., 2013). Thus, the
emission inventories need to be constantly updated and evaluated in order to improve the model
performances.
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Figure 3.4.1: Map of California showing all the NO, vertical columns measured by CU AMAX-DOAS during
CalNex and CARES 2010 field campaigns. The three rectangles highlight the study areas namely the South Coast
Air Basin (SCAB), Sacramento valley and Bakersfield for the model comparison. The five sub-division of the SCAB
is shown in the inset.
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Here we compared our NO, vertical column measurements with NO; vertical column outputs
from two different atmospheric chemistry models with three different NO, emission inventories;
(1) Weather Research and Forecasting - Chemistry (WRF-Chem) model with NEI-2005 emission
inventory and (2) Community Multi-scale Air Quality (CMAQ) model with (i) CARB draft
2005/2008 (referred to as CARB 2008 from here on) and (ii) CARB 2010 emission inventories.
Brief details about the two models can be found in Table 3.4.1.

3.4.2. Methods

The CU AMAX-DOAS measurement of NO, vertical columns during the CalNex and CARES
campaigns in summer 2010 has been described in detail in section 3.1 and 3.2. The measured
NO; vertical columns have a spatial foot print of ~1km which is comparable the spatial scale
predicted by air quality models. This makes the CU AMAX-DOAS data collected during CalNex
and CARES field campaigns an ideal dataset to evaluate emissions in air quality models over a
large spatial region. The small footprint of the measurement also allows us to clearly identify
local NO; hotspots and pollution sources.

We compared the NO, vertical columns below the aircraft flight altitude from the models outputs
corresponding to the CU AMAX-DOAS observations along the flight tracks. The comparisons
were made over three different urban areas in California namely the South Coast Air Basin, the
Sacramento valley and Bakersfield. Further, to understand the spatial variability within the South
Coast Air Basin, it was sub-divided into 5 regions: Los Angeles Basin North (LAN) (34.00-
34.20 N, 117.8-118.6 W) and Los Angeles Basin South (LAS) (33.75-34.00 N, 117.8-118.6 W)
at the coast, San Bernardino Valley North (SBN) (34.00-34.20 N, 117.1-117.8 W) and San
Bernardino Valley South (SBS) (33.75-34.20 N, 117.1-117.8 W) in the inland and the
background region to the further east (33.75-34.20 N, 117.1-116.6 W). Figure 3.4.1 show the
three study areas overlaid on the map of the measured NO; vertical columns by CU AMAX-
DOAS during the two campaigns in California. The sub-division of the SCAB is shown in the
Fig 3.4.1 inset. The Los Angeles basin north included city of Los Angeles, Pasadena, as well as
Los Angeles International Airport. City of Anaheim, Long Beach, Port of Long Beach are in the
Los Angeles basin south. The San Bernardino basin north encompassed the Riverside-San
Bernardino-Ontario metropolitan areas and the main thorough fare between the east and the west
region of SCAB. The box designated as “background” (BKG) does not include any major
sources of NOy. Observed and modeled NO, vertical columns in each region were also
segregated into weekday and weekend to study the weekday-weekend trend in NO; in the area.
For Sacramento and Bakersfield areas, weekend observations were very limited and hence only
weekday data were compared. The observed and modeled mean/median NO, column amounts
for each area were compared.
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CMAQ WRF-Chem
Version 4.7.1 5.0.1 3.1
Domain 4km x 4km 4km x 4km 4km x 4km
# of vertical levels 30 30 60
Boundary conditions RAQMS MOZART-4 NCEP GFS
Biogenic emissions BEIGIS MEGANv2.04 BEIS3.13
Anthropogenic emissions CARB 2005/2008 CARB 2010 EPA NEI 2005
Chemical mechanism SAPRC 999 SAPRC 07T RACM

Table 3.4.1: Details about the CMAQ and WRF-CHEM atmospheric chemistry models used for the study.

3.4.3. Results and Discussion

3.4.3.1 South Coast Air Basin (SCAB)

The average NO, vertical column observed by CU AMAX-DOAS over the SCAB region was
8.8x10* molecules cm™. The observed average value is consistent with the decrease in NO.
VCD by 1.1x10" molecules cm™ per year for the basin based on OMI satellite observations from
2005-2008 reported by Russell et al. (2010). The average model predictions using NEI 2005 and
CARB 2008 were 2.9x10® and 1.9x10"® molecules cm™ respectively for the area, a factor of ~2-
3 larger than the observation. The model predictions with the newest CARB emission inventory,
CARB 2010 (1.1x10" molecules cm™) is in very good agreement with our measurements.
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Figure 3.4.2: Spatial trend in measured (red) and modeled (green: NEI 2005, blue: CARB 2008 and orange: CARB
20010) NO, vertical columns in the South Coast Air Basin. The bottom, middle and top lines of the box represent the
25" 50" and 75™ percentile of the data. The average values are indicated by the stars.
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i) Spatial trend in NO; across the basin

Figure 3.4.2 shows the spatial trend in observed and modeled NO, across the SCAB. As
expected, higher NO, was observed in the western part over the Los Angeles basin north which
includes major NOy sources like city of Los Angeles, and Los Angeles International airport and
decreased towards the eastern and southern part of the basin. The background region with no
major local sources of NOy had the least amount of NO, (~17% of LAN) and is similar to what
was observed in the Sacramento and Bakersfield area (see Fig. 3.4.4 and 3.4.5). The NO;
columns in the LAS, SBN and SBS were 35%, 22% and 65% lower respectively compared to the
Los Angeles basin. All the model results suggested similar spatial trend of decreasing NO, to the
east and south. The relative decrease in NO, columns were very well captured in the models
especially with the CARB 2010 emission inventory (within 2% for the mean and 10% for the
median). Further, all model results indicated 85-90% decrease in NO, for the background region
compared to LAN.

i) Weekday-weekend trend in NO;

Due to the reduction in heavy-duty diesel engine trucks on weekends, lower NO, emissions have
been observed on the weekends in California (Chinkin et al., 2003, Harley et al., 2005). This has
been attributed to be the major reason for the weekend ozone effect in the SCAB (Pollack et al.,
2012 and references within). We observed 20-40% lower NO, on weekend compared to
weekdays in various regions in the SCAB and this decrease is consistent with the previous
studies (e.g. Pollack et al., 2012). The decrease was larger over the source regions (LAN, LAS
and SBN). Figure 3.4.3 shows the weekend to weekday ratio in NO, vertical columns observed
over the SCAB.
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Figure 3.4.3: Weekend to weekday ratio of measured (red) and modeled (green: NEI 2005, blue: CARB 2008, and
orange: CARB 2010) NO, vertical columns in the South Coast Air Basin.
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All the models results showed decrease in NO, over the weekend. However the extent of
reduction varied between the different emissions inventories in the model. Again, CARB 2010
results were in better agreement with the measurements compared to the older emission
inventories. CMAQ simulations with both CARB 2008 and CARB 2010 predicted much larger
reductions (50-60% and 25-55% respectively) whereas WRF-chem results with NEI 2005 were
only lower by 15-35% across the SCAB. CMAQ results also showed larger reductions in the
eastern part of the basin (see SBN and BKG in Fig 3.4.3). Further studies would be required to
pinpoint if this mismatch is related to oxidative capacity, transport or emission inventory in the
model. In general, observations and model simulations were consistent with the regions with the
largest reduction in NO, over the weekend. LAN and SBN were predicted to experience the
largest reduction in NO; on weekends.

3.4.3.2 Sacramento Valley

Significantly lower NO, was observed over the Sacramento Valley area compared to the SCAB.
The average observed NO- in the area was 2.7x10" molecules cm™. Figure 3.4.4 shows the box
plot of NO; in the Sacramento area as observed by the CU AMAX-DOAS and predicted by the
model simulations. The model predictions were higher (factor of 1.1 (CARB 2010) — 2 (NEI
2005)) but much closer to observations in comparison to the SCAB.
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Figure 3.4.4: Box plot showing measured (red) and modeled (green: NEI 2005, blue: CARB 2008 and orange:
CARB 2010) NO, vertical columns in the Sacramento valley. The bottom, middle and top lines of the box represent
the 25", 50" and 75" percentile of the data. The average values are indicated by the stars.
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3.4.3.3 Bakersfield area

We had only four flights that passed over the Bakersfield area, one in the morning and three in
the afternoon. The box plot of the observed and modeled NO, vertical columns for these limited
flights is shown in Fig. 3.4.5. The average NO, column measured by the CU AMAX-DOAS over
the region was 2.3x10* molecules cm™ and is similar in magnitude to the Sacramento area and
the background box (BKG) in SCAB. Again, results with CARB 2010 El (mean: 2.3x10™
molecules cm™) showed excellent agreement with the observations. Model results with NEI 2005
and CARB 2008 showed large difference between the mean and the median indicating likely
presence of large isolated NOy sources or plumes. This also highlights potential bias created due
to limited data set over Bakersfield. However, this issue is not present with the new emissions
inventory.
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Figure 3.4.5: Box plot showing measured (red) and modeled (green: NEI 2005, blue: CARB 2008 and orange:
CARB 2010) NO, vertical columns in the Bakersfield area, CA. The bottom, middle and top lines of the box
represent the 25™, 50" and 75" percentile of the data. The average values are indicated by the stars.

3.4.4. Conclusion

NO, vertical columns measured by CU AMAX-DOAS during the CalNex and CARES
campaigns in 2010 were compared with WRF-Chem (with NEI 2005) and CMAQ (with CARB
2008 and 2010 emission inventories) model simulation results to evaluate the NOyx emission
inventories used in the atmospheric chemistry models. Comparisons were performed over the
South Coast Air Basin, Sacramento valley and Bakersfield. The model results were on average a
factor of 2-3 larger compared to the observations with NEI 2005 and CARB 2008. In contrast,
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CMAQ simulation results with CARB 2010 emission inventory was in very good agreement
with the observations (within 30% in the SCAB and 10% in Sacramento and Bakersfield).

The SCAB was sub-divided into five regions to evaluate the spatial variation. Higher NO, was
observed in the northwestern part of the basin and decreased to the east and south. All the models
predictions were consistent with the observation on the relative decrease in NO, columns to the
east and south despite the difference in absolute magnitude. Lower NO, columns (20-40%) were
observed during weekends compared to weekday in the SCAB. This trend was well captured by
the models though the extent of decrease varied by emission inventory. Model results with both
CARB 2008 and 2010 showed a larger relative reduction in NO, compared to observation, in
particular to the eastern part of the basin. Further studies would be needed to pin point the cause
for this mismatch. We find model results for NO, in California to have significantly improved
with the new CARB 2010 emission inventory.
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3.5 Measurements of formaldehyde and glyoxal vertical columns in South Coast Air Basin

3.5.1 Introduction

Formaldehyde (HCHO) and glyoxal (CHOCHO) play important roles in atmospheric chemistry
as tracer molecules for photochemistry. HCHO photolysis produces HOy radicals, a major
oxidizer in the atmosphere, which sustains photochemical production of ozone (O3) and
secondary organic aerosols (SOA) (Finlayson-Pitts and Pitts Jr, 2000). Sources of HCHO include
direct emissions from biomass burning (Lee et al., 1997), vehicular exhaust, industrial activities
(Anderson et al., 1996, Parrish et al., 2012) as well as secondary production from hydrocarbons
like alkanes and alkenes (Finlayson-Pitts and Pitts Jr, 2000, Parrish et al., 2012). Contributions of
primary vs secondary sources for HCHO differ greatly by location. For example, Garcia et al.
(2006) reported >30% contribution from primary sources in Mexico City. In contrast, the
contribution from primary sources was only around 5% in Houston, TX (Parrish et al., 2012). It
is very important to differentiate primary and secondary sources of HCHO for regulatory
purposes in order to identify appropriate control measures. Because of its relatively large
secondary source, HCHO is also used as a proxy for VOC oxidation.

Glyoxal, the simplest alpha dicarbonyl, is a novel indicator molecule for active photochemistry
(Volkamer et al., 2005). Sources for CHOCHO in the atmosphere are dominated by secondary
productions from oxidation of precursor hydrocarbons with two or more carbon atoms (Calvert
et al., 2002, Volkamer et al., 2007). Our knowledge on the primary sources of CHOCHO is
currently very limited but minor amounts have been reported in tailpipe emissions (Grosjean et
al., 2001, Kean et al., 2001). CHOCHO is a known direct precursor for SOA (Liggio et al.,
20054, Liggio et al., 2005b, Volkamer et al., 2007, VVolkamer et al., 2009). The role of SOA as a
source of CHOCHO is currently an active field of research in atmospheric chemistry (e.g.
Washenfelder et al., 2011, Waxman et al., 2013). Recent results show that uptake of CHOCHO
to SOA could be reversible (Kroll et al., 2005, Kampf et al., 2013). Glyoxal is a short lived
species with average atmospheric life time of ~3 hours (Fu et al., 2008, Myriokefalitakis et al.,
2008) and hence airborne measurements of CHOCHO can be used to identify photochemical hot
spots for VOC oxidation and SOA formation.

CU AMAX-DOAS (Volkamer et al., 2009, Baidar et al., 2013) measurements during CalNex
(Ryerson et al., 2013) and CARES (Zaveri et al., 2012) field campaigns in summer 2010
provided an opportunity of retrieve high resolution maps of HCHO and CHOCHO in California
especially in the South Coast Air Basin (SCAB) and Sacramento area. Here, we present a case
study from two morning flights on July 16 and 17, 2010 in the SCAB to demonstrate the
potential and feasibility of HCHO and CHOCHO vertical column retrieval from CU AMAX-
DOAS measurements. Brief discussions on the retrieval technique, horizontal distribution of the
two species and glyoxal to formaldehyde ratio are presented. We also compared model HCHO
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and CHOCHO outputs from two atmospheric models namely CMAQ (El: CARB 2010) and
WRF-Chem (EI: NEI 2005 and CARB 2010) with the measured vertical columns.

3.5.2 Data Retrieval

Analysis of the CU AMAX-DOAS measured atmospheric absorption spectra for HCHO and
CHOCHO was performed using the DOAS method (Platt and Stutz, 2008). Briefly, the DOAS
approach relies on the separation of the narrow band absorption signatures of trace gases from
broad band absorption and scattering features. A quantity known as differential slant column
density (dSCD) of trace gases are retrieved in a set wavelength window by simultaneously fitting
the absorption cross-sections of the known absorbers in that window using a non-linear least
square fitting procedure. For HCHO dSCD retrievals, a spectral region of 335-357 nm was
chosen and absorption cross-sections of NO, (at 220 K and 294 K), O3 (at 223 K and 243 K), O4
and HCHO, a Ring spectrum and a third order polynomial was included in the fit. Absorption
cross-section of NO, (at 220 K and 294 K), O3 (223 K), O4, H,0, and CHOCHO, a Ring
spectrum and a third order polynomial was fitted in the wavelength window of 433-460 nm for
CHOCHCO dSCD retrievals. 3-10 spectra with 2 seconds integration time for each EA were
averaged to improve the signal to noise for HCHO and CHOCHO DOAS retrievals.

The retrieved HCHO and CHOCHO dSCDs were converted to vertical column densities (VCDs)
using the concept of optimal estimation by Rogers (2000). This technique was also used to
retrieve vertical profiles of trace gases (NO,, CHOCHCO, HCHO and H,0) from CU AMAX-
DOAS measurements during low approaches and is described in detail in Baidar et al. (2013).
Generally, dSCDs are converted into VCDs using the quantity known as differential air mass
factor (dAAMF; dAMF = dSCD/VCD). Calculation of dAMF requires knowledge of vertical
distribution of trace gas of interest as well as aerosol. Since the magnitude as well as vertical
distribution of pollutants such as HCHO and CHOCHO is highly variable in the polluted urban
environment like Los Angeles Basin, we used the elevation angle (EA) scans performed at flight
altitude >1500 m above ground level (agl) to constrain the problem and retrieve the VCD using
the inversion based on optimal estimation. Sensitivity studies showed that vertical columns could
be retrieved very reliably using this technique (see Section 3). The EA scan at flight altitude
usually included the following angles; +90, £20, £10, +5, +2, and 0 with +90 being the zenith
view and -90 being the nadir view. A set of EA scan containing all or some of these angles were
used to retrieve the vertical columns of HCHO and CHOCHO.

The vertical column retrieval algorithm builds on the algorithm used to retrieve vertical profiles
and hence will only be introduced here briefly. In the linearized form, a set of measured trace
gas SCDs, y is related to the trace gas vertical profile, x such that

y=Kx+eg 1)
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where K is the weighting function matrix that expresses the sensitivity of measurement y to true
profile X. The maximum a posterior solution to the above problem using optimal estimation is
given by

( ) ( ) @

where X, is the a priori profile, and S; and S, are the measurement error and a priori error
covariance matrices respectively. A priori profile is used to constrain the problem as it is
generally ill-posed. S; was constructed using the square of the DOAS fit error as the diagonal
elements and the non-diagonal elements were set to 0 assuming the errors are uncorrelated. The a
priori error covariance matrix, S; was constructed with the diagonal elements defined as

Sali, 1] = (o . Xa [i])2 (3)

Here, a is the turning parameter used to minimize the residual between the measured and
modeled SCDs using the retrieved profiles while avoiding spurious oscillations in the retrieved
profiles. The value of a was determined by L curve method (e.g. Hansen, 1992, Steck, 2002). L
curve method is a popular technique to determine the regularization parameter in Phillips-
Tikhonov regularization. In this work, L curve was constructed by the residual norm, |ly - KX||
and the error norm of the solution, ||Xe]. The residual norm decreases monotonically with o
while the error norm increases monotonically with each iteration. Thus, the curve formed by the
error norm of the solution vs the residual norm has a characteristic L shape. Figure 3.5.1 shows
the points of L-curve from the sensitivity studies (see section 3). The point with the maximum
curvature balances the minimization of the residual norm and the error norm and provides the
optimal solution. We used the triangle method (Castellanos et al., 2002) to determine the optimal
solution for a. The non-diagonal elements of S, is defined as described in Baidar et al. (2013).

The vertical column is then the sum of the individual element of the retrieved profile and is given
by

) (4)

where X; is the trace gas concentration at retrieval grid, i and AH; is the height of that retrieval
grid.
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Figure 3.5.1: Example of L curve formed by the residual norm vs the solution error norm used to determine the
optimal value of a.

3.5.3 Sensitivity Studies

Sensitivity studies using the radiative transfer model (RTM) McArtim (Deutschmann et al.,
2011) were performed to validate the technique to retrieve the vertical columns as well as
estimate uncertainties due to a priori profile, and aerosol load. Six CHOCHO profiles of various
shapes with vertical columns ranging from 2.5x10* to 2.5x10'® molecules cm?, five different
aerosol scenarios with AOD ranging from 0 to 0.5 was considered for the study. The different
CHOCHO profiles used for this study are shown in Fig. 3.5.2. CHOCHO SCDs for different EAs
were simulated for each CHOCHO profile under the scenario with AOD=0.3 using McArtim. A
10% Gaussian noise was added to the SCDs before using them as the input SCDs in the
inversion algorithm to retrieve vertical columns. Vertical columns were retrieved for the above
mentioned five aerosol conditions using the six CHOCHO profiles as a priori.
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Figure 3.5.2: Different CHOCHO profiles used for the sensitivity studies. The vertical columns for the profiles
range from 2.5x10* — 2.5x10" molecules cm™.
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Figure 3.5.3: Correlation plot of mean retrieved CHOCHO vertical columns for the different aerosol and a priori
conditions (see Fig. 3.5.2) and true CHOCHO vertical columns. Error bars represent standard deviation of the
retrieved vertical columns for the different conditions.

The correlation between the mean retrieved CHOCHO vertical columns for all the aerosol load
and a priori conditions (n=30 for each point) and true CHOCHO vertical columns is shown in
Figure 3.5.3. The linear least square fit through the origin has a slope of 0.96 and a correlation
coefficient of 0.99 indicating that the technique is well suited for retrieval of vertical columns of
trace gases. The error bars in the y-axis represents the standard deviation of the retrieved vertical
columns and is in the order of 9-14%. The variability between the retrieved vertical columns for
a given aerosol scenario using different a priori CHOCHO profiles provides insight to the
uncertainty due to a priori conditions. Similarly, the variability in VCDs for a given a priori
profile but various aerosol loads gives uncertainty due to aerosol conditions. The a priori is the
larger source of uncertainty (~12%), while the aerosol load has ~7% contribution in the total
uncertainty. Uncertainties due to other parameters such as surface albedo, single scattering
albedo are expected to be very small (<2%) (Baidar et al., 2013).
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Figure 3.5.4: Vertical columns of (A) HCHO and (B) CHOCHO measured over the South Coast Air Basin during a
flight on July 16, 2010.

3.5.4 Results

Figure 3.5.4 and 3.5.5 show maps of HCHO and CHOCHO VCD distribution in the SCAB from
RF#46 on July 16, 2010 (10:30-14:10 PDT) and RF#48 on July 17, 2010 (10:30-14:10 PDT)
respectively. Since the individual spectra were averaged for DOAS analysis of HCHO and
CHOCHO, the horizontal footprint is larger compared to NO, VCDs. However, the maps reveal
a clear trend in the spatial distribution of HCHO and CHOCHO inside the basin. Higher column
amounts were observed over the western and central part of the basin especially along the
foothills. The foothills in the SCAB is a major thoroughfare for both the vehicular traffic as well
as the pollutants and this is very clear from the maps. Further, the column amounts of HCHO are
smaller along the foothills on July 17, a Saturday, when vehicular traffic is relatively lower
compared to the weekday on July 16. In contrast, the eastern part of the basin show
comparatively lower amount of HCHO and CHOCHO for both days. The horizontal footprint of
CU AMAX-DOAS measurement of HCHO and CHOCHO VCD (~12 km) is comparable to air
quality models (4 km?) and satellite observations (~13 x 24 km?). This makes the current dataset
an excellent opportunity of evaluate air quality models and assess the value of satellite
observations of HCHO and CHOCHO as a data source for air quality regulation over California.
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Figure 3.5.5: Vertical columns of (A) HCHO and (B) CHOCHO measured over the South Coast Air Basin during a
flight on July 17, 2010.

3.5.5 Comparison with model
3.5.5.1 HCHO

Figure 3.5.6 show time series of measured (black) and modeled HCHO vertical columns (red:
WRF-Chem with CARB 2010 El, green: WRF-Chem with NEI 2005 El and orange: CMAQ
with CARB 2010 EI) respectively for the two flights on (A) July 16 and (B) on July 17, 2010.
Note that the large variability is mostly due to the large spatial area covered by the Twin Otter
during the flights. In general, the overall spatial trend as well as magnitude is better captured by
the WRF-Chem simulations compared to CMAQ. Considering one of the WRF-Chem
simulations used the same emission inventory as the CMAQ simulations, the difference in the
two model outputs is likely due to the different VOC chemistry in the models.
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Figure 3.5.6: Time series of HCHO vertical columns measured (black) and modeled (red: WRF-Chem with CARB
2010 El, green: WRF-Chem with NEI 2005 El and orange: CMAQ with CARB 2010 EI) over the South Coast Air
Basin during a flight on (A) July 16 and (B) July 17, 2010.

3.5.5.2 CHOCHO

Figure 3.5.7 show the same plots as Fig. 3.5.6 but for CHOCHO. The model outputs seems to
capture the spatial trend to some extent but is largely under predicted by both the models. Again,
the WRF-Chem simulations are closer to the measurements. Interestingly, the WRF-Chem
results with NEI 2005 EI are in better agreement with the measurements than CARB 2010
indicating that the VOC emissions might not have decreased as expected from 2005 to 2010. The
missing VOC source and chemistry in the models could have larger impacts on both Oj;
production and SOA formation in the models.
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Figure 3.5.7: Time series of CHOCHO vertical columns measured (black) and modeled (red: WRF-Chem with
CARB 2010 EI, green: WRF-Chem with NEI 2005 EI and orange: CMAQ with CARB 2010 EI) over the South Coast
Air Basin during a flight on (A) July 16 and (B) July 17, 2010.

3.5.6 Glyoxal to Formaldehyde ratio, Rgr

The ratio of CHOCHO to HCHO, Rgr depends upon the relative contribution of biogenic and
anthropogenic VOC sources. A ratio between 0.04 and 0.06 has been reported for areas
dominated by biogenic emissions based on satellite measurements of HCHO and CHOCHO
(Vrekoussis et al., 2009, Vrekoussis et al., 2010). Lower values of Rgr have been observed over
polluted areas such as Mexico City. However, recent in-situ measurements in the forests over
Sierra Nevada and Rocky Mountain regions indicated the opposite, i.e. lower Rgr for biogenic
emissions (DiGangi et al., 2012). Thus, there is an unresolved issue about Rgr in current
scientific literature.

Figure 3.5.8 shows the maps of Rgg for the flights on July 16 and 17, 2010. For large part of the
basin, the Rgr was found to be between 0.04 and 0.06. Rgr close to or less than 0.04 is observed
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along the foothills of San Gabriel Mountains and downtown Los Angeles where we also
observed higher NO, vertical columns (see Fig 3.7.3). Thus, our observations support satellite
observed Rgr, i.e. increased influence of anthropogenic emission lowers Rgg. This is also
corroborated by the Rgr from the vertical profiles of HCHO and CHOCHO over four different
locations in SCAB, Bakersfield, CA and high desert in Arizona. Table 3.5.1 show the Rgf for the
six profiles (see Section 3.6 for the vertical profiles). The lowest Rgr is observed for Brackett,
the site in the middle of the SCAB, which also shows the highest NO, concentration and the
highest value is seen over the high desert.

The basin wide average Rgr for the two days is 0.05. This value is larger than 0.041 reported by
Vrekoussis et al. (2010) for Los Angeles based on GOME-2 measurements for a two year period
from 2007 to 2008. A plausible explanation for the higher value could be that the biogenic VOC
emissions during the summer season are relatively higher. There could also be bias in the
sampling between the two measurements due to large spatial scale covered by satellite pixels.
The spatial variability in Rgg over a relatively small area is intriguing by itself and deserves
further investigation.

Figure 3.5.8: Ratio of glyoxal to formaldehyde, Rgr for the flights over the South Coast Air Basin on (A) July 16,
2010 and (B) July 17, 2010.

Vrekoussis et al. (2010) also reported an anti-correlation between Rgr and NO, column amounts
i.e. Rgr decreases with increasing NO, amounts, based on two years of GOME-2 data. Figure
3.5.9 shows the RGF as a function of NO, VCD for the two flights and six profiles. There is
clearly a correlation between Rgr and NO, amount in SCAB and Rgr decreases with increasing
NO,. It would be interesting to investigate the correlation between observed Rgr and ozone
production in the basin.
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Site R,

Page, AZ 0.050 + 0.008
Bakersfield, CA 0.029 + 0.003
Santa Monica, CA 0.048 + 0.004
Brackett, CA 0.027 £ 0.003
Ontario, CA 0.039 £ 0.001
Banning, CA 0.044 +0.003

Table 3.5.1: Ratio of glyxoal to formaldehyde, Rgr for the vertical profiles at six different locations in California
and Arizona (see section 3.6 for details).
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Figure 3.5.9: Rgr as a function of NO, vertical column.
3.5.7 Conclusion

Retrievals of HCHO and CHOCHO VCDs along the flight track using the EA scans of the CU
AMAX-DOAS instrument are feasible and provide a means to obtain high spatial resolution
maps of the two trace gases. Maps in the SCAB showed higher amount of HCHO and CHOCHO
in the western and central part of the basin especially along the foothills. The ratio of glyoxal to
formaldehyde also indicated the foothills region to be more anthropogenic emission influenced
compared to the other parts of the basin, where biogenic influences are significant. Our
measurements supported the satellite interpretation of Rgr, i.e. Rgr decreases with increasing
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anthropogenic influence. Comparison of model outputs with different emission inventories
showed that the models generally under estimate the amount of these gases, particularly
CHOCHO. This is likely due to (i) missing VOC chemistry and (ii) lower VOC emission in the
emission inventories.

HCHO and CHOCHO are indicator molecules for VOC oxidation chemistry. Maps of HCHO
and CHOCHO provide powerful indicators to pinpoint location of active VOC photochemistry.
Further, the ratio of glyoxal to formaldehyde allows us to identify areas with dominant biogenic
and anthropogenic VOC emissions. The existing CU AMAX-DOAS dataset has the potential to
retrieve high resolution maps of vertical columns of HCHO and CHOCHO for the identification
of regions of active photochemistry and constrain VOC emission in California. These maps
would also be very valuable in evaluating current atmospheric models and assessing the value of
satellites as a source for data to assess air quality regulations over California.
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3.6. Vertical Profiles of NO,, HCHO, and CHOCHO

Another focus of our study was the investigation of vertical distributions of nitrogen dioxide
(NO,), formaldehyde (HCHO) and glyoxal (CHOCHO) over different parts of California,
especially over the South Coast Air Basin. Vertical profiles of trace gases other than ozone and
water vapor are usually not readily available. We performed low approaches (up to ~0.2 km
AGL) over various airports to obtain vertical distributions of these trace gases. The vertical
profile retrieval algorithm from CU AMAX-DOAS measurements is based on the Optimal
Estimation technique by Rodgers (2000) and is described in detail in (Baidar et al., 2013).

Here, we present case studies of vertical profiles over four different locations within the South
Coast Air Basin (SCAB), over Bakersfield city center and over the high desert in Page, Arizona.
We compare our retrieved profiles to results from the CMAQ model using CARB 2010 emission
inventory. (Model results were provided by Chenxia Cai, CARB)

Figure 3.6.1-3.6.4 show example vertical profiles of NO,, HCHO and CHOCHO at four different
locations (Santa Monica, Brackett, Ontario, and Banning respectively) inside the SCAB on July
16, 2010 (see Fig 2.2a for the locations of the vertical profiles inside the SCAB). Most of the
trace gases were observed inside the boundary layer close to the source region with profiles
showing decreasing concentrations above the boundary layer. The maximum concentrations
(NO,: 3.5x10™ (~14.2 ppb), CHOCHO: 6.7x10° (~0.3 ppb) and HCHO: 2.6x10"! molecules cm™
(~10.5 ppb) were observed in the middle of the basin at Brackett airfield. In general,
concentrations of these trace gases increased from the coast towards the east, reached the
maximum at the middle of the basin and decreased further east. HCHO levels were found to be
relatively more uniformly distributed inside the basin compared to NO, and CHOCHO.
Variations in the boundary layer height within the basin can also be seen in these figures. The
boundary layer height gradually increased from ~500 m at the coast (Santa Monica airport) to
~1500 m at Banning to the west.

The CMAQ model results also show most of the trace gases are located inside the boundary
layer. CMAQ model results are shown as dotted lines with open circles in the figures. NO, was
generally found to be slightly overestimated whereas CHOCHO and HCHO are significantly
underestimated over much of the air column by the model. There is a good agreement between
measured and modeled NO, and HCHO above 2 km. Over inland locations, the model
underestimates the residual layer concentrations of NO,, HCHO and CHOCHO between 1-2 km
altitudes. Further, CHOCHO levels were significantly lower in the model both inside the
boundary layer and in the free troposphere. This could be due to missing CHOCHO formation
chemistry in the model.

Figure 3.6.5 and 3.6.6 show vertical profiles at Bakersfield, CA and Page, AZ (at the local
airport) on June 15, 2010 and July 19, 2010 respectively. Vertical profile at Page, AZ in the
middle of the high desert provides the regional background conditions for these trace gases. The
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free troposphere concentration (at ~1.5 km) for NO,, CHOCHO and HCHO were 1.3x10° (~52
ppt), 6.3x10° (~25 ppt), and 1.1x10" (~450 ppt) molecules cm™ respectively.

Air quality in Bakersfield is influenced by urban emissions as well as intense agricultural and oil
and gas operations in the surrounding area. Similar to SCAB, the observed concentrations of
NO,, CHOCHO and HCHO in Bakersfield were considerably larger near the surface compared
to air aloft. The concentrations for the trace gases inside the boundary layer were found to be 3-5
times smaller compared to SCAB. However, the concentrations in the free troposphere were ~2-
3 times larger for NO, and HCHO compared to Page, AZ. CHOCHO levels in the free
troposphere was similar to the background profile at Page. The agreement between the model
results and observations for NO, and HCHO near the surface was very good but there was a
discrepancy in the boundary layer height. CHOCHO levels were found to be significantly under
predicted in Bakersfield as well. Figure 3.6.6 also shows the CHOCHO vertical profile from
Knote et al. (2013) (green dashed lines with open triangle). Knote et al. uses WRF-Chem model
with emissions updated to reconcile with measurements during CalNex and latest developments
in CHOCHO specific chemistry to study SOA formation from CHOCHO. The vertical profile
from Knote et al. (2013) is in very good agreement except near the surface and shows that
observed CHOCHO can be explained with updated emission and chemistry in atmospheric
models.
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Figure 3.6.1: Vertical Profiles of NO2 (blue), HCHO (red) and CHOCHO (green) retrieved from CU AMAX-DOAS
measurements (solid) and modeled by CMAQ model using CARB 2010 emission inventory (dotted, open circle) on
July 16, 2010 at Santa Monica, CA.
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Figure 3.6.2: Vertical Profiles of NO2 (blue), HCHO (red) and CHOCHO (green) retrieved from CU AMAX-DOAS
measurements (solid) and modeled by CMAQ model using CARB 2010 emission inventory (dotted, open circle) on
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3.5 — 1 l I I 1 I L 1 l I I I L 1 I I
—o— AMAX —o— NO,
-&- CARB 2010 —e— HCHO
' —e— CHOCHO —

Altitude [km, agl]

= e s mfEm e u e mOn e =m0
@ =0

L

3

¥
sy : i
1 [ I I I I 1 I I I I
200 250 O 50 100 150 200 250 O 2

. 9 3,
Concentration [x10” molecules cm ]

0 50

100 150

Figure 3.6.3: Vertical Profiles of NO2 (blue), HCHO (red) and CHOCHO (green) retrieved from CU AMAX-DOAS
measurements (solid) and modeled by CMAQ model using CARB 2010 emission inventory (dotted, open circle) on
July 16, 2010 at Ontario, CA.
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Figure 3.6.5: Vertical Profiles of NO2 (blue), HCHO (red) and CHOCHO (green) retrieved from CU AMAX-DOAS
measurements on July 19, 2010 at Page, AZ.
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3.7 Observation of a reverse weekend O3 effect in South Coast Air Basin (SCAB) during a
very hot weekend in summer 2010.

3.7.1. Introduction

Tropospheric ozone (Os3) has adverse health effects on humans (e.g. as a respiratory irritant
causing chest pain, reduced lung function and asthma) and is damaging to vegetation, negatively
affecting their growth. It is also a major constituent of photochemical smog. Due to the health
and environmental concerns related to Ogs, it is recognized as a criteria pollutant by U.S.
Environmental Protection Agency and has been regulated by Air Quality Standards. The
National Ambient Air Quality Standard (NAAQS) and California Ambient Air Quality Standard
(CAAQS) for O3 are set at 75 ppb and 70 ppb respectively (8 hour maximum). Regulations
aimed at reducing O3 have resulted in decrease in ambient O3 level in the US over the last few
decades. In some areas, however, higher Oz levels have been observed on the weekends
compared to weekday, a phenomenon popularly known as “weekend O3 effect”. We consider the
observation of lower O3 on the weekend compared to weekday as a “reverse weekend O3 effect”.

The occurrence of the “weekend O3 effect” was first reported in the 1970s in New York City,
Washington DC and Los Angeles (Cleveland et al., 1974, Lebron, 1975, Elkus and Wilson,
1977). The weekend ozone effect has been particularly well studied in the Los Angeles area or
South Coast Air Basin (SCAB) in California (Blanchard and Tanenbaum, 2003, Chinkin et al.,
2003, Fujita et al., 2003, Pollack et al., 2012 and references within). In early 2000s, the
California Air Resource Board conducted a major study to better understand the weekend ozone.
Reduced emissions of nitrogen oxide (NOyx = NO + NO;) on weekends are considered to be the
dominant cause for the weekend O3 effect phenomenon (Marr and Harley, 2002a, Marr and
Harley, 2002b, Blanchard and Tanenbaum, 2003, Fujita et al., 2003, Yarwood et al., 2003,
Yarwood et al., 2008).

On-road motor vehicles are the dominant emissions source of pollutants in the SCAB,
contributing > 50% of NOy, and >25% of reactive organic gases of the total emissions
(http://www.arb.ca.gov/ei/emissiondata.htm). Even though heavy duty diesel powered vehicles
only represent a very small fraction (<10%) of the total number of on-road vehicles (Chinkin et
al., 2003, Ban-Weiss et al., 2008) they are the dominant on-road source of NOy (Ban-Weiss et
al., 2008). Previous studies have shown a large reduction in heavy duty diesel engine vehicles on
weekends is responsible for a significant reduction in weekend NOy emissions (Marr and Harley,
2002a, Chinkin et al., 2003, Harley et al., 2005). In contrast, the light duty, gasoline vehicles
which form the majority of the on-road fleet, has similar overall activity on weekday and
weekends (Marr and Harley, 2002a, Chinkin et al., 2003, Harley et al., 2005).

Ozone formation is a nonlinear process and is a function of NOy and volatile organic compounds
(VOCs). Hence reductions in the precursors can increase, decrease or leave the O3 levels
unchanged. The photochemical Oz formation process has been extensively studied (e.g.
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Finlayson-Pitts and Pitts Jr, 2000, Seinfeld and Pandis, 2006) and briefly summarized here. The
following reactions describe the photochemical O3 formation in the troposphere.

03+ NO — NO, + 0, (R1)
NO, + hv — NO + O (R2)
0 +0;— 03 (R3)
RH + OH + 0, — RO, + H,0 (R4)
RO, + NO + 0,— NO, + R’CHO + HO; (R5)
HO, + NO — NO, + OH (R6)
HO; + HO; — H;0; + O; (R7)
RO; + HO, — ROOH + O; (R8)
RO, + RO, — product (R9)
OH + NO, — HNO; (R10)

Reactions 1 -3 describe the null NO4-Oy cycle and does not lead to net O3 formation. However,
when a generic VOC molecule is oxidized by OH radical in the HOx cycle (Reaction 4-6) to
form RO, then HO, and subsequently regenerate OH, two NO molecules are oxidized to NO..
The NO, molecules then yield O3 via reaction R3 after undergoing photolysis (R2). These steps
bypass the Oj titration step to form NO, (R1) in the NO4-Ox cycle and the result is a net
photochemical O3 production.

high VOCR -

PO,

low VOCR

NO,
Figure 3.7.1: The instantaneous Oz production rate (POs) as a function of NO, for three categories of organic
reactivity: high (red), mid (blue) and low (violet). Arrows illustrate change in O3 production in response to NOy
reductions on weekends. Initial NO, reduction increases Os production at high NOy levels (1 22). Further NO,
reductions at low NOy levels decrease O; production (2 23). (adopted from Pusede et al., 2012).
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Reactions 7-10 describe the radical chain termination steps which remove the HOx and NO
molecules from the O3 formation cycle. These reactions compete with the Reaction 4-6 for HOy
radicals and depending upon the concentrations of the HOx and NOy molecules, either the chain
propagating steps or the terminating steps are favored. For example at very high NOy level, OH
reacts with NO; to form nitric acid (R10). This reduces the HOy radical pool and subsequently
suppresses O3 production (NOy suppressed or VOC limited chemistry). At low NOy
concentrations, NO reacts with HO, or RO, to increase the OH concentrations. This enhances the
rate of oxidation of organic molecules (NOy limited chemistry). Thus, the ratio of VOC to NOy
plays a critical role in the photochemical O3 production chemistry. Figure 3.7.1 illustrates the
non-linear O3 formation process as a function of NO, and VOCs.

Reduced emission of NOy on weekend results in increased ozone concentrations via two
processes: 1) Decreasing the ozone loss by titration with NO (R1) and effectively ensures higher
amount of O3 remain in the atmosphere. 2) Increasing the VOC/NOy ratio to favor chain
propagating steps (R4-6) and enhancing the photochemical O3z production. This process is
illustrated in Figure 3.7.1 by arrow 1->2. Recent results have shown that the photochemical
ozone production play a significant role in enhanced O3z concentrations on the weekend in the
Los Angeles Basin (Pollack et al., 2012 and references within). However, if the reduction in NOy
on weekend shifts the photochemical Oz formation chemistry to a NOy limited regime, Os
production on the weekend will decrease resulting in lower O3 on the weekends. This process is
shown by arrow 2->3 in Figure 3.7.1.

Here we report observation of a lower O3 amount on the weekend compared to the weekday
during a very hot day in July 2010. The reduction in NOy on the weekend was normal. The
weekend was marked by a very high ambient temperature (see Fig. 3.7.2a). Our observation is
based on measurement aboard the NOAA Twin Otter research aircraft by NOAA TOPAZ lidar
and CU AMAX-DOAS instruments. Measurements of Oz and NO, concentrations at California
Air Resource Board (CARB) surface monitoring network in SCAB provide supporting evidence
to our observation (Fig. 3.7.2b and c). Our observation indicates that the O3 formation chemistry
in SCAB is potentially at its peak on very hot days.

3.7.2 Observations

Our analysis is based on the CU Airborne MAX-DOAS measurements of NO, vertical column
and NOAA TOPAZ lidar measurements of Oz profiles and boundary layer height (BLH). We
used the BLH estimates and O3 profiles measured with the TOPAZ lidar to compute O3 column
data integrated over the depth of the BL. Details about the O3 profile, vertical column and
boundary layer height retrieval can be found in Section 3.1 and 3.3. Two research flights with
identical flight plans (see Figure 3.7.3) in time and location were flown on Friday, July 16, 2010
and Saturday, July 17, 2010. This weekend was one of the hottest weekends during summer 20

with ambient temperature%eaching%ver C in the basin and the meteorological conditions over
the two days were almost identical. Figures 3.7.2a and 3.7.2b show the temperature and wind
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speed and direction measured at the Riverside-Rubidoux CARB surface monitoring station.
Biogenic VOC emissions such as from forest (Guenther et al., 1993) increase exponentially with
temperature. Thus, these two days allows us to study the effect of NOy reduction on the
weekends to photochemical O3 productions in SCAB when the VOC levels are high.
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Figure 3.7.2: Diurnal Cycle of A) temperature, (B) wind speed and direction and (C) NO, (solid) and O3 (dashed)

concentrations measured at Riverside-Rubidoux surface monitoring station on July 16 (green) and July 17 (red),
2010. The number in the bracket in panel (C) indicate average weekday to weekend ratio (6:00-18:00 PST).
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Figure 3.7.3: Maps of South Coast Air Basin (SCAB) showing NO, vertical column densities distribution on (A) July
16, and (B) July 17, 2010.

Figures 3.7.3a and 3.7.3b show the maps of NO, vertical columns distributions in the South
Coast Air Basin from the flights on July 16 and 17, 2010 respectively. The corresponding Os
vertical columns up to the boundary layer height (BLH) distributions maps are shown in Figure
3.7.4a and 3.7.4b. On both days, higher NO, amount was observed on the western part of the
basin and along the western foothills of San Gabriel Mountains, despite the difference in
magnitude. The eastern part of the basin (San Bernardino Mountains and high desert) was found
to have very little NO,. In contrast, higher column amount of O3 was found in the central and
eastern part of the basin along the foothills of San Bernardino Mountains. Taken together the
NO, and O3 maps clearly show that O3 is produced in the downwind of the NOx source region.
NO; column amount was lower across the basin on the weekend compared to the weekday. The
mean weekday to weekend NO, ratio was 1.47+0.07. This ratio is in agreement with the value
observed on a different weekend in June (1.45%0.08) and also supported by the measurement at
the CalNex ground site in May and June (Pollack et al., 2012). The June weekend was marked by
a very different meteorological condition with ambient temperature less than  C.%The weekday
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to weekend NOy ratio measured over the past two decades in SCAB measured by various
techniques is shown in Figure 3.7.5 and a weekday to weekend ratio >1 is consistently observed
(adopted form Pollack et al., 2012). Figure 3.7.6 illustrates the corresponding weekday to
weekend ratio for O3 measured in the SCAB. The red circles represent the NOAA TOPAZ
measurement during the two weekends in June and July 2010. A weekday to weekend Oj ratio <
1 is regularly observed and was also found for the June weekend (0.70+0.03). However, the ratio
for the July 17 weekend is markedly different; a ratio > 1 was observed (1.48+0.04). This
indicates that the O3 chemistry on this particular weekend in July 2010 was particularly different
compared to the regular weekends.
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Figure 3.7.4: Maps of South Coast Air Basin (SCAB) showing O3 vertical column densities distribution on (A) July
16, and (B) July 17, 2010.

3.7.3 O3 Chemistry and trends in SCAB

The NOy and VOC control regulations aimed at reducing O3 concentrations in California have
resulted in decrease in NOy, VOCs and consequently Oz levels in the SCAB for the last few
decades. Recent analysis of dataset from 1960 -2010 in SCAB showed that the mixing ratios of
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VOCs have decreased at an average annual rate of ~7.5% for the past five decades (Warneke et
al., 2012, Pollack et al., 2013). The reduction rate in NOy levels has been slower at around 2.6%
over the same timeframe (Pollack et al., 2013). However, due to new emission control
technology and the economic recession, the NOy levels in Los Angeles have decreased at the rate
of ~7% for the last 7 years between 2005 and 2011 (Russell et al., 2012). These decreases in the
O3 precursors have resulted in an average annual decrease in Ogs at the rate of around 2.8%
(Pollack et al., 2013).
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Figure 3.7.5: Weekday to weekend ratio of NO, emissions in South Coast Air Basin (SCAB).

The O3 formation chemistry in the SCAB is currently in the NOy suppressed or VOC limited
regime (Blanchard and Tanenbaum, 2003). As a consequence, the decrease in NOy emissions on
the weekends have generally resulted in elevated O3 levels on the weekends. This scenario is
indicated by the arrow 1 —2 in Figure 3.7.1. The instantaneous O3z production rate increases
along the VOC reactivity curve on the weekends with large reduction in NOx emissions but
constant VOC levels on the weekends.

The cause for our observation of the lower O3 amount on the Saturday, July 17 compared to the
Friday, July 16 is presently unclear. One plausible possibility are changes in VOC emissions
during very hot days. If the O3 formation chemistry in SCAB, on very hot days, is near the peak
of the O3 production curve shown in Figure 3.7.1 (Point 2), any reduction in NOy emissions (or
shorter NOy lifetime) under such conditions could result in either no change or decrease in
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instantaneous O3 production rate. This scenario is illustrated by the arrow 2— 3 in Figure 3.7.1.
The lower O3 on the July 17 weekend is also supported by the measurements at the CARB
surface monitoring stations. For example, the monitoring stations at Azusa, Upland, Riverside
and San Bernardino in the middle of the basin show either decrease or no change in Oj
concentrations on July 17compared to July 16, 2010 despite the normal weekend reduction in
NOyx emissions. The diurnal profile of NO, and O; mixing ratios measured at the CARB
monitoring station in Riverside is shown in Fig. 3.7.2c and shows higher O3 on Friday (A max Os
= 10.1 ppb). Further analysis of OVOC for these case studies, along with sensitivity studies
using atmospheric chemistry models, holds potential to further investigate the causes for the
reverse weekend effect in O3 during hot days from the existing dataset.
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Figure 3.7.6: Weekday to weekend ratio of O; concentrations in South Coast Air Basin (SCAB).

3.7.4 Policy Implications

New and current NOy emissions reduction regulations are likely to keep reducing NOy, emissions
in the SCAB from the mobile sources in the future. In order to expedite the benefit of the new
diesel engine standard (2010), the CARB is requiring all vehicles owners to replace or retrofit
older diesel engines to meet the new diesel engine emission standards by 2023 and half of the
fleet to meet the new standard by 2014
(http://www.arb.ca.gov/msprog/onrdiesel/documents/TBFinalReg.pdf). As a result of this new
regulation, Millstein and Harley (2010) projected a greater than 50% reduction in summer time
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NOx emission in the Los Angeles basin from 2010 to 2015. Further NOy reduction can also be
expected from cars and light duty vehicles with the introduction of the Advanced Clean Cars
Program (http://www.arb.ca.gov/msprog/consumer_info/advanced_clean_cars/consumer_acc.htm)

which aims to reduce NOy emission by 75% from the 2014 levels by year 2025.

With the photochemical O3 production chemistry possibly already at its peak on days with high
ambient temperature, these reductions in NOx will likely reduce O3 levels in the SCAB in the
future. The major benefit of this would be seen during the summer season which is also the
ozone season, when the temperature is at its maximum.

3.7.5 Conclusion

We report the observation of a reverse weekend Oj effect in the South Coast Air Basin in the
summer 2010. The usual decrease in NOy emissions on the weekend was accompanied by
reduction in the O3 levels, in contrast to the weekend O3 effect where higher O3 levels are
observed on the weekends. Our observation from the aircraft based on column amount of O3 and
NO, was also supported by the measurements at the CARB monitoring stations. Our observation
of lower O3z on the weekends indicates that the O3 production chemistry in SCAB on very hot
days, when VOC emissions are at their maximum, is mostly likely at the peak or on the verge of
transitioning to the NOy limited regime. Further decrease in NOy in the future is likely to
increase the frequency of such observations and ultimately result in fewer O3 non-attainment
days in SCAB during the ozone season.
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5. Conclusions

The extensive measurements of NO, covering a large spatial area over California, and
measurements of HCHO and CHOCHO by CU AMAX-DOAS provide a unigue and exciting
data set to assess emissions and chemistry of NO, and VOC in atmospheric chemistry models,
and make better models available for air resource management over California.

The telescope pylon of the CU AMAX-DOAS was modified to add vertical profiling capability.
A rotatable prism allowed measurements above, below and forward of the plane using the same
telescope to characterize the entire atmosphere. NO, VCD measurements by the CU AMAX-
DOAS were validated by two ground based MAX-DOAS instruments. Agreement between the
airborne and ground based instruments was better 10 % for co-incident measurements.

NOy levels in SCAB and California have been decreasing rapidly over the last decade due to
state wide NOy control policy and economic recession. Our comprehensive mapping of NO; is
generally consistent with the decrease observed by the satellites measurements between 2005 and
2008. The highest NO, vertical columns were found in the western part of the SCAB over
downtown Los Angeles and the main thoroughfare connecting eastern and western part of the
basin. NO; levels decrease by ~80% in the eastern part of the basin and over the high desert. The
observed weekly cycle is also consistent with previous studies. A decrease of 20-40% was
observed in different parts of SCAB on weekends compared to weekdays. NO, column in
Sacramento and Bakersfield area were significantly lower compared to SCAB and comparable to
background level in SCAB. A strong vertical layering in NO, and OVOC is observed that is only
partly captured by atmospheric models. Our data provide boundary conditions for atmospheric
models, and provide information about pollutant levels aloft.

Comparison of NASA OMI tropospheric NO, vertical column with NO, vertical column
measured by CU AMAX-DOAS showed that NASA OMI NO, product (v2.1) delivers high
quality data for California during summer season. Fair agreement was found for the temporally
and spatially averaged data. The agreement between the two data sets improved with the
application of selection criteria such as pixel number in OMI swath, cloud radiance fraction. The
removal of large pixels at the edges of the OMI swath was found to be the main driver for
improving agreement.

Our NO, data was also compared with atmospheric model outputs to evaluate the NO, emission
inventories used in the models. Comparison showed that the older EI (NEI 2005 and CARB
2008) significantly over predicted NOy in California (factor of 2-3). Model predictions with the
latest EI from CARB (CARB 2010) were generally in very good agreement with the
observations (within 30% in SCAB and 10% in Sacramento and Bakersfield area).

We demonstrated the potential and feasibility to combine passive and active remote sensing
instruments namely the CU AMAX-DOAS, NOAA TOPAZ lidar and NCAS Doppler lidar

110



aboard a research aircraft to quantify NO, emission and Oy production from source regions. Our
analysis showed large O3 production over areas with active oil and gas wells near Bakersfield.
NOx emissions from these areas were also higher than what is currently in the emission inventory
(CARB 2010). However, NOx emissions as represented in the CARB 2010 emission inventory
agree well with our measurements over Bakersfield city (within 30%).

Our observations showed that the O3 chemistry in SCAB is possibly at its peak and in the verge
of transitioning to NOy limited regime during very hot days when VOC emissions are at the
maximum. Further reduction in NOy in the future is likely to reduce O3 levels in SCAB under
such scenarios. As high O3 days mostly occur in summer, SCAB could be finally seeing the
benefits of years of NO control policy soon.

HCHO and CHOCHO vertical column and profiles from the case studies showed that both these
OVOC:s are likely ubiquitous over California. Both OVOCs are significantly underestimated by
atmospheric models based on CARB 2010 El, indicating missing VOC sources, or existing
shortcomings in the VOC chemistry that are expected to impact oxidative capacity and SOA
formation rates. In particular over inland locations, the significant presence of elevated HCHO
and CHOCHO between 1-2 km altitudes is not predicted well by several models. The origin of
this discrepancy is currently not understood.

Finally, we note that there remain unexplored opportunities to retrieve vertical columns and/or
profiles of these OVOCs from the entire CU AMAX-DOAS dataset for comparison with
atmospheric models to improve model predictions in California as well as assessment of satellite
products for use in regulating air quality over large spatial areas. Our data are measured over
spatial scales that bridge between near surface observations and satellites, and facilitate a more
direct comparison with atmospheric models.
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6. Recommendations for future work

This project has demonstrated a novel and cost effective approach to measure horizontal and
vertical distributions of NO, and oxygenated hydrocarbons (OVOC) over California. We have
brought into existence tools to measure column abundances of carcinogenic formaldehyde,
HCHO and mutagenic glyoxal, CHOCHO, an indicator of VOC oxidation and SOA precursor
from research aircraft. For two case studies over SCAB we have compared OVOC observations
with atmospheric models (Section 3.5 and 3.6), and found that models consistently and
significantly underestimate both OVOCs in the boundary layer and in the free troposphere. These
missing OVOC sources in atmospheric models above the boundary layer affect the
photochemistry inside the boundary layer as air mixes down, and indicate uncertainties about
VOC/NOXx ratios in the CARB 2010 EI, which translates into uncertain Oz and secondary aerosol
formation. Measurements of HCHO and CHOCHO VCD maps from research aircraft are scarce
over California, yet the knowledge about OVOC distributions provide means to track missing
VOC sources, evaluate VOC chemistry by constraining the rate of VOC oxidation, assess
oxidative capacity in atmospheric models that is a key component to accurately predicting the
secondary (inorganic and organic) aerosol source. Only two out of 52 research flights were
analyzed for OVOC at the time of completion of this project.

The dataset provides the following opportunities:

1. Extend the divergence flux approach used to calculate NOy emissions over Bakersfield to
OVOC formation rates, and map fluxes over SCAB, Bakersfield, Sacramento, across the
US-Mexican border, and over high deserts through the integrated analysis of NOAA
TOPAZ O3 data, CU AMAX-DOAS OVOC and NO,, and NCAS Doppler lidar winds.
Expanding the flux divergence technique towards OVOC could further help determine
the sources and spatial distribution of OVOCs (which in part determine oxidative fields)
and missing VOC emissions (which would help close the carbon accounting gap and
better inform SOA models).

2. Measurements of soil surface temperature from a radiometer aboard the aircraft provide
currently unexplored means to further investigate the source of the variable boundary
layer height in the San Joaquin valley and Sacramento valley. Irrigation in the Central
Valley is expected to cause variations of soil temperature over small spatial scales. The
variability of boundary layer height in the Central Valley is currently not understood.

3. Full angle scans by AMAX-DOAS, and the wavelength dependent absorption of NO2
provide means to analyze range resolved NO, vertical profiles along the flight track. NO,
at altitudes above 1 km provides a chemical indicator for recent mixing from the surface,
and provides independent means to interrogate boundary layer height variability from a
perspective of a short-lived chemical species. It further provides an opportunity to
contrast the conditions in the San Joaquin and Sacramento valleys with those in the
SCAB.
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Investigate missing sources for OVOC over SCAB, San Joaquin valley and Sacramento
valley that inform about VOC reactivity, O3 and SOA formation. These three regions are
chemically very different, yet continue to face problems of O3 and PM non-attainment.
The existing spectra hold largely unexplored potential to assess the VOC emission
inventory, and test VOC oxidation chemistry in the models.

Unexplained OVOC in the residual layer can affect the chemistry of O; and aerosol
formation in the boundary layer upon down-mixing of pollution in the residual layer
during morning hours. The available data set has only partially been analyzed and holds
unexplored potential to map OVOC in the residual layer more comprehensively by
analyzing additional vertical profiles, and investigate the impact of these OVOC on
photochemistry.

Investigate the sensitivity of O3 formation to NOy and VOC concentrations in California.
HCHO to NOy and CHOCHO to NOy ratios enable us to determine sensitivity of an area
to NOy and VOC control (Duncan et al., 2010). Further, CHOCHO to HCHO ratio
provides a useful metric to identify biogenic vs. anthropogenic VOC influences. The
comprehensive mapping of these ratios informs decisions about emission controls for
NOy and VOCs.

It is now accepted that fine PM pollution is largely formed in the atmosphere as the result
of photochemical transformation of gases (secondary aerosol) in addition to direct
emissions (primary aerosol). By investigating the OVOC weekend effect, this dataset
holds potential to inform control strategies to reduce fine PM that depend on knowledge
about oxidative fields, as well as VOC precursors to PM from light-duty and heavy-duty
vehicles.

. Assess quality of satellite retrievals of HCHO and CHOCHO in California over summer
months for potential application in air quality monitoring from space. With the planned
deployment of geo-stationary satellite instruments like TEMPO in the near future, which
will provide hourly measurements of NO,, HCHO and CHOCHO among others, it would
be very advantageous to assess the usefulness of the satellite data for air quality
monitoring application.
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8. Glossary of Terms, Abbreviations, and Symbols.

AGL
AK

ASL
AGU

AMAX-DOAS

AMF
AOD
AZ
BAMF
BL
BLH
CA
CalNex
CARB
CARES
CHOCHO
CMAQ
dAMF
DOAS
dSCD
DOF
EA

El

FOV
FT
FWHM
geocAMF
HCHO
HO,
HOy
LOS
MAX-DOAS
NASA
NCAS
NOAA
NO
NO,
NOy

O3

above ground level

averaging kernel

above sea level

American Geophysical Union

airborne multi-axis differential optical absorption spectroscopy
air mass factor

aerosol optical depth

Arizona

box air mass factor

boundary layer

boundary layer height

California

California Research at the Nexus of Air Quality and Climate Change
California Air Resources Board

Carbonaceous Aerosols and Radiative Effects Study
glyoxal

Community Multi-Scale Air Quality model
differential air mass factor

Differential Optical Absorption Spectroscopy
differential slant column density

degrees of freedom

elevation angle

emission inventory

field of view

free troposphere

full width at half maximum

geometric air mass factor

formaldehyde

hydroperoxy radical

OH + HO;

lines of sight

multi-axis differential optical absorption spectroscopy
National Aeronautics and Space Administration
National Center for Atmospheric Science

National Oceanic and Atmospheric Administration
nitric oxide

nitrogen dioxide

NO + NO,

ozone
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Ox
OH
OoMI
ovoC
PM;
PM2s
PO3
RF
RTM
SA
SCAB
SCD
SCAB
SOA
SSA
SZA
uv
VCD
VOC
WD
WE
WEF
WRF-Chem

O3+ NO,

hydroxyl radical

Ozone Monitoring Instrument

oxygenated volatile organic compound
particulate matter less than 1 micron in aerodynamic diameter
particulate matter less than 2.5 micron in aerodynamic diameter
ozone production rate

research flight

radiative transfer model

surface albedo

South Coast Air Basin

slant column density

South Coast Air Basin

secondary organic aerosol

single scattering albedo

solar zenith angle

ultraviolet

vertical column density

volatile organic compound

weekday

weekend

weighting function

Weather Research and Forecasting Chemistry
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