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Abstract

We designed and assembled the University of Colorado Ground Multi AXis Differential
Optical Absorption Spectroscopy (CU GMAX-DOAS) instrument to retrieve bromine
oxide (BrO), iodine oxide (IO), formaldehyde (HCHO), glyoxal (CHOCHO), nitrogen
dioxide (NO2) and the oxygen dimer O4 in the coastal atmosphere of the Gulf of Mexico.5

The detection sensitivity of DOAS measurements is directly proportional to the root
mean square (RMS) of the residual spectrum that remains after all absorbers have
been subtracted. Here we describe the CU GMAX-DOAS instrument and demonstrate
that the hardware is capable of attaining RMS values of ∼6×10−6 without apparent
limitations other than photon shot noise.10

Laboratory tests revealed two factors that, in practice, limit the RMS: (1) detector
non-linearity noise, RMSNLin, and (2) temperature fluctuations that cause variations in
optical resolution (full width at half the maximum, FWHM, of atomic emission lines)
and give rise to optical resolution noise, RMSFWHM. The non-linearity of our detector is
low (∼10−3) yet – unless actively controlled – is sufficiently large to create a RMSNLin15

limit of up to 1.4×10−4. The optical resolution is sensitive to temperature changes
(0.03 detector pixels/◦C at 334 nm), and temperature variations of 0.1 ◦C can cause
residual RMSFWHM of ∼1×10−4. Both factors were actively addressed in the design of
the CU GMAX-DOAS instrument.

The CU GMAX-DOAS was set up at a coastal site near Pensacola, FL, where20

we detected BrO, IO and CHOCHO in the marine boundary layer (MBL), with day-
time average tropospheric vertical column densities, VCDs, of ∼2×1013 molec cm−2,
8×1012 molec cm−2 and 4×1014 molec cm−2, respectively. HCHO and NO2 were also
detected with typical MBL VCDs of 1×1016 and 3×1015. These are the first measure-
ments of BrO, IO and CHOCHO over the Gulf of Mexico. The atmospheric implications25

of these observations for elevated mercury wet deposition rates in this area are briefly
discussed. The CU GMAX-DOAS has great potential to investigate RMS-limited prob-
lems, like the abundance and variability of trace gases in the MBL and possibly the free
troposphere (FT).
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1 Introduction

Tropospheric halogen species, such as bromine oxide (BrO) and iodine oxide (IO),
are of great interest to the emerging debate over the inter-relationships between air
quality and climate change since they can destroy tropospheric ozone (O3), which is
both toxic and a greenhouse gas; can affect the partition of Nitrogen Oxides (NOx)5

and Hydrogen Oxides (HOx); may play a role in oxidizing gaseous elemental mercury
(GEM, Hg0) to gaseous oxidized mercury (GOM, Hg2+); and, for IO, can form new par-
ticles and/or add to the growth of pre-existing particles that may have adverse health
effects and can have the potential to cool climate. The detection of halogen oxides,
in particular BrO, can pose experimental challenges. For instance, the detection of10

tropospheric BrO is very difficult due to its relatively low concentrations and its back-
ground abundance in the stratosphere. Whereas BrO radicals are typically about ten
times as abundant as bromine atoms, both species are in a rapid photochemical steady
state. BrO and bromine atoms are very reactive, and are rapidly lost by reaction with
oxygenated volatile organic compounds (OVOCs), such as formaldehyde (HCHO) and15

glyoxal (CHOCHO), HO2 radicals, NOx, or heterogeneous reactions, e.g. on surfaces,
or in sampling lines. This leads to considerable analytical challenges with the sampling
of these free radicals from the atmosphere by means of in-situ techniques and results
in horizontal and vertical distributions of reactive bromine radicals that are very sus-
ceptible to gradients in the concentrations of OVOCs, HO2, and NOx. The dependence20

on reactant gradients poses the question of how representative measurements near
ground-level are over the depth of the marine boundary layer (MBL) and throughout
the atmosphere. One way to investigate abundance of reactive halogen species is
by detecting halogen oxide radicals directly in the open atmosphere using Differential
Optical Absorption Spectroscopy (DOAS).25

DOAS is a well-established technique (Platt and Perner, 1980; Platt, 1994; Platt
and Stutz, 2008) used to identify trace gases by means of their individual differential
(i.e. narrow band) absorption structures. In the past, the DOAS technique has been
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extensively used to measure halogen oxides (Hönninger et al., 2004; Wagner et al.,
2007). Multi-AXis DOAS (MAX-DOAS) is a useful analytical technique that uses scat-
tered sunlight collected at different viewing angles relative to the horizon to measure
atmospheric trace gases directly in the open atmosphere (without the need to draw
air through any sampling lines). The integrated concentrations of trace gases along5

each line of sight, termed the Slant Column Density (SCD), is derived using non-linear
least-square fitting of multiple trace gas reference spectra. Each spectrum is ana-
lyzed against a user-defined reference spectrum, which removes Fraunhofer absorp-
tion lines. The reference spectrum is usually recorded in the zenith viewing direction
and at a low solar zenith angle (SZA) in order to remove the influence of stratospheric10

absorbers and the contribution of the reference SCD. This produces a so called differ-
ential slant column density (dSCD). If the instrument is ground-based and the telescope
is pointed close to the horizon, the increased path length through the surface layer of
the atmosphere makes this technique particularly sensitive to trace gases within the
boundary layer (Hönninger and Platt, 2002; Hönninger et al., 2004). This creates15

a distinct advantage in the use of MAX-DOAS to probe the marine/coastal boundary
layer.

In the DOAS analysis, the residual structure of the fitting procedure is an indicator
for the quality of the fit. This is usually expressed by the root mean square (RMS) of
the residual’s optical density. RMS of state-of-the-art hardware is typically limited to20

∼1×10−4 or higher, i.e., it does not improve further in accordance with photon-count
statistics. The reasons for this have, to our knowledge, as yet not been elucidated.
There are several parameters that influence the RMS: e.g. omitting relevant cross-
sections in the fitting process is alerted by higher (less suitable) RMS; the quality of
the reference spectra used during analysis; the analysis parameters; conditions while25

acquiring the spectra; or the instrumentation. In particular, the choice of the instrumen-
tation used for the measurement can inherently determine the RMS when acquiring
the spectra. Imaging spectrometers with longer focal lengths provide more steady pro-
jecting properties; larger size array detectors, and larger slit sizes provide for increased
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light throughput and thus lower photon shot noise, while smaller spectrometer/detector
combinations tend to be more sensitive to temperature variations and optical drift. In
part because larger focal length spectrometers and larger detector arrays are dispro-
portionally more expensive, the advantages of small practical devices have recently
been driving the development of MAX-DOAS hardware; one example of this is the5

Mini-MAX-DOAS hardware (Hönninger, 2002). Mini-MAX-DOAS devices can be easily
operated at remote sites, such as volcanoes (e.g., Bobrowski et al., 2003), with just
battery power, or be set up quickly at any site, such as on vehicles (e.g., Ibrahim et
al., 2010). However, currently available Mini-MAX-DOAS devices are often limited to
RMS ∼10−3. In order to detect low concentrations of halogen oxide radicals more so-10

phisticated devices are desirable. State-of-the-art DOAS hardware provides for RMS
on the order of 10−4. Recently, the first measurements with RMS values in the range
of 8×10−5 have been reported (Frieß et al., 2010) with a very stable instrument in the
pristine Antarctic environment. Table 1 lists selected typical MAX-DOAS instruments
and a few of their respective properties, including their RMS values. The limitations on15

the attainable RMS values are one of the driving forces preventing the routine measure-
ment of BrO by means of MAX-DOAS. A BrO dSCD on the order of 1×1013 molec cm−2

corresponds to a differential optical density of 8×10−5; however, even lower dSCD val-
ues would still be atmospherically relevant for oxidizing mercury, and/or could affect
the tropospheric ozone background. Consequently, low RMS measurements (<10−4)20

are a prerequisite to advancing our understanding of the bromine content of the at-
mosphere. In order to detect the low optical densities characteristic of BrO column
abundances, improvements in the RMS values are a limiting factor.

Measurements by the Mercury Deposition Network (MDN) show that the southeast-
ern United States is a region with elevated mercury wet deposition compared with the25

rest of the country. This cannot be solely attributed to mercury sources to the atmo-
sphere, which are more abundant in other areas, such as the North Eastern United
States industrial corridor, or natural sources that are more dispersed. This discrep-
ancy suggests that the high deposition of mercury to the southeast might be due to the
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conversion of background atmospheric GEM to GOM, the latter of which is then readily
wet-deposited. Whether this process would occur in the boundary layer, in the free
troposphere (FT), and/or is a combination of both processes, remains unknown. Only
small concentrations of bromine atoms (corresponding to <2 ppt of BrO) are sufficient
to account for the observed levels of GOM (Holmes et al., 2009).5

The ATMOSpeclab at the University of Colorado at Boulder (CU) has developed and
characterized a high sensitivity Ground-based MAX-DOAS instrument, the CU GMAX-
DOAS. Here we describe the instrument, and present, to our knowledge, the first sys-
tematic study of the factors limiting RMS values as the photon shot noise contribution
is reduced to RMSPSN<10−4. We also present a first application of the CU GMAX-10

DOAS instrument to measuring BrO, IO, HCHO, CHOCHO, NO2 and O4 at a coastal
site near Pensacola, FL. This coastal site is in close proximity to a MDN station, and the
Gulf of Mexico. The CU GMAX-DOAS was developed to investigate the potential role
of halogens in mercury oxidation by measuring the relative abundances and vertical
distributions of both BrO and IO.15

2 Instrument description

The CU GMAX-DOAS instrument collects spectra of scattered sunlight between 321.3
and 488.4 nm at different viewing angles, which are then analyzed in order to detect
the presence of BrO, HCHO, IO, CHOCHO, NO2, and O4. The instrument consists of
a telescope, located outdoors on an elevated platform to collect scattered sunlight, and20

the spectrometer/electronics rack, which is kept indoors in an air-conditioned lab and
has a two stage temperature control; it contains all of the electrical components needed
to operate the instrument, as well as the spectrometer and detector. Figure 1 depicts
the instrument components along with their placement and a map of the field sites at
which it has been located. When comparing different MAX-DOAS hardware (Table 1),25

the effective slit area, which is the product of the height over which the detector is
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used and slit width, is a measure of the instrument’s ability to couple in-coming light
onto the detector; in this regard, the CU GMAX-DOAS is one of the most light-efficient
instruments.

2.1 Telescope

The telescope is designed for high light throughput and very low dispersion (cone angle5

of 0.3◦). It is comprised of the motor housing, the rotating prism housing with prism,
and the lens tube. The outer components are made from black anodized aluminum and
are protected by a thin polished aluminum shield in order to reduce solar heating of the
telescope (Fig. 1b,c). The rotating prism housing is driven by an Intelligent Motion Sys-
tems Inc. MDrive34 Plus motor (48 V, 4 A maximum) located in the motor housing. The10

shaft of the motor is attached directly to a custom-made rotating assembly that holds
a 5 cm×5 cm right angle fused silica prism; and a O-ring sealed sapphire window (opti-
cal diameter 50.8 mm). During measurement, light is collected via the sapphire window
on the main face of the prism housing and enters the prism where it is directed onto an
f /4 5 cm lens mounted in the opposite direction from the motor onto the prism holder.15

Both junctions of the prism housing contain two separate O-ring seals to prevent water
from entering the prism housing. Additionally, both the prism housing and the lens tube
contain small bags filled with silica gel bead drying agent to actively dry the air around
the optics and prevent possible condensation on the optical components. The entire
prism housing can be rotated 360◦ by changing the motor axis; this rotation defines20

the elevation angle over which the prism collects light from the atmosphere. The tele-
scope and electronics rack are coupled by optical fibers and electronics cables. The
light is focused via the lens tube onto a CeramOptics 10 m×1.7 mm silica monofiber
that is connected to an OceanOptics 5 m fiber bundle consisting of 27×200 µm fibers.
This fiber bundle is configured in a circular arrangement at the fiber junction and then25

forms a linear array at the spectrometer end. This end of the fiber bundle is directed
onto the slit of the spectrometer, which is set at a width of 110 µm. Two filters; a BG3
and a BG38, were placed inside the lens tube just prior to the monofiber to reduce
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the amount of light outside the measured wavelength range that could contribute to
stray-light in the spectrometer, as well as to balance out the light intensity differences
between the UV and visible wavelength regions across the detector. The chosen optics
maximizes the amount of light collected, thus improving the signal-to-noise ratio and
time resolution of measurements.5

2.2 Spectrometer, CCD detector and electronics rack

The rack containing the spectrometer and controlling electronics is comprised of a stan-
dard 19′′ aluminum instrument rack with modifications to the floor and the lid. The spec-
trometer is a Princeton Instrument Acton SP2356i Imaging Czerny-Turner spectrome-
ter with a PIXIS 400 back illuminated CCD detector. The spectrometer was equipped10

with a custom 500 grooves mm−1 grating (Richardson, 300 nm blaze angle). This grat-
ing gives simultaneous coverage from 321.3–488.4 nm, or a range of 167.1 nm. The
quadratic dispersion equation for this grating is

λ=321.2700+0.1252(x)−2.6559×10−7(x2) (1)

where x denotes the pixel number, and the linearly approximated dispersion is15

0.125 nm pixel−1. The 110 µm wide slit width corresponds to a linearly approxi-
mated spectral resolution of ∼0.68 nm FWHM. This has been experimentally deter-
mined by means of fitting a Gaussian function to a mercury atomic line spectrum of
the 404.66 nm line to be ∼0.74 nm. The PIXIS 400B CCD is a UV-optimized two-
dimensional array detector with 400×1340 pixels. Our software sets the gain of the20

readout register ADC during CCD initialization. This CCD gain is typically set to the
lowest gain value (high capacity mode), which corresponds to a photon-into-count con-
version factor of 16; increasing this gain makes the CCD more sensitive (values of
1<conversion factor<16 are accessible) but also reduces the pixel well capacity, and
thus has the primary effect to shorten integration times to reach a certain saturation25

level. Notably, the use of the CCD in high capacity mode maximizes the useful well
capacity, and minimizes the attainable RMS noise from a single acquisition. For CCD
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readout, two rows are binned to reduce data volume; we use a readout rate of 2 MHz
(readout noise<16 electrons rms), corresponding to a readout time of 134 ms. The
CCD is cooled to −70 ◦C to reduce dark current. It was verified in laboratory tests
that electronic noise and dark current noise are negligible, and RMS noise essentially
follows photon counting statistics. The data acquisition software reads a configuration5

file that specifies a lower and upper row number for illuminated CCD rows (ROI or
“region of interest”), and similarly specifies row numbers for “dark” areas of the CCD
chip; the latter are used to characterize background in terms of electronic offset, dark
current, background and spectrometer straylight. The software saves both a back-
ground corrected 1-D spectrum, and a full 2-D image. For instrument control, a Na-10

tional Instruments CompactRIO electronics chassis, capacity of up to eight modules,
was interfaced with a custom built Labview data acquisition code to provide a frame-
work for tracking and controlling numerous instrument parameters, including voltage
monitoring, temperature read-back, solid state relay control for software PID temper-
ature stabilization, and communications with the telescope motor, spectrometer and15

CCD detector.
Temperature stability is a key component to consider when designing and building

MAX-DOAS instrumentation because even small fluctuations can result in changes in
instrument properties, such as line shape and dispersion of the spectrometer, and dark
current noise in the detector. In order to maintain a stable temperature, the spectrom-20

eter was fitted with insulating foam and a small heating foil controlled by a PID loop in
the LabVIEW software. Two temperature sensors were placed on the instrument, one
on the bottom near the heating foil to provide feedback for the PID loop and one on
the top of the instrument to provide information about the temperature gradient over
the spectrometer chassis. Additionally, the rack was fitted with an external housing25

that provided insulation between the inside of the rack and the ambient air. The top
of this housing was equipped with 6 single-stage peltier cooling units, used to stabilize
the temperature inside the rack. The peltiers are controlled by a series of heavy duty
solid state relays that are triggered by a signal received from a PID controlled solid
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state relay inside the instrument rack. With these measures in place, during normal
operation, the sensor closest to the heating foil demonstrated constant temperature to
within 0.005 ◦C, while the sensor atop the instrument showed variability within 0.06 ◦C
over an 8 h period. During this time the rack temperature was stable to within ∼0.8 ◦C
while ambient temperature varied by more than 6 ◦C.5

3 Laboratory characterization of the CU GMAX-DOAS

The entire instrument is controlled through custom-built LabVIEW software with a PC
interface, allowing configuration and further optimization of the parameters needed
to increase the measurement sensitivity to atmospheric trace gases. These parame-
ters include selecting and controlling the CCD target saturation level (which represents10

the percentage number of the dynamic range of the 16-bit ADC used to digitize the
spectrum), setting bounds to the target saturation level, automatic determination of the
proper integration time based on the chosen saturation level, automatic rejection of sat-
urated spectra prior to the data storage, and fine tuning the PID parameters used for
temperature stabilization of the electronics rack housing as well as the spectrometer.15

Prior to deployment, the instrument was characterized in a series of laboratory ex-
periments assessing spectral drift in the wavelength-pixel mapping, changes in the
slit function as a function of temperature, optical resolution across the detector, and
signal-to-noise levels.

3.1 Temperature sensitivity tests20

To test the temperature sensitivity of the instrument, atomic line spectra from a PenRay
Mercury-Argon lamp were recorded at five different temperatures ranging from 27 ◦C
to 40 ◦C. The lines at 334.15 nm (∼pixel 104), 404.66 nm (∼pixel 667), and 435.84 nm
(∼pixel 918) were chosen to characterize the shifts (changes in the line center posi-
tion) and changes in line shape over this temperature range in the center position of25
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the CCD detector (404 nm line) and off-center of the CCD detector. These tests were
performed by first allowing the spectrometer to stabilize for ∼1 h at the desired temper-
ature and then recording the line spectra using the Hg-Ar lamp. These spectra were
then analyzed by fitting a Gaussian line shape profile to each of the atomic lines (Ig-
orPro, Wavemetrics). The center position and line width parameters derived from the5

fitting procedure were used to determine both shifts and line broadening as a function
of temperature (Fig. 2). Shift is defined as the difference in the center position of the
fit for each temperature; line width broadening is the difference in the FWHM derived
from the fit as compared to a reference FWHM. Drift in the wavelength pixel mapping
(shift) of this instrument is ∼1 pixel for every 10 ◦C, or ∼0.1 pixel ◦C−1. The dependence10

of shift on temperature is found to be well-represented by a linear regression (Fig. 2d).
The linear regression coefficients were determined to be 0.08±0.01 pixels ◦C−1, for the
three slopes in Fig. 2d, and the offsets were −2.43±0.36 pixels, −2.36±0.35 pixels,
−2.36 ± 0.34 pixels, with R2 values of 0.95 for the three lines, respectively.

3.2 Effect of line-shape broadening on RMS15

Table 2 illustrates the effect of line shape broadening on the RMS values obtainable
during a DOAS fitting procedure. The effect of line shape broadening was determined
by convoluting a literature Fraunhofer spectrum (Kurucz et al., 1984) with Gaussian
shaped calculated line-shape functions that differed in FWHM by the number of pixels
as given in Table 2. The convoluted Fraunhofer spectrum was then divided by a Fraun-20

hofer spectrum convoluted using a reference line shape width (here 0.79 nm). These
tests were conducted in two wavelength ranges as illustrated in Table 2. If combined
with the uncertainty in our current temperature stabilization, the attainable RMS range
from <5×10−5 to 1.5×10−4, with larger numbers expected in the UV region of the
spectrum. Since the slit temperature is somewhat buffered by the heat capacity of the25

spectrometer, its stability could be nearer to the lower limit of these bounds.
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3.3 Shift characterization

The numerical uncertainty with which different reference spectra can be mapped onto
a common wavelength pixel relation during the non-linear least square analysis of
DOAS spectra depends on the absolute accuracy of the wavelength calibration of liter-
ature cross-sections. In order to assess the effect of shift error on the RMS, identical5

spectra were systematically shifted by the amounts shown in Table 3 and then divided.
The shift error effect on RMS was determined to be independent of number of pho-
tons of the spectrum. The wavelength regions between 430–470 nm and 330–370 nm
were used, which corresponds to 323 and 320 pixels, respectively. Table 3 shows that
in order to achieve an RMS on the order of 1×10−4 and 1×10−5 the shift accuracy10

needs to be determined to ∼6×10−3 and ∼6×10−4 pixels for the visible region, and
∼4×10−3 and ∼4×10−4 pixels in the UV spectral range. Notably, the uncertainty in the
wavelength calibration of literature cross-sections can become limiting if such low RMS
is to be realized. The highest wavelength precision is typically achieved by recording
laboratory cross-sections using a Fourier Transform Spectrometer (FTS). Notably, the15

wavelength inaccuracy of an FTS is about 0.05 cm−1, unless special precautions are
taken to cross-calibrate wavelength against absolute wavelength standards before and
after each spectrometer configuration/beamsplitter change while recording the absorp-
tion cross-section spectra in the laboratory. At 450 nm, or 22 222 cm−1, this translates
into 0.001 nm uncertainty in the wavelength calibration of the FTS recorded absorption20

cross-section spectrum, slightly less at shorter wavelengths. At a typical dispersion
of spectrometers used in MAX-DOAS applications (0.1 nm/pixel), this corresponds to
an uncertainty in the wavelength pixel mapping of the convoluted reference spectrum
of ∼0.01 pixels at 450 nm, and about ∼0.006 pixels at 350 nm. If strong absorbers like
Fraunhofer lines and NO2 are forced onto identical wavelength pixel mappings for the25

purpose of least-square fitting procedures that are typically used to determine shifts,
this uncertainty in the wavelength pixel mapping of ∼0.01 pixels is of the same mag-
nitude as other error sources, and can become a limiting quantity in the RMS noise
range below ∼10−4.
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3.4 Detector non-linearity

A sequence of laboratory experiments revealed the non-linearity of the detector as
a critical property with applications that use solar stray-light (Fig. 3). These tests were
comprised of taking zenith and low elevation angle spectra at varying detector satu-
ration levels and testing the effect of analyzing the low elevation angle spectra using5

either a zenith spectrum of the same saturation level or one of a different saturation
level.

The DOAS retrieval program, WinDOAS (Fayt and Roozendael, 2001), was used to
process spectra from these and all subsequent tests. The software performs a non-
linear least-squares fit by simultaneously adjusting the optical cross-sections of rel-10

evant atmospheric trace gases in the respective wavelength range to the measured
spectra. To account for broad band effects (in particular caused by Rayleigh and Mie-
scattering) a third degree polynomial was included. The fitting procedure is performed
with the logarithm of the spectra (i.e. in optical density space). Additionally, the software
can accommodate shifting the analyzed spectra in order to account for spectrometer15

drifts, which result in differences in the wavelength pixel mapping between the ref-
erence and the analyzed spectrum. In some cases a pre-logarithmic linear intensity
offset was included to account for stray-light. All of these parameters are adjustable via
the software interface and can be optimized for different retrievals, such as the tests
described here. Analyzing spectra recorded at different saturation levels can cause20

(1−σ) optical density residual structures in a range from 3×10−5 to 1.8×10−4 in the
UV and from 2×10−5 to 7×10−5 for the visible wavelength range. The increase in
RMS is found to depend (linearly) on the difference in saturation levels between the
two spectra (Fig. 3).

The limitation in RMS is caused by the shape of Fraunhofer lines and depends on25

the saturation level at which spectra are recorded (Figs. 3 and 4). Fit results for spec-
tra with N=1010 photons are compared in Fig. 4. When analyzing a spectrum using
a reference recorded at the same saturation level the RMS noise is within 10% of the

259

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/247/2011/amtd-4-247-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/247/2011/amtd-4-247-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 247–284, 2011

Development and
characterization of

the CU

S. Coburn et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

theoretical noise, and including an offset in the fit has virtually no effect on the attain-
able RMS noise level (Fig. 4 top row). However, when a spectrum is analyzed using
a reference recorded at a different saturation level, in this case 10% and 90%, the RMS
noise is five times higher than the theoretical noise, and including an offset in the fit
has a pronounced effect in (artificially) lowering the RMS noise level by about a factor5

of two (Fig. 4 bottom row). Moreover, the spectral shape of the fitted offset spectrum
is strongly anti-correlated with the Ring spectrum, and including the offset spectrum
has a strong effect on the value of the Ring fit coefficient. Regardless of the fact that
a small Ring fit-coefficient is expected, i.e., spectra recorded within few 10 min at con-
stant elevation angle and mostly clear sky, the ring fit coefficient is more than 10 times10

greater and of opposite sign if the spectra are recorded at different saturation levels.
The demonstrated increase in RMS cannot be explained by atmospheric absorbers,
which are accounted for in the analysis procedure, and is a strong indication that non-
linearities in the detector limit the way that Fraunhofer lines can be characterized with
available state-of-the-art CCD detectors.15

Figure 4 also demonstrates that the distortion of Fraunhofer lines from detector non-
linearity is not necessarily a problem that limits DOAS RMS. Only an inconsistent use of
the detector causes a limitation, due to the inconsistent characterization of Fraunhofer
lines, and gives rise to RMSNLin to limit the overall RMS. In order to reduce RMSNLin to
<2×10−5, the saturation level of the detector cannot vary by more than 30% at 440 nm,20

and not more than 10% at 350 nm (Fig. 3). The solution implemented in the ATMO-
Speclab data acquisition LabVIEW code is that in addition to a given target saturation
level two additional variables are set, i.e., the upper and lower limit for the target satura-
tion. These provide not-to-exceed bounds to the target saturation during the acquisition
of spectra. Prior to the acquisition of each spectrum, a test spectrum is recorded, and25

the light intensity of this test scan is used to set the integration time of the spectrum
in such a way that the detector is used within narrow bounds of the target saturation.
This approach was first presented by Volkamer et al. (2009) and is implemented here
in the first field deployment of the CU GMAX-DOAS instrument.
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4 Characterization at field site

The CU GMAX-DOAS instrument was deployed at two different field sites in the coastal
panhandle of Florida during 2009–2010 (Fig. 1d). It operated at the first site, the South
Eastern Aerosol Research (SEARCH) network site Operation Landing Field #7 (OLF)
(Hansen et al., 2003), from March to May 2009. The current measurement site is a US5

Environmental Protection Agency (EPA) facility in Gulf Breeze, FL (∼10 km southeast
of Pensacola, FL). The EPA site is located ∼1 km from the ocean and there is a large
bay area ∼4 km to the north. The instrument has been operating at this site for the time
periods May–September 2009, March–May 2010, and since July 2010.

4.1 Signal-to-noise tests10

The signal-to-noise as a function of the number of photons collected was character-
ized using our LabVIEW-based processing tool called the Intelligent Averaging Module
(IAM). Scattered sunlight spectra were collected in two modes of operation: (1) during
normal measurements, where a set of eleven different elevation angles each with an
integration time of 30 s were scanned during one measurement sequence, and (2) dur-15

ing a viewing routine that measured only two elevation angles; 80◦ (which served as
the reference) and 25◦, and twenty spectra were taken sequentially at both elevation
angles all with 5 s integration times.

Unless otherwise noted, the WinDOAS settings for all tests included two wavelength
regions, between 340–359 nm where BrO is measured and 425–438 nm where IO is20

measured. The fitted cross-sections included in both wavelength regions were: two O3
cross-section references (T=223 K and 243 K) (Bogumil et al., 2003), two NO2 cross-
section references (T=220 K and 294 K) (Vandaele et al., 1997), an O4 cross-section
reference (Hermans, 2002), and a Ring reference spectrum. The Ring reference was
calculated using the DOASIS software (Kraus, 2006) from a spectrum measured with25

our instrument. Additionally, in the visible region an IO (Hönninger, 1999) cross-section
reference and a water vapour cross-section reference (Rothman et al., 2005) were
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included, and in the UV region a BrO (Wilmouth et al., 1999) cross-section reference
and an HCHO (Meller and Moortgat, 2000) cross-section reference were included. In
the analysis of the set of data collected during normal operations, a routine was used
such that each spectrum was analyzed by a close in time reference spectrum; this
helped to accurately characterize and eliminate stratospheric absorbers. In this case,5

only one NO2 (T=294 K) cross-section reference and one O3 (T=223 K) cross-section
reference were used. For the routine using only two viewing angles, IAM was used in
two different ways to process these spectra. The first use included adding a specified
number of spectra for the viewing angles and then analyzing the resulting spectrum. In
the second method, ratios were created using two sequential spectra of the same view-10

ing angle, and these ratios were then added together to form the final spectrum that
was used in the analysis. In the first method, 4, 16, and 64 spectra were added together
before running the analysis. For the second method, the wavelength region between
415–440 nm was used and the IO cross-section omitted and instead a CHOCHO cross-
section reference (Volkamer et al., 2005) was included. The ratios were created using15

sequential spectra and then final spectra were made of the sum of 500 and 1000 ratio
spectra. IAM has the capability to shift spectra before and during processing through
the use of a shift input file, but for this study only unshifted spectra were used in IAM.
For the processing of the spectra created by the first method used by IAM, both NO2
and O3 cross-section references were fitted, and the reference spectrum was created20

by IAM from adding 20 sequential individual 80◦ spectra (this summed spectrum was
then used to calculate the Ring reference spectrum). For the spectra created using the
second IAM method, no reference was used, the Ring was the same that was used for
the first method, and no offset was included. The results from these tests along with
the theoretical noise, based on photon counting statistics, are summarized in Fig. 5.25

Theoretical noise based on photon counting statistics was calculated according to the
equation

RMS=
((

1/Nms
)2

+
(
1/Nrs

)2
)1/2

(2)
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where Nms=the number of photons in the measured spectrum and Nrs=the number of
photons in the reference spectrum. By increasing the numbers of photons collected we
achieved RMS values as low as ∼1×10−5 and ∼6×10−6 in the UV and visible regions,
respectively. Such low RMS requires acquisition of >1010 photons, and demonstrates
the reasoning for building a light-efficient instrument (Fig. 5). Figure 6 demonstrates5

that incorporating high light-throughput optics is key to realize such low RMS in our
setup: here data from a single day was analyzed using reference spectra that differed
by a fixed time difference, ∆t, to the analyzed data. For ∆t values of 5, 240, 900,
3600 and 18 000 s were chosen. As ∆t is increased beyond few 10 min, the RMS is
observed to increase. These results are also summarized in Table 4, showing that10

using spectra taken close in time generally results in lower RMS values, even though
the same number of photons are accumulated.

The effect of detector non-linearity has been actively suppressed in these tests by
controlling the target saturation level within narrow bounds. However, the temperature
of the slit is expected to vary on a time scale at which heat fluxes equilibrate in our15

system (few 10 min), and the results in Fig. 6 are generally consistent with variations in
the line shape broadening (see Sect. 3.2, Table 2). We conclude that the effect of line
shape broadening is most likely to explain the empirical observation of increasing RMS
with increasing time difference between two spectra (Table 4), though other factors may
contribute as well.20

4.2 Field measurements of halogen oxides

At the inland site OLF, we measured NO2, O4, CHOCHO, and HCHO on a regular
basis and IO on a few select days. BrO was never detected above the detection limit,
likely because both NO and NO2 readily react with BrO, forming reservoir species that
can build up in the presence of high concentrations of NOx. Hence, the instrument was25

moved at the end of May 2009 to the EPA site located in Gulf Breeze, FL. At the coastal
EPA site, the following viewing angles from ground level with respect to the northern
horizon were applied: 0.8◦, 1.5◦, 3.8◦, 10◦, 25◦, 80◦, 155◦, 170◦, 176.2◦, 178.5◦, and
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179.2◦. These measurements were applied in a fixed azimuth angle and allowed us
to measure both to the north over the bay between Pensacola and Gulf Breeze and to
the south over the Gulf of Mexico. Only measurements from 10 weeks at the EPA site
(period from 11 March through 25 May 2010) are further discussed here.

During the spring 2010 period the instrument measured 54862 individual spectra5

(∼4600 full sequences of elevation angles) of which 87% were recorded at SZA<80
degrees; an RMS filter (RMS<4×10−4) was applied to filter outliers (8% in the HCHO
spectral range, 2% in the CHOCHO spectral range). We detected significant BrO in
349 spectra (0.7%), IO in 19 998 spectra (∼42%), HCHO in 31 204 spectra (∼65%),
CHOCHO in 15 299 spectra (∼32%), NO2 in 35 093 spectra (∼74%), and O4 in 38 43310

spectra (∼81%). Figures 7 and 8 show spectral proof for the measurement of these
trace gases and Fig. 9 depicts a time series of the dSCDs for these trace gases from
the period between 3 April and 8 April 2010. Detection limits for all observable trace
gases are determined by dividing the RMS, to which a scaling factor is applied, by
the absorption cross-section. The scaling factor is based on the amount of structure15

left in the residual, where more structure provides a basis for a higher factor and less
structure, more along the lines of statistical noise, provides basis for a lower scaling
factor. This factor was 2 for IO, and varied between 1.5 and 2.1 depending on elevation
angle for BrO.

For IO the measured dSCDs decrease with increasing elevation angle. We con-20

clude that IO is mostly located in the MBL. Similarly, most BrO appears to be located
in the MBL, but the split in dSCD with elevation angle is less clear. Using geometric
air mass factors (AMFs) to convert dSCDs from the 25◦ (over land) and 155◦ (over
ocean) viewing angles to tropospheric VCDs we calculate daytime average VCDs
(SZA<80◦) of ∼2×1013 molec cm−2 for BrO, and ∼8×1012 molec cm−2 for IO. HCHO,25

CHOCHO and NO2 were also observed in the MBL with daytime average VCDs of
∼1×1016 molec cm−2, ∼4×1014 molec cm−2 and ∼3×1015 molec cm−2, respectively.

Field studies (Peleg et al., 2007; Lindberg et al., 2002), laboratory studies (Dono-
houe et al., 2006), quantum calculations (Goodsite et al., 2004; Cremer et al., 2008;
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Balabanov et al., 2003; Tossell 2003), and modeling studies (Holmes et al., 2006, 2009;
Selin et al., 2007) consistently suggest that a significant conversion of Hg0 to Hg2+ and
possibly mercury bound to particles (PHg) (Murphy et al., 2006) may be attributed to re-
active halogens. Despite the growing evidence supporting the role of halogen species,
to date most global mercury models still use OH and O3 chemistry for the conversion5

of GEM to GOM (e.g., Bergan and Rodhe 2001; Selin et al., 2007). These models can
reproduce the diurnal patterns of GOM but fail to reproduce the amplitude in GOM.
This requires that they infer additional oxidants must exist. First attempts to represent
bromine chemistry in models (Holmes et al., 2006) resulted in an atmospheric lifetime
of GEM against conversion to GOM of 1.4 to 1.7 yr (and possibly as short as 0.5 yr),10

indicating that oxidation by atomic bromine would be an important and possibly domi-
nant global pathway for oxidation and deposition of atmospheric mercury. Additionally,
in a modeling study attempting to assess the potential role of bromine species in mer-
cury oxidation, Holmes et al. (2009) found that only small amounts of bromine radicals,
equivalent to <2 ppt of BrO, were needed to explain observed trends in GOM. Stud-15

ies such as these provided the initial motivation for building an instrument capable of
measuring halogen oxides in the marine boundary.

5 Conclusions and outlook

The accuracy of DOAS measurements of BrO and IO is RMS-limited. In order to mea-
sure such trace gases, the instrument properties and the uncertainties surrounding the20

DOAS retrieval were explored. We identified that the detector non-linearity of our state-
of-the-art CCD detector, as well as changes in optical resolution due to small temper-
ature variations are two key factors that can limit DOAS evaluations of solar stray-light
spectra at RMS at ∼10−4. Both factors were addressed and minimized in the design
of the CU GMAX-DOAS instrument. The instrument is able to measure RMS<10−5

25

without any limitations other than photon shot noise under laboratory conditions using
solar stray-light.
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In a first field deployment, the CU GMAX-DOAS instrument routinely achieved RMS
in the range 8×10−5<RMS<3×10−4 and 6×10−5<RMS<3×10−4 in the UV and vis-
ible wavelength ranges, respectively, as well as measurements of BrO, IO, CHOCHO,
HCHO, NO2, and O4. These are the first measurements of BrO and IO over the Gulf of
Mexico, providing direct evidence for the presence these halogen oxides in the MBL.5

BrO in the MBL indicates the availability of bromine atoms as oxidants for elemen-
tal mercury. The relevance of IO in the MBL on the observed elevated mercury wet
deposition has been little studied and remains uncertain.

For a systematic characterization of the BrO vertical distribution in the MBL and
FT, we propose that further RMS reduction will increase the frequency with which10

BrO tropospheric column amounts can be detected. However, the height resolution
of a ground-based instrument is limited. For BrO located above 6 km altitude, tropo-
spheric and stratospheric BrO become entangled, and the accuracy of tropospheric
BrO measurements becomes limited by the need to make assumptions about a strato-
spheric BrO profile (which cannot be measured directly from ground). A solution to15

this quandary exists by using Airborne MAX-DOAS, since the MAX-DOAS technique
is always maximally sensitive to absorbers located at or near (within a few km) the
instrument altitude. However, ground based halogen oxide measurements by the CU
GMAX-DOAS provide cost-effective means to infer the column abundance of halogen
oxide radicals, and present constraints for the halogen atom concentration available to20

destroy tropospheric ozone and oxidize GEM to GOM.
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Table 1. Summary of performance capabilities and features of some of the currently reported
MAX-DOAS instruments. The notation “n.a.” signifies information that was not announced.

Reference Location Spectrometer Slit Effective Detector make Detector Optical Covered Temperature Typical
height/width slit area height resolution wavelength stability RMS

[mm/µm] [mm2]a [mm] [nm] range [nm] [◦C]

CU GMAX- Pensacola, Acton SP2356i 10/110 0.6 2-dimensional 8 0.77 322–488 ±0.005–0.06 7×10−5–
DOAS1 Florida, USA/ CCD detector 2×10−4

coastal, semi-polluted (PIXIS 400B)
Mini-MAX- e.g., New Ocean Optics 1/50 0.04 1-dimensional 0.014 0.7 290–420, ±0.2 8×10−4

DOAS2 England, USA/ USB2000 CCD detector 430–460
polluted (Sony ILX511)

Schwampel Mexico City/ Acton 300 10/150 0.12 (per 2-dimensional 6.7 0.7 325–460 ±0.1 2–4×10−4

IUP polluted viewing CCD detector
Heidelberg2 direction) (Andor

DV420-OE)
Antarctica Antarcica/ n.a., Yobin 1.7/120 0.16 Photodiode array 2.5 0.5 400–650 n.a. 8.2×10−5

IUP pristine Yvon grating (Hamamatsu
Heidelberg3 ST3904-1024)
Pandora Thessaloniki, based on an n.a./50 0.02 1-dimensional 0.025 0.42–0.52 265–500 ±1 <5×10−3

Goddard Greece, and Avantes Hamamatsu
Space Flight Greenbelt, spectrometer CMOS
Center4 Maryland, USA
MFDOAS Greenbelt, Acton SP2356 n.a./100 0.54 2-dimensional 6.9 0.83 282--498 ±2 <1×10−3

Washington Maryland, USA CCD
State (PIXIS:2KBUV)
University4

Frontier Tsukuba, Japan/ miniaturized n.a./10 0.007 1-dimensional 0.014 0.4–0.55 280–560 n.a. 0.7–
Research polluted UV/visible CCD 1.1×10−3

Center for spectrometer (ILX511, Sony)
Global Change, (B&W TEK
Japan5 Inc., BTC111)
Belgian La Reunion Acton n.a./n.a. n.a. 2-dimensional 8 0.75 300–450 nm n.a. about
Institute for SpectraPro 275 CCD 3.5×10−4

Space (NTE/CCD-400EB)
Aeronomy6

IUP Bremen7 Ny Ålesund, Oriel MS 257 n.a./n.a. n.a. 2-dimensional 6.9 0.5 325–413 nm ±0.1 about
Norway/ CCD of the Andor 1×10−4

pristine DV 440-BU type

1 This work; 2 Hoenninger (2002a), Sinreich (2008); 3 Frieß et al. (2004, 2010); 4 Herman et al. (2009); 5 Irie et al. (2008, 2009); 6 Theys et al. (2007);

Vigouroux et al. (2009); 7 Wittrock et al. (2004); Heckel et al. (2005).
a The effective slit area is calculated as the product of the height over which the detector is used and the slit width.
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Table 2. Calculated RMS dependence on symmetric line shape broadening (Gaussian line
shape).

Range 430–470 nm 330–370 nm
Difference (pixels) Difference (nm) RMS (Dev) RMS (Dev)

1 1.24E-01 1.50E-02 2.50E-02
0.1 1.24E-02 1.81E-03 3.07E-03
0.01 1.24E-03 1.84E-04 3.13E-04
0.001 1.24E-04 1.84E-05 3.14E-05
0.0001 1.24E-05 1.83E-06 3.12E-06
0.00001 1.24E-06 1.40E-07 2.38E-07
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Table 3. Calculated RMS noise as a function of shift imprecision for two wavelength ranges.

Range: 430–470 nm Range: 330–370 nm
Shift (pixel) Shift (nm) RMS (Dev) OD Delta RMS (Dev) OD Delta

0.1 1.24E-02 1.69E-03 1.43E-02 2.49E-03 1.36E-02
0.01 1.24E-03 1.69E-04 1.42E-03 2.49E-04 1.37E-03
0.001 1.24E-04 1.69E-05 1.42E-04 2.49E-05 1.37E-04
0.0001 1.24E-05 1.69E-06 1.42E-05 2.49E-06 1.37E-05
0.00001 1.24E-06 1.69E-07 1.42E-06 2.49E-07 1.37E-06
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Table 4. Effect of time difference between recording a measurement and “reference” spectrum
on RMS.

RMS Statistics
∆ Time (s) Median 95th 75th 25th 5th

Percentile Percentile Percentile Percentile

5 7.97E-05 2.96E-04 1.26E-04 5.55E-05 4.32E-05
240 8.24E-05 2.39E-04 1.22E-04 6.03E-05 4.62E-05
900 9.49E-05 2.93E-04 1.70E-04 6.87E-05 4.83E-05

3600 1.31E-04 3.45E-04 1.99E-04 8.14E-05 5.41E-05
18 000 3.73E-04 7.10E-04 5.20E-04 2.62E-04 1.07E-04
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a b

c

d

Fig. 1. Panel (a) Instrument rack containing ACTON2356i spectrometer, PI PIXIS400B detec-
tor, National Instruments Compact RIO with electronics modules, optical mounts to position
fibers and power supplies. Panel (b) Telescope with housing of the MDrive34 stepper motor,
rotating prism housing, and lens tube for f /4 optics. Panel (c) Outdoor setup of telescope
with solar shields to reduce heating of telescope. Panel (d) Measurement sites: OLF located
∼20 km northwest of Pensacola, FL, and EPA located in Gulf Breeze, FL∼10 km southeast of
Pensacola.
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a

d
e

b c

Fig. 2. Characterization of the spectrometer/detector system with respect to temperature. Pan-
els (a–c) Spectral line shape as a function of temperature for 334 nm, 404 nm, and 435 nm,
atomic emission lines of an Hg-Ar lamp. Panel (d) Spectral shift of atomic lines as a function
of temperature. Panel (e) Difference in the full width at half the maximum of the line shapes as
a function of temperature.
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Fig. 3. Detector non-linearity expressed as the residual RMS produced from a DOAS fit at
Panel (a) 350 nm and Panel (b) 440 nm as a function of the difference (sample–reference) of
CCD saturation levels used to record the spectra. Open symbols represent a DOAS fit without
offset spectrum, closed symbols represent a fit with offset included.
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Fig. 4. Correlation of residual structures caused from incomplete elimination of Fraunhofer
lines and the Ring spectrum. Two solar stray-light spectra are compared accumulating an
about equal number of photons (N=1010) by coadding of CCD acquisitions at saturation levels
of 50% (upper row), and using 10% or 90% saturation level (lower row). Two fit scenarios were
evaluated: (a) fit includes an “offset” and a “Ring” spectrum, (b) fit includes only the “Ring”
spectrum.
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a b

Fig. 5. Comparison of experimental and theoretical RMS noise vs. photon counting statistics
for data collected between 03 March and 25 May 2010 and during July 2010. Panel (a) for
the BrO evaluation range (340–359 nm). Panel (b) for the IO evaluation range (425–438 nm),
except for the ratio spectra which were analyzed between 415–440 nm. Horizontal lines indicate
typical RMS values of other MAX-DOAS instruments: (red dashed line) Mini-MAX-DOAS (10−3

RMS); (blue dotted line) research grade MAX-DOAS (10−4 RMS). All data depicted is for the
25◦ viewing angle, (green circles) field data from spring 2010; (solid black lines) represent the
corresponding theoretical noise. (Dark green squares) for the July 2010 period, 4 spectra were
added (without shifting) to increase the photon count, and the sum spectrum was subsequently
analyzed using the WinDOAS software; (pink triangles) 16 spectra added, and (red diamonds)
64 spectra added. (Light blue hourglasses) IAM processed data taken in July 2010, where IAM
created a ratio of two sequential spectra, and then added 500 of the ratios to create the final
spectrum; (dark blue triangles) same for 1000 ratios.
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Fig. 6. RMS as a function of time difference between the spectrum analyzed and the reference.
The black lines represent the median, the box edges are the 25% and 75% quartiles, and the
whiskers are the 5% and 95% quartiles. In general, using a reference taken close in time to the
spectrum analyzed provides better RMS values.
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Fig. 7. Spectral proof for the detection of HCHO and BrO. All spectra were analyzed for
HCHO in the 337–359 nm range and for BrO in the 340–359 nm range. The HCHO fit is from
8 May 2010 at 20:28 UTC in the 25◦ viewing angle, and the BrO fit is from 2 April 2010 at 19:36
UTC in the 155◦ viewing angle.
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Fig. 8. Spectral proof for the detection of IO and CHOCHO. Spectra were analyzed for IO in the
425–438 nm range, while the range of 434–460 nm was used for CHOCHO. The IO fit is from
3 April 2010 at 18:42 UTC in the 179.2◦ viewing angle, and the CHOCHO fit is from 23 March
2010 at 19:23 UTC in the 3.8◦ viewing angle.
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Fig. 9. Time series of the dSCDs for BrO, IO, CHOCHO, HCHO, NO2, and O4 between 3 April
and 8 April 2010 (times are in UTC). The upper plot is for viewing directions overlooking the bay
area, while the lower plot depicts the viewing directions over the open ocean. The large circles
for each elevation angle represent statistically significant measurements, while the small dots
are measurements that do not meet the significance criteria.
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