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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 quanf{iles of NO;, CHOCHO, HCHO, and BO concentrations

tify multiple trace gases, including nitrogen dioxide (WO 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 (I0), bromine field inside the South Coast Air Basin (SCAB) are presented.
monoxide (BrO), and oxygen dimers {0at multiple wave-  These profiles contaity 12 degrees of freedom (DOF) over
lengths (absorption bands at 360, 477, 577, 632 nm) simula 3.5 km altitude range, an independent information approxi-
taneously in the open atmosphere. The instrument is uniquenately every 250 m. The boundary layer pl@ncentration,

as it (1) features a motion compensation system that decowand 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 NO, measurement, and AERONET station. The detec-
of solar stray light photons from nadir, zenith, and multiple tion limits of NO,, CHOCHO, HCHO, HOg42, £360, 477 for
elevation angles forward and below the plane by the sam&0 s integration time spectra recorded forward of the plane
spectrometer/detector system. Sets of solar stray light speare 5ppt, 3ppt, 100 ppt, 42 ppm, 0.004km 0.002 knt?!

tra collected from nadir to zenith scans provide some verti-in 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 km!, 0.006 knT1 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 information gases and aerosols are complimentary to in situ observations,
about vertical profiles is derived simultaneously for trace gasand help bridge the spatial scales that are probed by satel-
concentrations and aerosol extinction coefficients over simiites 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) and 1 Introduction
CARES (Carbonaceous Aerosols and Radiative Effects
Study) air quality field campaigns is presented. Horizon-Airborne Differential Optical Absorption Spectroscopy
tal distributions of N@ VCD (below the aircraft) maps (DOAS) measurements of different trace gases in the at-

are sampled with typically 1km resolution, and show good Mosphere by solar stray light started in late 1980s and has
come a long way since then. Early studies were focused on
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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 likea 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 alti-gle or multiple fixed LOS and a spectrum collected from the
tude were reported by Petritoli et al. (2002) for stratosphericsame EA is used as the reference spectrum for DOAS anal-
ozone (Q). 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 (gJQWang et al.,  processing to calculate the true viewing angle at the time of
2006; Melamed et al., 2008) over polluted regions. These in-measurement during the flight. This often leads to a range
struments used multiple telescopes, most notably zenith andf EAs assigned to measurements, and results in a loss of
nadir, to collect scattered sunlight. Over the past few yearssensitivity 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 referencedtical 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 sev-mization 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 toas the capability to access zenith, nadir and limb viewing
infer vertical distributions of trace gases. Bruns et al. (2006)geometry by means of a single, rotatable prism telescope
first reported profiles of N@over 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 NOprofile 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) usetime. This ensures a constant desired EA is maintained dur-
the LOS parallel to the plane and the aircraft descent to reing 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
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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 fromr
zenith and other EAs (nadir, and forward of the plane) further ‘
enables the zenith spectra to be used as the Fraunhofer re’ ===
erence spectrum in the DOAS analysis. Zenith spectra usu-
ally contain the least amount of tropospheric absorbers, anc
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 near |
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 ' - (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) (see
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 to Fig. 2.CU AMAX-DOAS instrument setup aboard the NOAA Twin
retrieve VCDs (vertical column densities) and vertical pro- ger guring 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 dioxide  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 retrieved Tyin Otter remote sensing research aircraft. The collected
from a low approach at Brackett airfield in the South Coastphotons 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 layeroNO and the spectrometer/detector systems to select between dif-
concentration of the retrieved vertical profile is comparedgrent light sources at a given time. The Hg calibration lamp
to a ground-based in situ sensor concentration, and the int§s 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. iy 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°3x 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- /4 lens and a stepper motor. All the telescope components
tered sunlight between 330 and 720 nm at different EAs. Theare housed in a telescope pylon — an aluminum housing with
scattered sunlight spectra are analyzed for the presence gfuartz windows, which is mounted outside of a window plate
absorbers like N9 CHOCHO, HCHO, HO, HONO, 10, on a NOAA Twin Otter research aircraft. The rotating prism
BrO, Oy using the DOAS method (Platt and Stutz, 2008). is installed with O 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 ofvertically. 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 tele-with a custom 1000 grooves/mm (250 nm blaze wavelength)
scope. Viewing directions behind the aircraft are not accesqgrating. Itis 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 presentin the pylon to reach some of theferred from the full width at half maximum (FWHM) of a
inaccessible viewing geometries of the rotating prism. Thisrepresentative Hg line. The CCDs are cooled-80°C to re-
telescope was rarely used during the CalNex and CARESluce dark current. The temperatures of the spectrometers are
campaigns, and data from this telescope are not presented actively controlled with heaters, while the instrument rack
this paper. The viewing ports on the pylon are heated to prebox 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 onepient 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 col-tion and electronic and dark current correction for a compa-
lected by the rotatable prism is focused via a lens tube ontaable instrument. To suppress spectrometer stray light from
a 12-m-long fiber bundle consisting of ¥2145 um fibers. longer wavelength (above 470 nm) and to gain maximum in-
The fiber bundle is configured into two rows of 36 fibers at tensities in our regions of interest, i.e., between 330-470 nm,
the telescope end and a circular arrangement at the other. Thie the TG spectrometer, two filters — a BG3 and a BG38 —
end of the fiber bundle away from the telescope is connectedvere 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 dif-N9 geometry of the telescope for the aircraft pitch and roll
ferent incoming light sources. It consists of a translational€ffécts during the flight. It consists of a PC104 computer con-

stage mounted to a stepper motor linear actuator. The fiberd€cted to the prism motor and two angle sensors, a Systron
from the telescopes and Hg calibration lamp are connected?Onner Inertial MMQ-G, and an electronic inclinometer. The
to one end of the box. Hg spectra were taken before, afteMMQ-G is a small robust global positioning system (GPS)
and at regular intervals during flights to check the stability of °2sed inertial navigation system (INS). It provides accurate
the spectrograph’s optical resolution. A 10-m-long 1.7-mm- 3-D position, t|me,. velocity, and attitude. Itis pr.|mar|Iy used
diameter silica monofiber, which is used as a mixing fiber to!© Measure the pitch and roll angles of the aircraft for our
minimize polarization effects, is mounted on the translationai@PPlication, and has an angle accuracy of 5 mrad.e9).
stage opposite the incoming fibers from the light sources. The "€ information from the sensor is processed by custom Lab-
motor of the linear actuator drives the platform to place theVIEW software into the coordinate system along the hori-
monofiber directly in front of the desired fiber with the in- 20N- Itis then used to drive the stepper motor of the prism

coming light at a given time. The other end of the monofiber {0 @ 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- 1as capability for a 100 Hz loop rate, and was typically oper-

cated ends are aligned in a single row of 36 fibers to connecft€d &t 10 Hz. The stepper motor has a precision of kb0t
to the spectrograph entrance slit. is limited by the resolution of the internal encoder ().

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 ardhe pitch of the aircraft read zero simultaneously. The incli-
housed in a standard 19aluminum instrument rack nometerisused asabackup during flights for situations when
(19 x 22" x 10 1/2') with modifications to the bottom and "€ GPS signal required for the MMQ-G is lost. The theo-
top plates for added stability. The spectrometers are Princel€tic@l angle accuracy of the motion compensation system
ton Instrument Acton SP2150 Imaging Czerny-Turner spec-'S 0-35, considering the MMQ-G accuracy of0.29 (1o)
trometers with PIXIS 400 back illuminated charge-coupled @nd motor internal encoder resolution of 0.Zhe system is
devices (CCDs) detectors. The first spectrometer (later reonfigured to reset the motor when it does not reach a given
ferred to as the @ spectrometer) is equipped with a position within a desired tolerance level by a fixed time in-
500 grooves/mm grating, blazed at 330 nm. It covers 35p-terval. The same motion compensation system has also been
720nm and is used to measure all four majos &b- integrated as part of another telescope pylon designed for
sorption bands at 360, 477, 577 and 630nm. The secadaptation 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 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. Theslof 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 . : s to read back the motor position. The width of the histograms
E a7 i : - e (Fig. 3b and c) is chosen based on the resolution of the motor
: o | N=st2 [ 022 internal encoder, i.e., 0°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 & of the Gaussian fit is 0°2 This slightly
’ X larger distribution is within the resolution of the motor inter-
0.2 . nal encoder. The fact that thes 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 eererrrrr 0.0 compensation is suitable for a wide range of moving plat-
-1.0 0.0 1.0 forms. Since the precision of the stepper motor is 9.@h

A . . )
Angle 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 CU-real-time and desired EA is smaller than what is being read
AMAX-DOAS and aircraft avionics system of NSF/NCAR GV HI-  back from the internal encoder, and the overall angle accu-
APER aircraft during a research flight on 24 February 20k2. 1 racy (o) of the motion compensation system is better than
angle accuracy (0.29 of the MMQ-G sensor is shown in yellow 0,35, The offset of 0.17 for the Gaussian fit in Fig. 3c is

bution of fe'e"atliqon f:‘)”g'e aCC”TaCVdO]fI,thﬁ cu ASM/AXC':DOAGS tele- angle sensor and the motor, but is smaller than the accuracy
scope(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. & for the Gaussian fits (black lines) are 0?1&nd b hich th f .
0.2° for instrument aboard HIAPER and Twin Otter aircraft, respec- above which the motor performs an automatic reset was set

tively, and are within the resolution of the motor internal encoder 10 0.7 (20" theoretical accuracy) for the campaigns described

(0.2°), shown in blue dotted lines. Brown dashed lines represent thd1€re. The statistipal diStfibUtion of the EA diﬁerence indi-
motor tolerance level (0% 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 ththe 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 thecraft is an unpressurized twin-engine turboprop with an al-
flight are recorded, while avionics data for the Twin Ot- titude ceiling of~4kma.s.l. (above sea level) without sup-
ter flights are not available. The histogram of differencesplemental 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 8h) on  tributions of trace gases in a polluted urban environment.
24 February 2012 is plotted as a probability density functionDuring CalNex, the NOAA Twin Otter aircraft was stationed
in Fig. 3a. A Gaussian fit (black line) to the histogram has at Ontario, CA, and joined the CARES campaign from 16—
a lo deviation of 0.18, which is less than theclaccuracy 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_ albe_dc_J (SA); further, NOAA/ESRL/CSD 1 NO, (220K) 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 ozonesjCand the 4 03 (243K) Bogumil et al. (2003)

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

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

pointing infrared pyrometer and (6) an in sitg @onitor. 7 HCHO (298K) Meller and Moortgat (2000)
The purposes of the CU AMAX-DOAS deployment were 8 H20O Rothman et al. (2005)

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

tions of NG, 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. NG is a precursor molecule for tropospherig O The measured spectra were analyzed for,NOCHOCHO,
formation. Oxidation of nitrogen oxides (NG 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 degra-and 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 HQadicals upon photolysis — sorption cross sections of different absorbers in the atmo-
a major oxidizer in the atmosphere, which sustains photo-sphere 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 HQ radicals upon photolysis and is a di- broadband absorption in the atmosphere as well as broadband
rect precursor for SOA. Studies conducted in Mexico City instrumental features, a Ring reference spectrum to account
have suggested that CHOCHO could be responsible for 10for the “filling-in” of Fraunhofer lines due to rotational Ra-
15% of SOA formation in Mexico City (Molkamer et al., man scattering (Grainger and Ring, 1962), and an additional
2007). Aerosols directly affect human health and have beerintensity 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 tocalculated from the Fraunhofer reference (Bussemer, 1993).
~ 4 h, were carried out over the two month period (206 flight The Twin Otter aircraft being an unpressurized aircraft, the
hours). Flight plans were developed with the scientific ob-pressure in the cabin changed from 1010-665 mbar over a
jectives of mapping out horizontal and vertical distribution 3.5 km altitude range for typical flights (e.g., see Fig. 7). The
as well as characterizing transport of pollutants and valida-change in the refractive index as well as any pressure dif-
tion of satellite retrievals. As this was the first deployment ferentials 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 LabVIEWAnd are accounted for by including a linear shift of the mea-
acquisition software was updated during the early portion ofsurement spectrum during analysis. The observed shifts are
the campaign for optimization. Spectra were collected with 2up to 0.18 nm for the TG spectrometer between the spectra
seconds integration time during the second half of the camtaken at the highest and the lowest altitude. A high-altitude
paign, and all the data presented in this paper are 2s dat@- 4 km) zenith spectrum from a clean, cloud-free region of
unless otherwise noted. The most commonly used EA sethe same flight was included for the analysis of the individual
quence included EAs 9(qzenith), 20, 1¢°, 5°, 2°, 0°, —2°, flight data. The choice of the zenith spectrum as Fraunhofer
—5°, -1, —20° and—9C (nadir) with O correspondingto reference spectrum minimizes the amount of tropospheric
a view parallel to the horizon. The FOV of the telescope atabsorbers in the reference spectrum, allowing for the detec-
nadir viewing geometry gives a footprint 6f0.55 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 ofquantity 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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(SZA: ~24°) at~600ma.g.l. Q fits are from the same flight at 20:11 UTC (SzA:223°) at~ 3000 m a.g.l. The black lines represent the
measured spectra and red lines are fitted reference cross sections. Note thag fomdNQ at 477 nm, the absorption is so strong that the
black lines are not visible. All the fits are fo? @A. The units for retrieved dSCDs for CHOCHO, HCHO, hénd B0 are molecules 113
and for Q; are moleculedcm™>

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, andclean 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 asoclRMS 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) (ppY)
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 NO, 5 30 30 120
Ho0 435-455  1,2,4,5,6,8 3 CHOCHO 3 16 16 65
O4 350-386 1,2,3.4,5 3 HCHO 98 290 540 1355
o 440—490 1,2,4,5,8 5 H20442nm(ppm) 42 210 252 760
ea7mmkm=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, respecetrieval to account for the temperature dependence of rota-
tively. Examples for spectral fits of NQOCHOCHO, HCHO, tional Raman scattering, which leads to the so-called “filling-
O4, and HO 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 for a 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 s(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 3 DOAS fit error for typical clean FT (near Rayleigh rable results for other trace gases where the Ring structures
atmosphere) and polluted urban BL atmospheric conditionsare relatively smaller. A new HCHO reference cross section
(see Fig. 10b for aerosol extinction profile). Note that detec-has recently been reported by Chance and Orphal (2011). We
tion limit highly depends upon the atmospheric conditions compared 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), calculatedound the mean difference of 6:010'“molecules cm?,
for two different temperatures (298 and 230K), in HCHO which is well below the DOAS fit error for our retrieval. For
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amean dSCD of 3.8 10 moleculescm? for 0° EA atall  of AMAX-DOAS data. Auxiliary input parameters used in
flight altitudes for the exemplary flight presented here, thethe 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. The £xross section by  fornia Air Resources Board (CARBhi{tp://www.arb.ca.gov/
Hermans (2002) has some nonphysical structures in the bas&omepage.htirmonitoring stations or based on values from
line around the weak Qabsorption band at 446 nm, which previous studies for urban environments (i.e., g-parameter,
seems to affect N9and 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 JOreference 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 dSCD photons get scattered only once very close to the ground or

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

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

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

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

dAMF

dAMF (differential air mass factor) is usually calculated with 'I;]her_chimatic of the geometric approximation is shown in
the help of a radiative transfer program to convert the meall® F1g. 1 inset. . . : .
In our DOAS analysis, a high-altitude zenith spectrum

sured dSCD to a VClp and is a difference in AMF between | back d ) d P i
the measured and the reference viewing geometry. It require om a ciean background area IS Used as reterence spectrum.
ssuming this background zenith spectrum has no tropo-

a priori knowledge of trace gas vertical concentrations an . 2 .
aerosol extinction coefficients along with other input palram-s'pher!C NQ, the nadir dSC.I.DS can be conS|dered_as tropo-
eters such as pressure, temperature, surface albedo (S pheric slant column densities (SCDs) for most flights per-

aerosol asymmetry parametgrand aerosol single scatter- qugd athlow SZA'. ﬁ‘tshzi%h Sg";“ stratospheric_l‘ﬂ d@on— d
ing albedo (SSA). N@ concentrations, profile shapes and tribution changes wit and hence requires independent

aerosol scenarios are highly variable in the SCAB becauséerm)_val'_FOr such flights (18 (.)l‘.'t of 52), stratpspher|czNO
of the variable sources and hence could result in a significan ontrlbL_mon was corrected by f|tt|r_19 a pqunom|al through 6.1"
amount of error in radiative transfer calculations of AMFs. 1€ zenith dSCDs above 1.8 km flight altitude and subtracting

Instead, we applied a simple geometric approximation for thethe polynomial from the nadir measurements. The resulting

nadir viewing geometry to convert dSCDs to VCDs. The ge_guantity is defined as the tropospheric SCDs. This quantity
ometric approach, its validity and error associated with this'> then converted to VCyp (VCDirop = SChrop/ge0AMF),

approximation are further discussed in Sect. 3.3. andis d_e_fi_ned as \./CD be_low the aircr_aft_.
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 lighheasurements were explored for this study. A representa-
source, the solar radiative transfer during the time of meadtive sample of the results is summarized in Table 4, where
surement needs to be modeled to interpret the retrieved dat¢ghe 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 simulatesSCAB (surface albedo, SA=0.1; single scattering albedo,
radiative transfer in the atmosphere in the UV/Vis/NIR spec-SSA =0.94; asymmetry parameter=0.68; aerosol opti-
tral range using a Monte Carlo approach. In McArtim the cal depth, AOD =0.4; boundary layer height, BLH=1.0 km;
3-D atmosphere is simulated as a 1-D modeled atmospherdO, mixing ratio =10 ppb) is also shown in Table 4; it is
divided into concentric spherical shells. The atmosphericbased on ancillary measurements aboard the aircraft, CalNex
conditions during the time of measurement in each verti-ground site at Pasadena and CARB ground monitoring sta-
cal layer are assumed to be horizontally and vertically ho-tions or climatology of urban aerosol. Thomson et al. (2012)
mogeneous. McArtim has the capability to simulate Jaco-reported an average value for SSA of 0.92 at 532 nm during
bians of trace gases and aerosols needed for the interpretatidhe entire CalNex campaign at Pasadena. They found SSA
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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 heighm] concentration (SA) scattering depth (AOD)
angle (SZA) conditioris [pphl 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 11 6.9 2.9 2.6
60 5.9 7.3 6.3 6.0 7.0 15.3 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 53 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 16.5 25.0 8.3 175 116 14.2 19.3

* Most probable atmospheric conditions in SCAB: surface albedo = 0.10, single scattering albedg-pas@neter =0.68, aerosol optical depth = 0.4, boundary layer height=1km
and NG 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"°
. o 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 t9=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), 1 1 L

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 conqmons where the error may exceed 10 %'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 plotted pcArtim 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 cutoff for most likely atmospheric conditions in South Coast Air Basin

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

columns. With these filters the error in geoAMF<4s7 % for geoAMF (black). Most likely atmospheric state in SCAB: surface

most conditions (85 % of flight time with SZA 65°), and albedo =0.10, single scattering albedo = 0.94parameter = 0.68,

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

during high-altitude flights over low SA. The error associated MXing 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 NO/CD from the geo- 3.4 Aerosol extinction profile retrieval

metric approximation to be- 20 % based on the discrepan-

cies between measured and modeled\®MF. To the bestof  In the near-UV and visible wavelength range, under cloud

our knowledge, there have been no previous deployments diree 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-df0 % at 477 nm  of atrace gas depend mainly on the aerosol extinction profile.

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

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

compensating effects in the radiative transfer calculations. infer aerosol properties. The collisional complex of oxygen
O4 is one such species {ininger et al., 2004; Wagner et al.,
2004; Wittrock et al., 2004; @mer et al., 2010). ThefZon-
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 profilgs. 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 measurged O
SCDs,y, is related to the aerosol extinction vertical profile, 5
x;, by forward modeF such that

o

Altitude [km]
=
e e e e L e e e e

v b e by VT

_ ' 0 | L 1 | rtrsed).
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
o

whereb are forward model parameters that are not retrieved,

i represents the iteration index, ants the sum of measure-

ment and model error. ForEA, i.e., parallel to the hori- Fig. 6. (A) Vertical profile of Q; SCDs calculated for OEA at

zon, under cloud free conditions, the measurement is almos#77 nm using McArtim (US standard atmosphere with exponential

entire'y sensitive to the altitude of measurement and nea”)ﬁerosol extinction pl’oflle with exti.nCtion of 02 k_ﬂil at the gl’ound

all of the vertical information contained in the SCD comes ‘a:‘lﬂez)-Slokr(’:esd‘;a;i(:“;'%g?e?n';gﬁa‘t’iigegﬁ;'rnofqt hsect'zzlcégg-:gt 0

from that particular altitude. We exploit this property and re- ’ i .

trieve the gerosol extinction profile Ey using 2 m%dif?/ed onion EA- The solid and dashed lines represent angles above and below
. - . . the horizon, respectively.

peeling algorithm using®0EA 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 &2

O, SCD measurements at those altitudes. Aerosol extinctior] € 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 pro-Of this technique for profile retrieval from AMAX-DOAS

cess is repeated to account for any information @rSGDs ~ Measurements has been descr!bed in dgtail before (e.g.,

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

measurement altitude, until measured and modeleg@Ds  briefly. A set of measurementg, which in our case are trace

agree. The profile is then verified using other angles in thed@s SCDs for different LOS can be related_to a vertical distri-

EA scans during the descent/ascent. It should be noted th&ution,x, by the forward modef as shown in Eqg. (3). Con-

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

the desired EAs within a narrow error bound also during de-reference 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 Q SCDs at different altitudes in the Equation (3) can be rewritten in a linearized form as
atmosphere for different pointing uncertainties ford&® is
illustrated in Fig. 6. An uncertainty of 1°2n pointing accu-
racy, which can easily happen on an airborne platform, couldyhere K defined asas;ﬁ is the weighting function ma-
result in 20-80% @ SCD error above 10km. Even though trix that expresses the sensitivity of measuremerio x.

the Q; concentration is very small above 10 km (around 10 %\ne ysed the maximum a posterior solution as described in
of the near surface at 10km), the SCD atlA 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, thg = xat (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'wherexa is the a priori profile and, andS, are the a pri-

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

even larger errors when4BCDs 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- yogcribed problem as it is generally ill-pos&l.was con-

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

the telescope. onal elements of the matrix, the nondiagonal elements were
setto 0. The apriori error covariance matf®s, was used as a

y=Kx +e¢, 4)
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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 (Schofield tainty 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  in extinction
Eq. (5) (Barret et al., 2002; Hendrick et al., 2004): coefficient
Surface albedo +0.05 <2%
S Py SO
j— . . 0
Sa; = | S Sayy XD <( n2 ( y > ) © Te%peratuyrg +5°C uy:FJ)to 10%
Pointing accuracy +0.3% mostly in transition layer

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

ers respectively angr is the half width at half maximum

(HWHM). The value ofy 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 the profile is given by

a priori profile and the information from the measurement.

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

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

The retrieval at any layer is an average of the whole profilematrices. 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 con-but could be estimated from the averaging kernel matrix

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 resolu-trieval noise covariance

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

averaging kernel matrix, 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

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

that layer. For an ideal retrieval scenarois 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 altils the gain matrix and expresses the sensitivity of retrieved

tudes. In reality, the retrieved profile is a smoothed versionprofile 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 verticalerror in the retrieved profiles due to uncertainties in forward

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

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

Box AMF calculations for EAs Sand 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'VN€red” is the perturbation to the forward model parameter

can be improved by oversampling, provided that the randon?" ) . ) .

error is degraded. Sensitivity can be improved by combining 1 € difference betwe?n retrlt/aveq profitesvith forward

EA scan with aircraft ascent/descent. We exemplarily presenf0de! parameteb, andx’ with &', gives an estimate of the

vertical profiles from actively controlled EA scans during an forward model error gaused by uncer.talntles In pgranieter

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

é(vhere

CA. ment of the corresponding forward model parameter covari-
ance matrix.
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) untion coefficients at 477 nm. Results from the study are sum-
certainties and smoothing error due to finite resolution of themarized 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 aserror in extinction values. A 5C temperature uncertainty
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could also result in similar relative error as the €ncen- et al., 2010; Coburn et al., 2011) were deployed at the Cal-
tration in the atmosphere is temperature dependent (densitiex ground site (Ryerson et al., 2013) in Pasadena, the
effect). We used temperature measured aboard the aircraft tBontana Arrows CARB monitoring network station and the
minimize this error. Angle accuracy uncertainty was found CARES T1 (Zaveri et al., 2012) site in Cool, CA at various
to result in large extinction errors-(0.01 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 foiThis EA was chosen to minimize the effect of uncertainties in
vertical profiles from airborne DOAS measurements, but itmodel parameters — especially magnitude and shape ef NO
could be the most important and largest source of error in thgrofile 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 SSA, ering~ 3% dSCD retrieval error ang 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 EA 10 %. Further details about MAX-DOAS measurements dur-
were only considered as a forward model parameter affecting the CalNex and CARES campaigns can be found in Or-
ing the retrieved trace gas profiles as other forward model patega et al. (2013). MAX-DOAS instruments at Pasadena and
rameters (e.g., SA) have already been considered in aerosélontana 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 180 EA 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 inNY; and inhomogeneous air mass. The mhomogenelty of'alr
Fig. 7. The small footprint-¢ 1 km along the flight track) of ~Mass was measured by MAX-DOAS, which observed dif-
the measurement allows us to clearly identify local hotspots€rénces in N@ VCDs in the east and west view of up

and pollution sources. The NOmap in Fig. 7 reflects our 10 2.5x 10*molecules cm?. Figure 7 gives an idea of the
understanding of the NQsources and its relatively short life NO2 VCD variability as mapped by CU AMAX-DOAS. Fil-
time (~4h). Clear NQ hotspots can be observed around te.rmg 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 %wcraft), 3%5;
way, State Route 210, and at intersections of major high-2ircraft altitude <4km, and <1.5x 10*°molecules cm?
ways. In contrast, very litle N@is seen in the eastern part NO2 VCD difference in east/west view of MAX-DOAS in-

of the basin, and over the High Desert to the northeast, whert'uments in SCAB, as well as coincident measurements
there are no significant local sources of N®@he footprintof ~ Within 10min of the aircraft overpass, resulted in a cor-
CU AMAX-DOAS is comparable to air quality models, and "élation with slape of 0.86 0-23' %”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 make§19: 8). The slope of the linear _f't line is skewed by the
this data set an excellent opportunity to evaluate emissions iffiéasurements at CARES T1 site that are near or below
air quality models and validate satellite observations. A firstthe detection limit of both the instruments, but nevertheless
application of CU AMAX-DOAS to test NASA N@ VCD still a very good agree.ment between the' two mstrumgnts.
retrievals from the OMI/AURA satellite instrument is cur- !f 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 viewirg+15°, 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 0.29.09, offset in VCD of
To validate the retrieval of our NOVCDs 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
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for the Twin Otter are shown as red targdB) Time trace of flight altitude (blue), ground altitude (black) and SZA (green) from the same
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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 SCDef and the dSCD correction factar;

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

Vertical profiles of aerosol extinction coefficient and trace .
gas concentrations were retrieved for a low approach at Ne dSCD correction factorj has been used to scale mea-

Brackett airfield, CA during RF#46. The aircraft was fly- Suréd Q dSCDs to bring inferences of aerosol extinction
ing at~ 3.1kma.g.l. (above ground level), made a slow de-into agreement with other sensors, such as AERONET (e.g.,
scent to an altitude of 0.6 kma.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 EA4AX-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 afSPhere. 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 abov@MPle, the value for the correction factor is different between
and below the aircraft. The descent portion of the low ap_dlﬁerent 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%r6¢r et al.,

airport in which the pilot intentionally does not make contact 2010; Merlaud et al., 2011; Zieger et al., 2011). It has been
with the runway. speculated that the need fercould be due to the tempera-

ture dependence of thegs@bsorption cross section (Wagner

4.2.1 Determination of Q; SCD in the reference et al., 2009; Clemer et al., 2010). Indeed, a temperature un-
spectrum certainty in the @Q absorption cross section has been reported

(Blickensdorfer and Ewing, 1969; Wagner et al., 2002 and
The scale height of gin the atmosphere is 4 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 @SCD contained in the ref- to determine SCRs and «. Temperature and pressure as
erence spectrum (SGE) 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 lineardistribution of Q in the model. Temperature and pressure
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_ _ Fig. 9. Correlation plot of modeled and measured SCDs at
Fig. 8. Correlation plot of N@Q 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 alkured Q dSCDs. Forward viewing geometry include’s &2°, +5°
data from both CalNex and CARES campaigns (see text for filter-gas.

ing conditions). Data from CalNex further constrained for relative
azimuth between plane heading and MAX-DOAS viewing geome-
try < +15° and NG, VCD variability < 8x x 101°moleculescm? O, SCDs at 477 nm for OEA. The corresponding aerosol
are shown in red and blue. Black line is the linear fit through the col-extinction 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 0.9km, indicated by the
decrease in N@and aerosol) with a 500-m-thick elevated
profiles were extrapolated to the ground using the lapse ratéayer at~ 2.5 km. The error contribution in retrieved extinc-
and scale height determined from the measurements, respetion due to EA uncertainty of 0.35s shown in Fig. 10c, and
tively. The temperature was 36.C and the pressure was it illustrates that pointing accuracy is needed especially to
966 mbar at the ground. Comparison of extrapolated tem-minimize 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 gooditude gives AOD - the total load of aerosols in the at-
agreement withint2 °C and+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 ten®.164+ 0.03 and agrees well with 0.180.02 at 500 nm mea-
perature and pressure profiles measured at Joshua Tree, Céured 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 onhourly averages and standard deviations for the hour of the
the regression analysis shown in Fig. 9, between simulatedbw 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), weing our low approach, and measurements inherently aver-
determinex =0.99+ 0.01 for 477 nm. Hence, itis concluded age over spatial scales of typically few 10km. Based on
that a scaling factor is not needed to explain our measurethe Koschmieder visibility formula for the visible wave-
ments. An Q reference SCD of & 10*2moleculécm™  length region — visibility = 3.91/extinction coefficient (see
based on the regression has been added to the measuredy., 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 profile extinction from Q dSCD observations that does not require
was retrieved by iteratively minimizing the residual between a 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 profilesp80Ds for @ EA at 477 nm from the low approach at Brackett airfield
during RF#46 on 16 July 2010 in SCAB) Corresponding aerosol extinction vertical profile retrieved at 477@nError contribution in
extinction due to angle uncertainty £0.35°. Note that the aircraft only flew down te 600 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 NOCHOCHO, 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 NO»,, CHOCHO, and HCHO vertical profiles have a along with the aerosols. Laboratory studies show consistent
very similar shape, with most of the trace gases |ocate0ey|dence of CHOCHO uptake by aero§ols _fo.rms SOA (Lig-
inside the BL. This is not surprising since most of the gio et al., 2005; Volkamer et al., 2009b; Trainic et al., 2011).

sources for these gases are close to the surface. On t{dowever, if this process is partly reversible, the collocation
other hand, the pD profile is almost linearly dec.reas- of CHOCHO and aerosol could also point to aerosols as a
ing with altitude. The retrieved Nprofile shows an av- source of CHOCHO aloft (Kroll et _al., 2005; Kampf et al.,

erage urban BL value of 1421.3ppb (at the surface: 2013). It should be noted that while CHOCHO dSCDs at

1 ppb= 2.46x 10*°molecules cm?3 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 I«_a(ljeva(’;ed Iaye; 0305 alslo_ ozserved in f
Pomona station is located 3 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 cqmmunication, 2012.) an.d Is in-
with the measurement at the ground station. The CHOCHd:luded in the RTM calculations for aerosol extinction and
profile shows a BL value of 274 28 ppt. It also exhibits trace gas inversion. The water vapor mixing ratio inside the
an elevated layer of CHOCHO witk 33+ 8 ppt at around _BL_corresponds to a refative humidity, RH =23 %. C.O' :

2 5km (Fig. 11b). The lower error bars in the FT compared'nc'dent measurements of RH at nearby CARB monitoring
to the BL is due to two reasons: (1) with both the referencestations varied from RH=23% (Ontario International Air-
spectrum and the measured spectrum taken under very sin‘?—ort) to RH=34% (Upland, CA,)' .The_ 9000,' agre.ement_ of
ilar conditions, i.e., FT with lower aerosol load compared to RH demonstrates control of radiation fields in the inversion.
BL. the DOAS, retrieval error is smaller in the FT compared HCHO vertical profile was retrieved using aerosol extinction
to BL. (2) In our low approach, the aircraft only descended profile independently obtained usings @SCD measure-

down to an altitude of~600ma.g.l. , and a set of down- ments at 360 nm (see_ Fig. S2in the Supplement).
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 sensiti@3S€s: This grid he@ht was chosen base_d on the FOV of the
ity below 600 m (see Fig. S1 in the Supplement). The obsertelescope, rate of aircraft de;cent and time it took to com-

vation of 33 ppt CHOCHO in a layer aloft that is decoupled plete one EA scan cycle during the descent. The averaging
from the boundary layer coincides with the altitude where kernels for all the trace gases indicate a constant sensitivity
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Fig. 11.Retrieved vertical profiles and corresponding averaging kerne{&jadxlOo, (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 represent:
detection limit for each profile.

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

face. The DOF are 12.5, 11.5, 11.6, and 11.8 fobNCHO-  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 m.cal 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 Blby Bruns et al. (2004) and our experiment, we recommend

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

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

averaging kernels below 600 m are explained from the ob-ascent/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 our5 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 G EA during aircraft ascent/descent to systemat- motion-stabilized scanning telescope to collect solar stray

ically probe the atmosphere with maximum sensitivity and light 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 ndions of multiple trace gases and aerosols simultaneously and

other EAs but 0 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 © EA 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 optionAppendix A

to convert NQ SCD to VCD for measurements below the

plane. This approximation is found to be accurate over southJable Al. List of frequently used abbreviations.
ern California, where elevated SA (L0 % at 477 nm wave-

length, measured aboard the plane) compensates for reduced 29-- 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 S2/45°; a slightly AMF air mass factor
larger error £ 25% in all cases) is found for SZA 65° or AOD aerosol optical depth
during high-alt_itude flights over low SA. These _results em- gL boundary layer
222;2; benefits of measuring SA and AOD by independent BLH boundary layer height

For a case study, vertical profiles of NOCHOCHO, CalNex qa"fom.'a ReseaFCh atthe Nexus of
HCHO, H,0, and aerosol extinction coefficient at 477 nm A”Qua'_”y énd Climate Change
showed that trace gases and aerosols are located mostly in- CARB 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 -,

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

2o - FOV field of view

gases and aerosol extinction coefficients. The accuracy of our
motion compensation is found to be0.35 by comparison FT free roposphere
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 LoOS lines of sight
contained 338 ppt CHOCHO, NQ below the detection MAX-DOAS  multi-axis differential optical absorption
limit (30 ppt, for 2 s integration time), 545 114 ppt HCHO, spectroscopy
0.0294+0.004 knt1 ¢477, corresponding to a partial ver- RE research flight

tical columns of 4.14- 1.12x 103 molecules cm? CHO-

CHO, 7.10t 1.75x 10 molecules cm2 HCHO, and par- RTM radiative transfer model
tial AOD of 0.047+0.007 at 477 nm. This elevated layer ~ SA surface albedo
contained ratios of CHOCHO/HCHO of 0.660.02, 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
dicates either collocated CHOCHO sources from VOC ox-  gga single scattering albedo
idation, or the release of CHOCHO thaF was |n|t|_aIIy taken SZA 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 capabilites of CU AMAX-DOAS are not lim- Supplementary material related to this article is
ited to the parameters presented here, and also inclugavailable online at: http://www.atmos-meas-tech.net/6/
measurements of reactive species such as halogen oxide rag19/2013/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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