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Abstract. Multiple Axis Differential Optical Absorption 1 Introduction
Spectrometer (MAX-DOAS) systems are inherently very

simple instruments, which have been shown to provide ex-_ )
tremely useful information about a wide variety of environ- First used by Dobson and Harrison (1926) to measure at-

mental parameters. In order to exploit the potential of theMOSPheric ozone, the technique of passive absorption spec-

technique we have developed a new field-deployable, passivEOSCOpy has been in continual _development for almost a cen-
MAX-DOAS system that is automated and uses little power Y- Today, the advent of multi-wavelength array detectors,

(<3W). This new instrument utilizes a fully enclosed scan Miniaturized electronics, and fiber optics has given rise to
head that protects all moving parts and optics from harsh enM0dern passive differential optical absorption spectroscopy

vironments. Instrument diagnostics, such as tilt monitoring(DOAS) methods_m which UV/Vis (and/or IR) sqlar spectra
and frost accumulation detection and removal, are integrate@'® USed to quantify accurately numerous chemical absorbers
into the main data acquisition program, which then acts toSimultaneously (Platt, 1994). Using DOAS techniques, O
remedy problems that were discovered. This full automa->C2: HCHO, HONO, BO, NG, NO’%’ 10, O'O'_OC'Q’

tion and data quality checking make this instrument idealBr©: O+ and (CHO} can be detected in the UV/Vis region.
for long-term deployment at remote, unmanned locations" the IR region many other species, such asdH;, OIO,
around the world, such as in polar regions or in the monitor-H20: and solid and liquid particles can also be observed. Ad-
ing of trace gas emissions from volcanoes. This instrumengitionally, cloud and aerosol light extinction coefficients can

was recently integrated into an ice-tethered autonomous buo?e derived from observations of the oxygen collisional dimer,
and tested in Elson Lagoon, near Barrow, Alaska to mon-©2)2, @lso known as @ whose abundance is primarily de-

itor halogen chemistry in the Arctic. During this investi- Pendent on atmospheric pressure (Friefs et al., 2006). The
gation, differential slant column densities (dSCDs) of Bro POAS technique usually measures the difference between
up to 6x 104 molecules/crh were observed. Typical spec- two spectra, a_me_asurement and a reference, which removes
tral fit residual RMS optical densities were less tharl6—4 spectral contributions that are common between these two
for solar zenith angles (SZA¥8C° and a 6-min integration §pectra. In the case of splar sp(_actra, the Fraunhofer structure
time. Here we describe the design concepts and performands fémoved. The term “differential” refers to the fact that the
of this new MAX-DOAS instrument through detailed analy- spectral fitting exploits high-frequency variations that occur

ses of spectral quality, power usage, possible instrument ré" Molecular absorption spectra (typically vibronic bands)
sponse biases, and typical instrument operations. but are not present in aerosol scattering or other extinction

processes that vary slowly with wavelength (for details see
Platt, 1994; Platt and Stutz, 2008). This process combined
with the absolute nature of the Beer-Lambert law allows for

the calculation of slant column densities relative to the refer-

Correspondence td. R. Simpson ence without calibration. It is important to note the distinc-
BY (wrsimpson@alaska.edu) tion between passive DOAS, where scattered sunlight is used
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as the light source, and active DOAS, where an artificial lightBrO concentrations and spatial distribution in the polar re-
source is used. The MAX-DOAS method, in which the pas-gions comes from DOAS observations (e.g. Tuckermann et
sive DOAS technique is applied using multiple view eleva- al., 1997; Hinninger and Platt, 2002; Frie3 et al., 2001;
tions (known as axes), was first employed byridinger and ~ Simpson et al., 2007b). Satellites such as GOME, OMI, and
Platt (2002) at Alert, Canada. The near-horizon view geome-SCIAMACHY have for years provided pan-Arctic/Antarctic
tries used in MAX-DOAS greatly enhance the sensitivity to vertical column densities of BrO from space (Richter et al.,
boundary layer species, contrasted to satellite or zenith-skyt998; Wagner and Platt, 1998; Wagner et al., 2001; Holl-
DOAS techniques, which are mostly sensitive to total columnwedel et al., 2004) and passive ground based DOAS instru-
abundances (bhninger et al., 2004). The multiple view axes ments have been deployed at numerous Arctic and Antarctic
of MAX-DOAS also enable trace gas vertical profiles to be locations such as Alert, Canada, Spitzbergen, Svalbard and
derived (Fbnninger et al., 2004; Wittrock et al., 2004; Heckel Barrow, Alaska (Kreher et al., 1997; Wittrock et al., 2000;
et al., 2005). Friel3 et al., 2001; Binninger and Platt, 2002; Simpson et al.,
Low power consumption, inherent calibration, and the po-2007b).
tential to derive vertical profiles are significant advantages of As successful as these satellite and ground based DOAS
the MAX-DOAS technique; however, there are two main dis- instruments have been in measuring BrO, they still possess
advantages to the passive DOAS technique in general. Firstnherent limitations. Satellites are limited by their temporal
it can only operate during daytime or twilight hours as it re- resolution (1-2 observations per day), lack stratospheric and
quires scattered sunlight. Active DOAS techniques, wheretropospheric vertical profile information, and often do not
a laser (e.g. Mount, 1992), arc lamp (e.g. Platt, 1994; Plataccount for cloud interferences. Also, satellite methods re-
and Stutz, 2008), or light emitting diode (LED) (Kern et al., quire ground truth observations for validation. Ground-based
2006) is used as the illumination source, eliminates this probMAX-DOAS instruments can easily differentiate whether a
lem, but often requires high power, and is therefore moregas is in the stratosphere or in the boundary-layer and can ac-
difficult to employ at remote locations. The second disad-count for cloud interferences, however, many MAX-DOAS
vantage of passive DOAS is that obtaining chemically rele-instruments use tens of watts of power and require main-
vant concentration or mixing ratio values from the raw mea-tenance limiting their possible deployment sites to coastal
surements is a mathematically intensive process, which lackplaces with infrastructure, which leaves the vast majority of
accepted standard procedures and has complex error estimgne polar regions unexplored. Icebreakers have been success-
tion (e.g. Wagner et al., 2004; Friel3 et al., 2006). However fully used as a mobile observation platform (Wagner et al.,
satellite remote sensing techniques apply similar spectral fit2007), however these ships are limited by ice conditions and
ting and radiative transfer methods for their analysis, so theare not always readily available.
mathematical complexity of MAX-DOAS is similar to and In the Arctic and at many other locations around the Earth,
not worse than other remote-sensing techniques. In fact, bethere is a great need for automated, low power instrumenta-
cause of similarities between ground-based passive DOASion, which is capable of continuous long-term atmospheric
and satellite techniques, MAX-DOAS instruments representmonitoring. A number of miniaturized ground-based pas-
an important resource that can validate and improve satellitsive DOAS instruments have been recently developed. These
measurements (Irie et al., 2008). instruments are smaller, use less power, and easier to use
The DOAS technique has been successfully adapted tdhat previous instruments, however they still lack sufficient
ground, air, and satellite based platforms, allowing for someautomation for long-term remote deployment. The Flyspec
of the most remote locations on Earth to be studied. Aand Mini-DOAS instruments have been developed to quan-
prime example is detection of bromine monoxide in the po-tify SO, emissions from volcanoes (Horton et al., 2006;
lar regions. Every springtime in polar regions, reactive halo-Galle et al., 2002) and are a significant improvement from
gen species, including BrO, are photochemically sourced tahe now outdated COSPEC instrument (Moffat and Millan,
the atmosphere from snow and ice surfaces (Barrie et al.1971). However, the view telescope on some of these instru-
1988; McConnell et al., 1992; Fan and Jacob, 1992; Tangnents must be manually moved to each different view axis,
et al., 1996; Simpson et al., 2007a). These reactive halorequiring a person to always be present during operation.
gens are an essential reactant in tropospheric ozone depletigbther DOAS instruments, such as idkhinger et al. (2004)
events (ODEs) where surface ozone levels are periodicallyand Wittrock et al. (2004), use a stepper motor to automate
depleted to near zero, thereby significantly altering the oxi-changes in view direction, however, there is still a lack of au-
dation pathways of the atmosphere (von Glasow et al., 2004tomated instrumental quality checks to ensure proper func-
Honninger and Platt, 2002; Jacobi et al., 2006; Simpson etioning during remote long-term deployment. These instru-
al., 2007a). Additionally, reactive halogens are believed toments also have a higher than desirable total power consump-
be the primary oxidant of gaseous elemental mercury in polation due to use of Peltier-effect cooling devices or resistive
regions, leading to the deposition of reactive mercury specie$ieating elements to stabilize the spectrometer temperature.
into the snowpack (Schroeder et al., 1998; Lindberg et al.,
2002). Much of our current knowledge about tropospheric
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Fig. 1. Schematic of new MAX-DOAS system. The scan head (top) is connected to the computer/spectrometer (bottom) by a fiber optic
cable and electronic cable.

To increase data collection of trace gases in the Arctic, an®.1 Scan head sub-system

at other remote locations such as volcanoes, we have devel-

oped a new MAX-DOAS system that is low-powetr W), The scan head sub-system, shown in Fig. 2, is contained in
automated, and field deployable. Design features include: & sealed aluminum housing with a cylindrical quartz window
separate, fully enclosed weatherproof optical scan head, froghrough which scattered sunlight is viewed. The housing is
detection and removal capability on the view window, inte- made airtight by sealing all unions with O-rings and using
grated tilt meter to ensure correct view elevation angle, pasairtight glands and connectors for the electronic cable and
sively temperature-stabilized spectrometer, continually up-fiber optic cable. This enclosed design protects internal op-
dated dark current and offset corrections to the spectrometefics and moving parts from physical obstruction or weath-
fully automated data acquisition software, and compatibility €ring and is important for successful long-term operation in

with two-way satellite and ethernet communication devices. the Arctic. Most previous MAX-DOAS instruments have ex-
ternal moving parts which are subject to weathering and ob-

struction (Hbnninger et al., 2004; Horton et al., 2006; Galle
2 Instrument et al., 2002) Scattered sunlight is directed through the sys-
) i ) . tem using a set of two right angle fused silica prisms (Optics

A schematic of the overall instrument setup is shown in For Research, ADU-15mm), where the outer prism is ro-

Fig. 1. There are two sub-systems, the scan head, which rgzeq apout the axis between the two in order to obtain light
ceives the scattered sunlight, and the spectrometer/computglym different view elevations. This design allows a scan-

unit, which runs the system and detects and stores the SPeGing range of approximately 220from slightly below the

tral data. The two sub-systems are linked by a UVIVIS pqriz0n ‘up and over the zenith, and through the horizon on
fused silica fiber optic cable and a multi-conductor electronicy, o opposite side.

cable.

www.atmos-meas-tech.net/3/429/2010/ Atmos. Meas. Tech., 343292010



432 D. Carlson et al.: Low power automated MAX-DOAS instrument

1 I 1
- - - LED Spectrum
—— Solar Background h 1500
o 1547 Frost Pixel !
o (396.74nm) i [%2)
- b
S g
N L
@J 1o 1000 :3:
g g
£ 2
@ 5 500 Z
05 T T ==t T Smss T 0

320 340 360 380 400 420 440
Wavelength (nm)

Fig. 3. Frost detection scheme example spectra. The dashed line
shows the spectrum of the frost detection LED, while the solid line
is an observed skylight spectrum. The frost detection wavelength,
396.7 nm, is chosen to be at the base of the Fraunhofer dip to mini-
Fig. 2. A photograph of the scan head. The view window is the mize skylight interference in the frost measurement.

clear quartz region between two defroster heaters that appear blue

due to the blue thermally conductive epoxy glue.

and window heating system, which ensures a clear instru-

. . . ental view while conserving power by not heating the win-
Between the two prisms is a Schott BG3 bandpass optlcaE1 o .
' . ow when it is not needed. A near-UV LEDB-897 nm) is
filter (UV-VIS bandpass approximately 315-445nm). The 8 )

. . _ . used to illuminate the view window at an oblique angle, and
f||t_er excludes light of wavelength§_that are not in the region he telescope/spectrometer receives this light when the win-
of.m.terest and reduces the p955|b|l|ty for I|ghF to be sc_attere ow is frosted. The oblique illumination nearly eliminates
Vr;’]'trr]]'{] IthftifSp?Ctgmriti:’ Wh'd;]é:oimdnc?qn:”?t:its toriln:]tr;; scattering of LED light into the telescope when the window
nentalartiacts. 1o €second, 1.€. hon-rotating prism, N§g 05, Daylight signals are removed by subtracting the in-
light passes through afi-stop (f/4) and a fused silica lens

tensity with the LED off from the LED on scattered light
(Thorlabs, LA4936-UV, 30mm focal length) that focuses the signal, as shown in Fig. 3. The wavelength chosen for ob-
light into the entrance of the fiber optic cable. The fused

lical is adiusted until the inst tal field of view i servation (396.7 nm) is in a large Fraunhofer dip to reduce
stiica fens 1S adjusted until the instrumental eld of VIBW IS 0 oftact of ambient skylight while being near the emission

b_e tween OlSall'ndhtlf' A.trke]mge |s| rep?rr]tzd bfc"’t‘ﬁsel the,ﬁelﬁ of maximum of the LED. Frost counts are measured and logged
view varies siightly with wavelength due 1o the [ens s Chro- o 5 -, time the view prism is rotated to a new view elevation
matic aberration. The fiber optic cable (Ocean Optics) is a,

three-fiber armored bundle with a triangular configuration Onangle.
: nang 9 When the frost signal exceeds a pre-set threshold, two
the scan head end, and a linear slit arrangement for the spec-

trometer entrance end. Each of the three fibers is 200 um ismall resistive heating elements @%otal, 3.75W at 12V,
. - H rR/Iinco, HK5205R76.5L 12 A) are turned on. These heaters
diameter and 0.22 numerical aperture.

are glued to the inside of the quartz window (see Fig. 1) us-
ing thermally conductive epoxy. In addition to the heaters,
the inside of the quartz cylinder is painted black everywhere

A geared stepper motor (Oriental Motors, PK223PA-SG36,except at the viewing directions so that passive solar heating
0.05 per step) rotates the movable prism to achieve differ-is maximized. Previous MAX-DOAS instruments have not
ent view elevation angles. Two limit switches are used tobeen capable of detecting and removing frost and instead re-
calibrate the prism orientation with respect to the scan headduired on continual human maintenance to ensure a clear in-
The algorithm for determining the optical position takes into Strument view and high quality data gHninger et al., 2004;
account the~1° freeplay in the gear mechanism. To deter- Horton et al., 2006; Galle et al., 2002; Wittrock et al., 2004)
mine the telescope orientation with respect to the horizon, a )

tilt meter (SmartTool Technologies ISU-S~0.1° accuracy ~ 2-4 Dark current and offset corrections to the

and 0.0? reported resolution) is mounted in the scan head spectrometer

and is used to convert the scan head based orientation into a )
true horizon oriented coordinate system. Each recorded spectrum is the sum of the measured sky-

light intensity, an electronic offset applied by the spectrom-
2.3  Frost detection and removal eter, and time-accumulated thermal or dark current. There-

fore, offset and dark current spectra must be subtracted from
Snow or frost buildup on the optical input window can be all measurement spectra to give signals directly proportional
particularly problematic in polar regions. For this reason, thisto light intensity. Since the offset and dark current can
new MAX-DOAS system is equipped with a frost detection vary with time, new correction spectra must be periodically

2.2 Determination of view elevation angle
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\HR2000~

SPECHOMELeY

Fig. 4. The computer/spectrometer subsystem. In left panel is the top of the housing, where we have mounted the single-board computer
(SBC), stepper motor driver, and interface circuit boards. The right panel shows the Ocean Optics HR2000 spectrometer thermally contacted
to the aluminum housing base.

acquired. Two pieces of black, light absorbing photographymodels with similar specifications, and is also relatively in-
paper cover the instrument window at two unused view el-expensive £$ 3400 USD).

evation angles, approximately 3@om the zenith. To ob- Since the detector's wavelength-to-pixel relationship is
tain new dark current and offset spectra, the view prism issensitive to changes in temperature, the spectrometer is ther-
oriented at the black paper and spectra are recorded witkhally contacted to the bottom of the aluminum housing. The
short and long exposure times. While scattered sunlight isaluminum housing can subsequently be thermally regulated
not completely eliminated by the dark paper, it is reduced topy placing it in good thermal contact with a large heat sink,
the extent that dark current and offset correction spectra caguch as below the active layer of soil or in a large body of

be extracted. water. Placing the aluminum housing in thermal contact with
Arctic Ocean sea water has proven effective in stabilizing the
2.5 Spectrometer/computer sub-system temperature to within less tharf€ on short timescales (the

time between observation low elevation spectra and zenith

The second sub-system consists of a single-board computépectra) and a fe*C on month to year timescales. Alterna-
(SBC), a spectrometer, a stepper motor driver circuit boardfively, if power is locally available the spectrometer temper-
and a signal routing interface circuit board as pictured inature can be controlled by an electric heater and thermostat
Fig. 4. The spectrometer is an Ocean Optics HR2000. Thiglevice. The spectral drift of the HR2000 spectrometer as a
spectrometer model has been successfully used for DOA$UNction of temperature was measured in the laboratory and
studies in the past (Weidner et al., 2005) The spectral resofound to be roughly 0.01 niiC in the 346 to 364 nm wave-
lution is 0.65 nm full width at half maximum as determined length region.

by observation of the 334 nm mercury atomic emission line, The single-board computer is a Technologic Systems TS-
which has a roughly Gaussian line shape with apparent left7260 running linux, which is connected to the spectrometer
right symmetry. The 334nm emission line is within our using USB and to other peripherals using RS-232 ports and
wavelength region of interest, 334 nm—-360 nm, and yields adigital /0. The computer is networked using Ethernet. The
useful instrument slit function to be used during the spectralstepper motor driver (BC2D15-RS232, Peter Norberg Con-
fitting procedure (Sect. 4.4). The spectrometer wavelengtisulting) fires the motor windings at a specified speed and
range, 318-455 nm, allows for detection of chemical specieglirection, and also receives the limit switch signals. The
with absorption features in the UV wavelengths as well as thesingle-board computer controls the stepper motor driver us-
violet and blue regions of the visible spectrum, including O ing a serial (RS-232) port. An interface circuit board contains
BrO, OCIO, HCHO, HONO, HO, NO,, |0, O4 and (CHO). three solid-state relays (SSRs) to control power to the win-
Shifting this spectral window to the UV would allow the in- dow heater, frost sensor LED, and tilt meter. Digital I/O on
strument to detect SOand ClO. The HR2000 spectrome- the computer control these SSRs to conserve power by turn-
ter is extremely low power (about 0.5 W), compared to othering the devices off when not needed. The tilt meter reports
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the tilt angle over a serial (RS-232) port on the single-boardoperation of the sensor and identify if the instrument has been

computer and is powered off in between tilt measurements tdilted (for example by shifting sea ice or disturbance by Polar

save power. Bears). The average frost signals at each elevation angle are
also written into the data record.

3 Instrument operations

This instrument operates remotely without any maintenance®  Instrument performance

The main data acquisition program, which is executed on o ) ) _

boot of the SBC, automatically records scattered light spectrd-1 ~ Light intensity at different view angles

at a series of elevation angles while simultaneously monitor- . i ) ) )

ing and correcting for varying instrument and environmentaITo,teSt the mstruments response at dlﬁgrent view elevations,

conditions. a fixed broadband light source (an unfiltered halogen lamp)
was observed at a variety of positions between the two hori-

3.1 Scan pattern zons. This was accomplished by manually rotating the en-
tire scan head about its longitudinal axis, while rotating the

The instrument repetitively scans the telescope between a sgiew prism in the opposite direction by the stepper motor

ries of elevation angles (typically 25°, 10°, 20°, and 90 el-  to observe transmitted light through a Lambertian diffuser

evation from the horizon). An automatic algorithm optimizes (a back-illuminated Teflon sheet). The Teflon was mounted

the exposure time (typically 0.1-0.4 s for sunny conditions),50 cm from the scan head, and could be observed over an

and spectra are coadded for a short integration interval (typaperture of roughly 10 Figure 5 panel A shows the instru-

ically 60-90s) before advancing to the next elevation anglemental response as a function of scan head angle. Data points

in the sequence. The elevation angle sequence is then reepresent the average of six measured spectra at each angle

peated until the recording interval (typically about 30 min) is and are shown for two distinct spectral ranges, 360-364 nm

exceeded. The coadded spectra at each elevation angle, aloagd 420-430nm. Standard deviations of the intensities at

with ancillary data, are then written into a data record. Thiseach angle are less than one percent. Each angle showed

record represents the inherent time resolution in this mode oimilar average intensities, with the standard deviation of 1%

operation and is set based upon a compromise between timgetween the angles. This observation indicates that the in-

resolution and file transfer size. The scan pattern is repeategtrument has a uniform response to light intensity at all scan

multiple times in a single record so that short-term variability head view angles.

in clouds or other optical properties are averaged over. Dark

and offset spectra are observed at the end of the scan patten2  Polarization effects

by rotating the telescope to the elevation of the dark blocker.

o ) Spectrometers generally have differing sensitivity to differ-
3.2 Communications and data retrieval ent polarization states of incoming light. Because scattered
sunlight is polarized, it is necessary to understand the instru-

At high-infrastructure locations, the SBC can report the data - S . ; .
ment’s sensitivity to polarized light for accurate analysis of

over the internet using automatic data transfers to a secure ft ) L
site, and the instrument can be monitored and its operation € MAX.'DOAS S|gn_a_ls_. For th|§ Instrument, we attempt
0 equalize the sensitivity to horizontal and vertical polar-

modified over the internet. For more remote sites, the SB ation by using the fiber ontic cable to randomize the po-
can be connected to an iridium satellite transmitter/receiver 220N BY USI 9 ! P Ic o 12 ; _p
larization. To test the polarization sensitivity, we modified

which is also capable of automatic data transfers and tWO_the above procedure by adding a polarized sheet between the
way communications (Knepp et al., 2010). Protocols for re- b y gap

programming the SBC have been established and we hav can head and light Source. At each_scgn h_ead an_gle five
successfully uploaded new versions of the operational Soft_spe_ctra were recorded_ W'th. the po_Iarlzat!on filter °T'e”ted
ware and parameters remotely. honzonta}ly, and th_en five with the filter oriented vertically.
Each horizontally filtered spectrum was subtracted from the
average of all the vertically filtered spectra at the same scan
head angle and divided by the average intensity of all (both
Each time that the stepper motor is returned to a limit switch,horizontally and vertically filtered) spectra to give the percent
the step angle is recorded as a check that the motor is not logesidual polarization sensitivity. The converse method, sub-
ing steps. The angle counter is then reset to the limit switch’'sracting the average of the horizontally filtered spectra from
position value. Under normal operating conditions the hom-each vertically filtered spectrum and then dividing by average
ing error is very low, with an RMS deviation of 0.016ver  of all spectra, is used to calculate percent differences for the
a 3 month operational period. In addition to using the tilt individual vertically filtered spectra. This procedure results
meter in the scan head to automatically adjust the telescope®® ten observations of the polarization sensitivity defined by

position, the tilt meter’s reading is recorded to verify proper (V-H)/(V+H)/2. Plots B and C of Fig. 5 shows average and

3.3 Instrument function monitoring

Atmos. Meas. Tech., 3, 42839 2010 www.atmos-meas-tech.net/3/429/2010/
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4000 R 1 1 lDark 1 1 : 1 1 1 Table 1. The power budget of the MAX-DOAS instrument mea-
e o o e Spot . g;g'; - sured in the laboratory at 12V DC. The weighted power is the
3000 = product of the duty cycle and the power consumption of each com-
2 O 420-430nm ponent. The window heater is not included in the total power con-
€000 £ 360-364nm - sumption because its duty cycle varies strongly with weather condi-
£ tions.
1000 —A e A A A -
Component Current  Power Duty Weighted
0 (A) (W) cycle Power (W)
J T T T T T L
g 2 B 360-364nm E E L Computer 0.11 1.26 1.00 1.26
8 o%*f??*—m D S T AL TN Stepper motor 0.08 0.90 1.00 0.90
% -2 E - Driver electronics
s 4 : : ‘ : ] : — Spectrometer 0.05 0.54 1.00 0.54
§ 2 | ¢ 420-430nm - Motor (moving) 0.11 1.32 0.01 0.01
S oo | Frost LED 0.03  0.36 0.01 <0.01
& (X3 eaT el . . :
e 2 %E ¢ L) - Window Heater 0.31 3.72  variable variable
T T T T T 1 T T T Total Power Consumption: 271
-80 -60 60 80

-40  -20 0 20 40
Scanhead Angle / ° from zenith

Fig. 5. Instrumental characterization. Pameldemonstrates con- power consumption (at 12V) and duty cycle of each indi-
stant light intensity observed at different scan head view angles oveyiqual component was measured in the laboratory and are

two different W.avelength regions (420_.43(.) nm and 360-364 nm)'Iisted in Table 1. The computer, stepper driver electronics,
These data points are the average of six different spectra and show

standard deviations ¢J) of less than one percent. PanBlandC and spectromete_r alyvays draw current (duty cyc_le of 1) and
show the average percent difference, 100% *(V-H)/(H+V)/2, with establish a baseline instrument power consumption of 2.7 W.
+/-1o error bars in intensity between horizontally and vertically 1he other system components do not significantly contribute
polarization-filtered light. The small percent differences indicate t0 the long-term power consumption due to the low duty cy-
that the system is minimally biased by polarized light. cle; however, they can cause large momentary spikes in the
power consumption. For example, the stepper motor only
moves for about 1% of the operational time, but when it does,
standard deviations ¢) of the residual polarization sensitiv- it adds 1.3 W, bringing the total power consumption at that
ity, in percent. In Fig. 5, panel B (360—364 nm) the observedmoment to 4.0 W. If both the window heater and the motor
small percent differences<{+/-3%) and the error bars over- are simultaneously drawing current, the power consumption
lap zero indicating that the instrument has no polarizationspikes up to the maximum power consumption, 7.7 W.
sensitivity in this wavelength region. At longer wavelengths, The duty cycle of the window heater is the biggest un-
as shown in Fig. 5, panel C (420-430 nm) the percent dif-known in the power budget because the amount of heating
ferences are consistently about 1% below zero and the errgiequired to keep the window free of frost is highly variable
bars are small enough that they generally do not overlap zer@and depends on humidity, ambient temperature, wind, and
It is possible that the fiber optic cable is not long enough toamount of passive solar heating to the window. If frost is ab-
scramble completely the polarized light at these wavelengthssent, the heater has a zero duty cycle and does not consume
If, for another application, the current depolarization perfor- any power. If the window is frosted and it takes 2 h per day
mance was inadequate, a depolarizer could be added at th heating to keep the window clear, then the duty cycle is
expense of slight optical transmission loss. However, this2 h/24 h (or 0.08), adding an average of 0.3 W to the average
spectrometer bias to polarized light is around 1% and wouldoperational power consumption, bringing the total to 3.0 W.
not be expected have a large impact on spectral fitting reSnow buildup on the window takes longer to heat off than va-
sults. Also, as noted below in Sect. 4.4 the spectral fittingpor deposited frost; however, wind and the curved shape of
window used for quantification of BrO is much closer to the the quartz window usually prevent snow accumulation. The

360-364 nm region shown in Fig. 5, panel B. maximum operational time of the MAX-DOAS instrument
will vary widely depending on the total battery capacity, use
4.3 Power budget of solar power, and how often the instrument is turned on, but

it is possible that with proper power allocation an instrument
This instrument is designed for long-term automated datecan operate for over a year on the original power supply.
acquisition; therefore, it is essential to evaluate the power
usage, so that sufficient power can be allocated to run the
instrument for the duration of a projected campaign. The
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PP H S BT R Wilmouth et al. (1999) for BrO, Vandaele et al. (1998) for
NO,, Hermans et al. (2001) for Qand Bogumil (2000) for

Os. For BrO, the foundation of the spectral fitting procedure
was the recommendations put forth in Aliwell et al. (2002),
with some modification including the use of updated cross-
section data and the extension of the fit window to 364 nm.
These modifications improve our selectivity for BrO and al-
low more accurate Pmeasurements. In addition, since we
use a local zenith spectrum as the reference the influence of
stratospheric ozone is limited. Therefore, only one ozone
cross-section in necessary to characterize the ozone, rather
than the two ozone cross-section recommended by Aliwell
et al. (2002). We performed an initial wavelength calibration
using the emission lines of a mercury vapor lamp. This initial
wavelength calibration is then refined by fitting the Fraun-
hofer dip features of a high-resolution solar spectrum for
each local zenith spectrum. The required wavelength shifts

Intensity

7 5 p NN are typically less than +/0.01 nm, and fall in this range on
N -2 the data shown in Fig. 6. The wavelength-calibrated spec-
—T 777777710 tra are fit in the 346—-364 nm window to molecular reference

spectra using QDOAS spectral fitting softwalngtjf://uv-vis.
aeronomie.be/software/QDOAS/ All molecular reference
spectra are convoluted using an instrumental slit function de-
termined from the 334 nm mercury emission line from a cal-
ibration spectrum that is recorded in the field at time of de-
ployment. The QDOAS software calculates differential slant
0 column densities (dSCD) as shown in Fig. 6. A third-order
polynomial and a first-order offset spectrum (not shown) are
-2 also fit to the spectral data to account for slowly varying
1 - Residual - aerosol absorptions and instrumental effects, respectively.
o0 B This spectral fitting procedure was used to analyze data
from Barrow, Alaska during Spring of 2009, when the in-
P strument was te;ted on the O-buoy platform (Knepp et_ al.,
a5 350 352 354 356 358 360 362 364 201_0). The maximum BrO dSCD opserved during this time
Wavelength / nm period was & 10" molecules/cri. Figure 7 shows an ex-
ample of data for the day of 18 March 2009 AKST using the
Fig. 6. Example of a spectral fit from Barrow, Alaska on above spectral fitting procedure. On this day, the early hours
18 March 2009. The view elevation angle i$ @bove the hori-  of gbservations are affected by frost accumulation, as indi-
zon and solar zenith angle (SZA) is“Z4in each panel, the solid  cated on the middle panel. When the frost signal is above the
line is the measurement spectrum and dotted line is the modeled, o oiiona) threshold, the plot is shaded grey. It is noticeable
partial fit, or the reference spectrum in the case of the top plot.that when frost counts are high the dSCD values for all view

The observed differential slant column densities (which are the . -
fit coefficients) are as follows: BrO: 4.96.0molecules/cr elevation angles converge to near-zero values. This effect

Optical Density / 10°

04: 3.83x10*3 molecule&/cm®, NOy: 1.17x 105 molecules/cr? arises from the fact that frost scatters photons from all differ-
03 at 273 K: 1.6X 108 molecules/cri. The RMS deviation ofthe ~ ent directions into the telescope, making no difference in the
residual spectrum from zero is 44004, spectra taken at nominally different elevation angles. After

the frost is heated off the window, a pattern of higher dSCDs

at lower elevation angles emerges, which indicates that BrO
4.4  Spectral fitting is near the ground surface. During the middle of the day the

BrO dSCD at low elevation reaches50“ molecules/crf
In the MAX-DOAS method, each measurement spectrumat the 2 elevation angle, indicating significant halogen acti-
is referenced to a corresponding local (meaning at nearlyation in the boundary layer. Analysis of the BrO dSCD as a
the same time) zenith reference spectrum. The details ofunction of view elevation angle utilizing a radiation-transfer
this fitting procedure as well as results from using a sin-model allows derivation of the vertical profile of BrO, as de-
gle fixed solar reference spectrum are given in Donohoue escribed in Donohoue et al. (2010). The average RMS fit error
al. (2010). The molecular absorption cross-sections used arfor spectra with SZAs less thaa80° is 5.4x10~4, which
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o 3 ! ! L L - view prism tube would protrude through the front plate of

2 ft . . . *r the scan head and would be sealed with a rotary seal. This
A 4 H+ # - . . .. . . .

e A Lo design would differ from the original intention of having no

g ] : Elevation Angls: :zé external moving parts; however, it would have the benefit of

S PR " 0 Purple=20 | | 5 being able to face the view prism downward when not in use,

-~ b i 0 3 to avoid snow or dirt accumulation. Testing would be re-

55 . [ Fo quired to determine the longevity and friction of the rotary

£ 4 I3 I Por seal, particularly at very low temperatures.

% 5 | + T -

£ Z« : BE: Tl

21& ;; [ JIT iy 8338887 ; ) t J - 6 Discussion/conclusions

g ot f — T . . .

o1+ L MAX-DOAS observations have the potential to contribute to

o T w w w = our understanding of reactive trace gases through collabora-
777 77.8 77.9 78.0 78.1 78.2

tive chemical process studies in which the relationships be-
tween multiple chemical compounds are explored and chem-
Fig. 7. MAX-DOAS observations on 18 March 2009 in Barrow, AK  ical mechanisms and models are tested and improved. Ad-
(fractional day of year 77.7—78.2 UTC). Top: Spectral fit residual ditionally MAX-DOAS can help validate and refine satel-
RMS values. Middle: Frost count values. Bottom: local zenith ref- lite observations so that our mechanistic understanding can
erenced dSCD values of BrO with spectral fitting error bars. Frostbe extrapolated to the global scale. The new features of
on the instrument view window (times shaded in grey) causes thehis instrument expand the applicability of the MAX-DOAS
BrO dSCDs at all view elevation angles to be zero. Average middaymethod to include long-term data collection at remote un-
RMS values (SZA less than 8pare 5.4<10~*. manned locations. The low power demand allows the pos-
sibility to run the entire system using battery, solar, or wind
. . _ ower. The automated and self-correcting instrument checks
IS typlcal for this instrument and attests to the spec_tral dat‘"’gnsure that all data is taken from the intended view direction
quality. These data are analyzed using local zenith refer-

L - and with a clear view path. Resulting spectra are of high
ence spectra, giving sensitivity to boundary-layer absorbers

o fitting th " ith a sinale (tvoicall ith quality and allow derivation of meaningful trace gas slant
owever, fitting the spectra with a single (typically a zeni column densities and vertical profiles. The two-way commu-

spectrum at solar noon) reference spectrum provides a meang. i, ns allow for continuous monitoring and data retrieval,

to quantify the stratospheric BrO vertical column abundancem : ; - e o
. aking real time data analysis a possibility. This instrument
(e.g. see Aliwell et al., 2002 and Donohoue et al., 2010). g y P y

has recently been integrated into a chemical measurementice
tethered buoy. In the next few years these buoys will be dis-
tributed around the Arctic, providing year round trace gas
data from remote sea ice locations. For more information on
the O-buoy platform see Knepp et al. (2010).

Fractional Day of Year (UTC)

5 Possible design modifications

Prospects for future instrument modification include making While this instrument was originally developed for use in
further power reduc_:tlons, and exploring dlffere_nt scan heaO{he polar regions, it is also very well suited to volcanic sites
designs. While the instrument power consumption is already .

. : : and other remote locations. Volcanoes have been shown to
quite low, it would be possible to further reduce power con-

sumption of the stepper motor driver by using more efficientemit many chemically important species such as BrO and
P PP erby 9 .~ SO, (Bobrowski, 2003). However, the global contributions
electrical components and by turning off power to the driver

X - . and effects of the reactive gases released by volcanoes are
electronics when not in immediate use. Also, small comput-

ers with even lower power consumption may be available.nOt accurately known. The logistical challenges of studying

. volcanic gases include lack of easy access, lack of power,
The use of Seebeck elements could possibly help to power " . ) .

. s . settling of ash on instrumentation, and the ever-present dan-
the instrument by exploiting an environmental temperature

. .. “ger of harmful out gassing or violent eruption. The automa-
difference, for example warm sea water and cold arctic air.> - o
. . . L .~ tion, low power consumption, and two-way communications
While the clinometer in the scan head housing is sufficient . . . .
S S ; of this MAX-DOAS instrument make it well suited to vol-
for measuring instrument tilt, it is more desirable to have a ; " . :
. . : : cano studies. Additionally, any ash or debris on the window
clinometer attached to the rotating prism mount itself to ob-
. . . . would be detected by the frost detector and any movement of
tain a more direct measure of the view elevation angle. An-, ~ .
. . the instrument would be detected and accounted for by the
other change to the scan head might be to reduce the sizg
S . . . . It meter.
of the quartz viewing window, which would give similarly
powered heaters a higher power density and facilitate frost
removal. The scan head design could even be changed to
eliminate the cylindrical window entirely, in which case the
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