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Abstract. Tropospheric ozone profiles have been retrieved12 km according to the relevant aerosol concentration aloft.

from the new ground-based National Aeronautics and Spac@&here are currently surface ozone measurements hourly and
Administration (NASA) Goddard Space Flight Center TRO- ozonesonde launches occasionally, but this system will be
Pospheric OZone Dlfferential Absorption Lidar (GSFC the first to make routine tropospheric ozone profile measure-
TROPOZ DIAL) in Greenbelt, MD (38.99N, 76.84 W, ments in the Baltimore—Washington, D.C. area.

57ma.s.l.), from 400 m to 12kma.g.l. Current atmospheric

satellite instruments cannot peer through the optically thick

stratospheric ozone layer to remotely sense boundary Iayei
tropospheric ozone. In order to monitor this lower ozone

more effectively, the Tropospheric Ozone Lidar Network tropospheric ozone above the ground level has been histor-
(TOLNet) has been developed, which currently consists Oficqly difficult to measure directly due to its relatively short
five stations across the US. The GSFC TROPOZ DIAL IS jifetime and nonlinear formatiorStevenson et al2013. It
based on the DIAL technique, which currently detects tWojg g important greenhouse gas, pollutant, and source of OH
wavelepgths, 289 and 299 nm, with multiple receivers. Theradicals. Its contribution to global warming from the prein-
transmitted wavelengths are generated by focusing the oulyystrial era to the present is regarded as the third-mostimpor-
put of a quadrupled Nd:YAG laser beam (266 nm) into a pairant, following those of carbon dioxide (GDand methane

of Raman _cells, fi_IIed with high—pressur.e hydrogen and deu—(CH4) (IPCC, 2007). Ozone is also toxic to humans and
terium, using helium as buffer gas. With the knowledge of yegetation because it begins oxidizing biological tissue and
the ozone absorption coefficient at these two wavelengthseases harmful respiratory effects in instances of long ex-
the range-resolved number density can be derived. An iNyosure KicDonnell et al, 1999. Tropospheric 0zone con-
teresting atmospheric case study involving the stratosphericsantrations within the planetary boundary layer (PBL) in the
tropospheric exchange (STE) of ozone is shown, to emphagg|timoere—Washington, D.C. area are typically dominated
size the regional importance of this instrument as well aspy photochemistry with local ozone precursor emissions, but
to assess the validation and calibration of data. There was gjithin the free troposphere there are other source classifica-
IQW amount of aerosol aloft, and an iterative aerqsol COIT€C1jons such as (1) stratospheric—tropospheric exchange (STE),
tion has been performed on the retrieved data, which resulte@lz) advection from upwind sources, and (3) regional redis-

in less than a 3 ppb correction to the final ozone concentraginution from convection and/or lightninghompson et a).
tion. The retrieval yields an uncertainty of 16—19 % from 0 2008.

to 1.5km, 10-18 % from 1.5 to 3 km, and 11-25 % from 3 to

Introduction
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During an STE event, large concentrations of ozone are exTROPOZ DIAL) has been developed in a transportable
changed between the stratosphere and the troposphere ofténiler to take routine measurements of tropospheric ozone
caused by an unusually low polar or subtropical jet streamnear the Baltimore—Washington, D.C. area (Greenbelt, MD
(Langford 1999 Stohl et al, 2003. A recent analysis of 38.99 N, 76.84 W, 57ma.s.l.) and various campaign lo-
summertime tropospheric ozone profiles in the Baltimore—cations. This instrument has been developed as part of
Washington, D.C. area showed that STE accounted fothe ground-based Tropospheric Ozone Lidar NETwork
greater than 50 % of the free-tropospheric ozone column o{TOLNet), which currently consists of five stations across
17 % of days sampledrorks et al, 2009. The second source the United States hftp://www-air.larc.nasa.gov/missions/
of ozone in the free troposphere occurs when ozone is transFOLNet/)). The primary purpose of the instruments within
ported aloft or advected with varying layer thickness andTOLNet is to provide regular, high-fidelity profile mea-
concentration downwind of the major ozone precursor pro-surements of ozone within the troposphere, particularly the
duction sites, potentially resulting in an ozone exceedanc&hanging ozone dynamics and laminae inside the PBL. The
for rural and less populated ared8GADAC, 2013. The  network will also serve to validate the upcoming GEOsta-
subsidence of the ozone layer aloft has been shown to caud®nary Coastal and Air Pollution Events (GEO-CAPE) mis-
air quality issues for a region that may not have actually pro-sion, scheduled to be launched in the 2020 time frame.
duced the ozone or its precursokafgford et al.2010. The Another objective of TOLNet is to identify a brassboard
third source of ozone in the free troposphere is not a primaryozone lidar instrument that would be suitable to populate
source, but rather the ozone precursoryN® induced by a network to address the needs of NASA, the Environ-
lightning flashes, which accounts for 5-10 % of the overall mental Protection Agency (EPA), and the National Oceanic
tropospheric ozone budg&¢humann and Huntries&007, and Atmospheric Administration (NOAA) air-quality scien-
Yuan et al, 2012. tists and managers who increasingly express a desire for

With such dynamic sources of ozone in the tropospherepzone profiles. Although other countries have been report-
it is essential to monitor the vertical distribution of tropo- ing lidar-based tropospheric ozone profiles for many years,
spheric ozone. Although the vertical location of atmosphericthese semi-routine observations have never been attempted
trace gases are remotely monitored by satellites, such a® the United States.

CO, by the Atmospheric Infrared Sounder (AIRS), acquir-  Similar ground-based instruments have been developed
ing these measurements in the ultraviolet (UV) regime, eswithin TOLNet (McDermid et al, 2002 Alvarez et al, 2011,
pecially near the surface, is difficult due to the optically Kuang et al.2013, but the GSFC TROPOZ DIAL is the first
thick stratospheric ozone layer strongly attenuating the sigto measure ozone profiles in the mid-Atlantic region. Aside
nal (Fishman et a).1990. Ozone profiles from the Tropo- from the site at the Jet Propulsion Laboratory’s Table Moun-
spheric Emission Spectrometer (TES) and the Ozone Maptain Facility (JPL's TMF), this is the only instrument within
ping Instrument (OMI) have been reported, but have usuallyTOLNet currently utilizing high-pressure stimulated Raman
required a large amount of prior knowledge and/or ancillaryscattering (SRS) cells for wavelength generatidar{er and
satellites (such as NASA's Microwave Limb Sounder (MLS)) McDermid, 1990. Because the remote JPL TMF site is in
are needed to determine the residual amount of ozone in ththe Angeles National Forest at an altitude of 2.3kma.s.l., the
troposphere4iemke et al.2006 Bowman et al.2002. Ad- GSFC TROPOZ DIAL will be the first system to use this
ditionally, total and tropospheric columns may be retrieved SRS technique to routinely determine quantitative ozone pro-
from infrared radiance spectra recorded by the Infrared At-files near sea level directly in an urban environment within
mospheric Sounding Interferometer (IASBdynard et al.  the United States.

2009. Even if the tropospheric ozone column or profile is  There have been successful DIAL instruments that have
reported, it may be a seasonal or monthly mean, in whichutilized the ground-based monitoring method, dating back
the variability of ozone gives the profiles marginal statistical to the 1970s, with a focus on water vap@&rgwell et al,
value Thompson et al]2003. For ozone profiles that are re- 1979 and temperature profilediUrray et al, 1980. These
ported for a direct overpass, due to the large footprint of theconcepts were then successfully modified and demonstrated
satellite, this method may not be able to resolve small-scaldo yield accurate results for ozone detectidhefie et al,
fluctuations of tropospheric 0zone concentration, especiallyl977 Uchino et al, 1978 Megie et al, 1985 Browell, 1989,
during quickly evolving pollution episodes. By monitoring with specific emphasis on monitoring and maintaing a his-
and analyzing tropospheric ozone from a ground-based intoric record of ozone trends in the stratosphd?elgn and
strument, such as an ozone lidar, the signal is not attenuatelllégie, 1982 Godin et al, 1989 McDermid et al, 1991

via stratospheric ozone and the tropospheric ozone conceMcGee et al.1993 1995 Proffitt and Langforgd1997 Stein-
trations can be detected at a much higher temporal and vertbrecht et al.2006).

cal resolution. Previous work also exists of tropospheric ozone lidar mea-

For these reasons, the National Aeronautics and Spacsurements that have used a similar method of Raman wave-
Administration (NASA) Goddard Space Flight Center TRO- length generationAncellet et al, 1989 Stefanutti et al.
Pospheric OZone Dilfferential Absorption Lidar (GSFC 1992 Uthe et al, 1992 Uchino et al, 2014, but each of
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these systems, including the TROPOZ, has been constructegturn signal as a function of altitude. A stationary, continu-
to investigate a different scientific question. Similar instru- ous time series of vertical profile measurements can be ob-
ments have been deployed as nadir-viewing airborne systentsined more cost effectively with a DIAL instrument such as
in previous NASA Browell et al, 1983 1987, 1993 and  that described in this paper than with the launch of multi-
NOAA (Senff et al, 2010 missions. The TROPOZ has been ple ozonesonde®¢lon and Mégiel982 Trickl et al,, 2003
developed as a ground-based transportable instrument as ofFalani et al. 2003 Trickl et al,, 2011).
posed to an airborne instrument because past efforts to pre- The metropolitan area surrounding the GSFC TROPOZ
dict and monitor high levels of ozone in large cities, such DIAL is affected by locally produced pollutants from highly
as HoustonBanta et al.2005 and Los AngelesMlenzies  populated urban areas as well as ozone precursors advected
and Shumategl978, from airborne missions have been ham- from the Ohio River Valley/Appalachian mountain regions.
pered by the lack of information of the temporal evolution of Depending on the meteorological conditions, these pollu-
the ozone profile and the extent and height of vertical mixingtants can cause non-localized unfavorable air quality issues
in the first few kilometers above the surfadddris et al, for smaller rural areas as well as the Chesapeake Bay water-
2010. shed to the south and east. If the eastward propagation of pol-
At the surface, in situ UV analyzers and photometers ardutants is inhibited, a stagnhant air mass over the Baltimore—
the most common form of ozone monitors and are usuallyWashington, D.C. area results and is the ideal condition for
accurate to within 5% of the known valueyzak 1987 and  a high-pollution episodeldelgado et a].2014). During these
can report values with very high temporal resolution. The forecasted high-ozone episodes, the GSFC TROPOZ DIAL
EPA has set up a network of surface ozone monitoring anchas been designed to operate as a continuous monitoring in-
detection that covers a large spatial and temporal region irstrument and has sustained multi-day uninterrupted observa-
the last few decade®émerijian 2000. These ozone concen- tions. The mid-Atlantic region displays a moderate amount
trations are typically reported in hourly average values or 8 hof seasonal ozone variability with the highest concentrations
average values and are useful for analyzing surface trends iaccurring in the late July time periotiéhman et al.2004).
ozone. As mentioned earlier, 0zone can be transported aloBBecause of this, during fall and winter seasons, the TROPOZ
and advected, preventing the surface monitors from truly repfocuses its observations on monitoring ozone in the free tro-
resenting the ozone distribution in that region. The verticalposphere and the aforementioned source contributions, such
distribution of ozone is an important parameter in analyzingas STE. This paper investigates the steps necessary to con-
daily and seasonal trends and events that surface monitorstruct the GSFC TROPOZ DIAL in order to retrieve and
cannot provide. If there is a dramatic change in ozone at thévetter characterize the vertical distribution of tropospheric
surface that cannot be explained with the in situ data, it isozone in the Baltimore—Washington, D.C. area, in which a
essential to analyze the vertical profile of ozone above theegionally important validation test case of an unusually low
surface as a function of tim&®{tmans and Komhyr1986. tropopause — resulting in the exchange of high amounts of
The common historical method for vertical ozone detec-ozone between the stratosphere and the lower free tropo-
tion is sending a balloon-borne electrochemical concentrasphere, or STE — is presented and analyzed.
tion cell (ECC) instrument through the atmosphere, but this
may not be on the continuous scale that is necessary to fully
characterize small-scale fluctuations in ozone. The ECC pro2 The Dlfferential Absorption Lidar (DIAL) method
files ozone with a 100 m vertical resolution from the sur-
face to a balloon-dependent altitude, in which 35km is theFundamentally, the DIAL method relies on the fact that the
desired balloon-bursting altitud&g@mbhyr et al, 1995 Olt- ozone molecule has a strongly varying spectral absorption
mans et al.1996 Newchurch et a).2003. Many research  curve in ozone’s Hartley band region. The structureless na-
groups have long-term records of ozone soundings using thiture of the absorption spectrum of ozone in this region allows
method, and small correction factors may be necessary defor a minimum spacing of 2 nm between on and off resonant
pending on the manufacturer or the cathode solution implewavelengths Niilton et al., 1998 for accurate profiling of
mented. For measurement of ozone below 30 km with thes®zone throughout the free troposphere. Although the wave-
correction factors, ECC sondes yield a precision better thaengths used with this instrument are spaced further apart
+(3-5) % and an accuracy of abat{5-10) % Smit et al, (10nm), they have the advantage of being generated very
2007. reliably as opposed to previously used dye lagaign and
Due to complex formation and transport of ozone it is typ- Mégie 1982 Browell, 1983 Megie et al, 1985 Kuang et al.
ically necessary to measure for extended periods of time t®0117), excimer laserdchino et al, 1983 de Schoulepnikoff
fully characterize an ozone pollution episode, which favorset al, 1997 Veselovskii and Barchungwd999, and tunable
a continuous measurement as opposed to an isolated profilaser cavity Fix et al, 2002 Fromzel et al. 2010 Senff
or several profiles. Using lidar techniques in mostly cloud- et al, 2010 systems. Figurd, adapted fronMalicet et al.
free conditions, it is possible to measure the continuous ver{1999, illustrates the ozone absorption cross sectiat,)
tical distribution of the dynamic atmosphere by detecting theand the TROPOZ wavelengths that were generated for the
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large gradient in ozone absorpti¢Aco,), which will yield Ozone Absorption Cross Section
usable atmospheric information. Different colorsin the figure ~ 29x10°[ T T T T T T T
correspond to the temperature dependence of the absorption | ek
cross sections. The DIAL method is optimized when the ra- T

tio of the difference in the ozone absorption cross section L\
to the difference in wavelengthAgo,/AA) is maximized o ox10-8L
within certain atmospheric constraintBglon and Mégie ,
1982 Measures1983.

Retrieval of useful ozone profiles during daytime hours re-
quires the instrument to utilize wavelengths less than 300 nm
(Pelon and Mégie1982 to avoid saturation of the detec-
tors from sunlight, and to maximize the signal-to-noise ra-
tio (SNR) of the systemMegie et al, 1985 Ancellet et al,

1989 Browell, 1989 Proffitt and Langford 1997 Milton

et al, 1998. Although the ozone absorption curve contin-
ues to rise sharply as the wavelength decreases (increasing
the Aop,/AM), the signal is attenuated much too strongly to
yield usable information above the PBL. Essentially, shorter
wavelengths are absorbed so strongly by ozone that the re-
turn signal would be unusable above the PBL, especially dur-
ing pollution episodes. These issues constrain the choice of
wavelengths to between 280 and 300 nm. This ensures the
system has a large enough signal to easily retrieve ozone
profiles through the PBL and into the lower free troposphere i 1
(Papayannis et al1990). 285‘ - ‘zs‘ao‘ - ‘25‘35‘ - ‘3(‘>0‘ - ‘305

From Fig. 1, 288.9nm has an absorption cross section Wavelength (nm)
nearly 3 times as large as 299.1 nm, and both wavelengths
can be generated reliably (and much more cost-effectivelyFigure 1. The spectral dependence of the ozone absorption cross
than dye or tunable cavity lasers) using SRS in high-pressuréection in the UV. The more absorbing wavelength, at 288.9 nm,
Raman cellsilegie et al, 1985 Komine, 1986 Milton et al, is called the “on” wavelength; the less absorbing yvavelength, at
1998 Ancellet et al, 1989 Haner and McDermid199Q 299.1nm, is called the “off” wavelength. (Sourddalicet et al,
Papayannis et al199Q Tzortzakis et al.2004). The trans- 1999
mitted wavelengths are generated by focusing the output of

two frequency-quadrupled Neodymium-doped yttrium alu- \yritten in terms of the ozone number density as
minum garnet (Nd:YAG) laser beams (266 nm), each into a

1.5x10718 -

1.0x107'8

Ozone Absorption Cross Section (cm?)

5.0x107 -

pair of high-pressure Raman cells, one filled with hydrogenNO ) = 1 il Pon(r) Bofi (r)

and the other deuterium. Both cells have been optimized us- 2A00, dr  Poit(r) Bon(r)

ing helium as a buffer gas. The more absorbing wavelength, Adatmosphert”)

at 288.9 nm, is called the “on” wavelength; the less absorb- TOg (1)

ing wavelength, at 299.1 nm, is called the “off” wavelength.
This process of SRS and the generation of the necessamyhere No, is the ozone number density amdbo, is the
DIAL wavelengths will be discussed more in the Experimen- difference in corresponding ozone absorption cross sections
tal Construction section of the paper. Because the inelastitaken for the two wavelengths in Fi@. The return signal,
Raman conversion is done prior to transmission into the atatmospheric backscatter coefficient, and atmospheric extinc-
mosphere, and detection of atmospheric scattering is done dibn received from range at either the on or off wave-
these same transmitted wavelengths, the TROPOZ retrievdéngth are denoted aB, 8, and«, respectively. The term
uses an elastic technigue. With the knowledge of the 0zone\aamospherdS the difference in the extinction properties of
absorption coefficient at these two wavelengths, the rangethe atmosphere between the two DIAL wavelengths. This in-
resolved ozone number density can then be derived with theludes spectral differences in Rayleigh scattering, Mie scat-

DIAL equation. tering, aerosols, and other interfering gases that have similar
absorption properties in the on and off wavelengths.
2.1 The DIAL equation Lidar return signals are not recorded or analyzed as con-

tinuous functions, but rather as values in discrete range bins,
The DIAL equation Measures1983 Browell et al, 1985 Ar. It is then possible to write the discrete DIAL equation
Milton and Woods 1987 Papayannis et al1990 can be (Megie et al, 1985 in terms of the range bins specified

Atmos. Meas. Tech., 7, 3528548 2014 www.atmos-meas-tech.net/7/3529/2014/



J. T. Sullivan: Tropospheric Ozone DIAL in the Baltimore—Washington, D.C. region 3533

and additional extinction corrections from the Rayleigh at-3 Experimental construction
mospheredmoi), aerosolsdaer), and other interfering gases
(xic) as 3.1 Raman cells and stimulated Raman

1 n ( Poi(r + Ar)  Pon(r) scattering (SRS)

2A005Ar Pot(r)  Pon(r + Ar) As mentioned before, it was advantageous to move toward
— C) - D, (2) the use of a stable Nd:YAG laser, with the fourth harmonic
frequency (266 nm) pumping a pair of high-pressure Ra-

No,

where man cells to generate the transmitted DIAL frequencies.
_ Pott(r+Ar)  Bon(r) 3) This method, SRSMollenauer et al. 1992, is a direct

Boit(r)  Bon(r + Ar) two-photon, third-order nonlinear optical process that re-

and sults in inelastic light scattering without the requirement

of phase matchingMeasures1983. This process is effi-
4) cient for gases such as hydrogen and deuterium because they
have high-frequency vibrational modes and narrow spectral
Equation R) is referred to as the DIAL equation and is of linewidths Shen and Bloembergeh9695.
great interest because it is a self-calibrating technique that In order to maximize the generation of the first Stokes fre-
can determine the number density of ozone with only thequency, a low numerical aperture pumping geometry and a
known ozone absorption cross sections and the backscatterdang optical interaction lengthGarlsten et al.1984 have
signal returned to each detector. been established, which is the reason for the length of the
The correction ternC is due to the difference in return Raman cells (1.8 m) and the focal lengths=€ 1 m) of the
signal at each wavelength. This can be a combination olenses. Because this process is a photon-to-photon conver-
Rayleigh scattering and aerosol scattering if aerosols arsion method, it is also favorable to have the largest volume
present. Rayleigh extinction (which is the first termiy) available to increase efficiency of the SR&alsini et al,
is typically based on a—* scaling, which develops a slight 1985.
difference in the molecular extinction that is fairly easy to  For this to be an efficient technique, the steady-state gain
interpolate Measures1983 with additional meteorologi- (Haner and McDermid199Q Tzortzakis et al.2004 must
cal terms for corrections given by a reference standard atbe at an appropriate threshold level to induce the first-order
mosphere YS Standard1976. With the knowledge of the  Stokes frequencies, while suppressing higher-order frequen-
Rayleigh extinction values, the Rayleigh backscatter term incies. A straightforward method for optimizing the steady-
C is computed using the assumed Rayleigh phase function.state gain is to add a buffer gas, such as helium, which sup-
The second term iD is due to the presence of aerosols presses higher orders of unwanted Stokes frequengies (
and the wavelength dependence of the aerosol extinction cdanutti et al, 1992; broadens the Raman full line width
efficient. Depending on the optical properties of the aerosol{Murray and Javanl972 and reduces collision effects, mo-
in the atmosphere during the measurement, this value cational narrowing, and four-wave matchingvitkowicz and
change as well, leading to an additional necessary correcMay, 1976 Dion and May 1973.
tion (Bosenberg1998. In most cases the correction for
the additional backscattered light from aerosol gradients td3.2 Raman cell characterization
the detector is much larger than the necessary correction
for the aerosol extinction correction at these wavelengthsThere are multiple discussions of the method of using a
(Weitkamp 2006. The aerosol correction term i is de- Nd:YAG laser and Raman cells to produce appropriate wave-
termined using an iterative method in which, using variouslengths for ozone detectionl&aner and McDermidl99Q Pa-
valid assumptions, it is possible to determine the necessarpayannis et al.199Q de Schoulepnikoff et 311997 Ancel-
ozone number density correction. The correction is then coutet and Ravettal998 Heese et al.2001), which were the
pled with an assumed lidar ratio to determine the correctionstarting point for the empirical Raman tests that were per-
factor due to aerosols ifi. This will be discussed further in  formed to optimize each Raman cell. Although higher pho-
the Data processing section of this paper. ton conversion efficiencies with helium as a buffer gas with
The third term inD is due to the interference of exter- a fixed laboratory instrument have been achievezb(tza-
nal interfering gases (IG), such as sulfur dioxide ¢pénd kis et al, 20049), the sensitivity of the photon conversion effi-
nitric oxide (NQ). In the wavelength region used for the ciency on laser beam characteristics — such as pump beam di-
present work, these gases have relatively similar absorptiommeter, laser repetition rate, pulse energy, and confocal beam
cross sections to ozone, but the number derdity) is typ- parameter entering each Raman cell — is complex enough
ically so low that the contribution it makes to the calculation to warrant further characterization tests. Unlike other instru-
of D is small compared to that from the Rayleigh or aerosolments described in the literature, this instrument is housed
terms Kovalev and Eichinger2004). inside a transportable trailer, which has limited the optical

D= Aamol | Adaer  NigAwaig

B Aoo, Aoo, Aoo,
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Photon Conversion Efficiency [Hydrogen & Helium] interaction length of the Raman cells to 1.8 m. Due to these

1 QQ [T T T () constraints, the Raman cells were completely designed and
[ T S Eaamon {7 50 ] fabricated in-house for the specific application for use in the
| oot et (8 bor) | GSFC TROPOZ DIAL.
el 5%%?&?56%355%00 a0 The simplest way to analyze the photon efficiency was to
3 L + - = =+ $1-298nm (21 bor) ] adapt a dispersive Pellin—-Broca prism to separate the wave-
9 o o Saoim (21 bon) 5 /{ < lengths into discrete spots and subsequently view the beam
2 \{// - with a fluorescent card. This provided the ability to quali-
£ eor 160 .S tatively determine which pressure combinations suppressed
< § higher-order Stokes shifts and which magnified higher or-
D 2 ders. Power measurements of the beams produced by the var-
g 20 | 110 2 ious Stokes shifts then allowed a quantitative selection of the
8 | o optimal partial pressures for each of the Raman active gases.
< j Because this is a direct two-photon conversion process from
S , j ] the pump to the respective first Stokes, it was necessary to
& 20k 420 obtain a baseline for photon conversion by measuring the
' ] power of the pump photons, at 266 nm, passing through an
- evacuated cell.
N T T e I The _emp_irical results for hydrogen and deuterium are
0 10 20 30 40 50 60 70 shown in Fig.2a and b. These plots are shown as photon

Total Cell Pressure (bar) conversion efficiency (lefy axis), residual pump transmis-
sion (righty axis), and the total cell pressuredxis). Due to
Figure 2a. Photon conversion efficiency of hydrogen as a function safety concerns regarding the design of the Raman cells, the
of total Raman cell pressure. The experiment was done with mulbmaximum pressure tested was required to be under 70 bar.
tiple partial pressures of hydrogen and helium; the most eﬁiCiemMuItiple power measurements were taken, and each data

pressure combination of S1 was chosen for the GSFC TROPOZ_ . : :
DIAL. The pressures indicated in the legend are for the partial presfpoInt corresponds to the mean with uncertainty bars of one

sures of the Raman active gas. The uncertainty bars represent or%_andard deviation. Initially, power measuremfants W.er.e m_ade
standard deviation in the measurements without a buffer gas, but the photon conversion efficiencies

were so low (10 % or less) that they are not reported in this
figure. Once the buffer gas was introduced into the Raman

Photon Conversion Efficiency [DeUtewm& Helium] cell, the efficiencies began to improve. The three colors in

o0 f ;u%g%eﬁ%mb{ 5"”) | | o Figgre2§and b corresponq to three different pressure combi-
[ —rszsm (1a b ] nations m_each cell. The line style corresp.onds to the wave-
[ 4 32 1o ] length of interest that was measured, which was the pump
S i T Bymp 2660 (26 bon) 140 (PUMP), the first Stokes (S1), or the second Stokes (S2).
§ Pl — —52-3170m (25 ban) ] - For example, in Figathe red curves correspond to a par-
2 k //[ - tial pressure of 14 bar of hydrogen in which the Raman cell
5 30F 4309 is incrementally filled with helium to 62 bar. The solid line is
< } § the pump wavelength, which steadily grew in the experiment
. 2 as the partial pressure increased. The dotted line is the S1,
B sob 150 = which grew steadily but dropped after a total cell pressure of
S f e 48bar. The dashed line S2 slowly decreased throughout the
S I 2 experiment. From these results it can be inferred that an in-
E : creasing amount of buffer gas will suppress the the second
&0 110 Stokes wavelength and increase the output power of the first
; Stokes and residual pump wavelengths.
; ] After these tests were completed, it was determined that
O bbb 3 0 a pressure combination of 14 bp—42 bar He would be the
10 20 30 40 50 60 70 most efficient (53 %). Because 266 nm will hopefully be used

Total Cell Pressure (bar) for future work, it was important to maintain some resid-

Figure 2b. The experiment repeated for the multiple pressure com-uaI amount of the transmltted' pump beam. A similar process

binations in the deuterium Raman cell. was completed for the deuterium cell, for which the pressure
combination of 21 bab»>—35 bar He would be the most effi-
cient (27 %). The difference between the Raman cell efficien-
cies between the two Raman media can be largely attributed
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y4
L1
L2 A =266 nm
2 KD*P
A =299 nm Crystals for
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A
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Figure 3. The experimental schematic that includes the 50 hz Nd:YAG laser, steering optics, Raman cells, near-field smaller telescopes, main
telescope, and detection packages.

have produced comparable results to stationary laboratories
and can relocate if an event of interest ariddsGee et al.
1991).

A Spectra Physics Quanta-Ray pulsed Nd:YAG laser has
been optimized with two independent parallel laser cavi-
ties. These are each composed of an oscillator/preamplifier
with 10 mm YAG rods, followed by two power amplifiers.
The beams then pass through potassium dideuterium phos-
phate (KD*P) crystals. This nonlinear optical medium serves
the purpose of generating the second and fourth harmon-
ics of the fundamental Nd:YAG frequency. The laser has
been optimized for the conversion of the fundamental to the
fourth harmonic at a wavelength of 266 nm. The initial pump
beams are each approximately 9.6 and 9.4 mm in diameter

with a beam divergence of 0.42 and 0.44 mrad, respectively.

Figure 4. The 13 m trailer that houses the GSFC TROPOZ DIAL The laser cavities used to pump the Raman cells produce

system. The hatch doors are open to transmit the DIAL wavelengths 1
into the atmosphere. 42 mJ pulse? for the hydrogen cell and 32 mJ putsefor

the deuterium cell.
The two emitted beams are each steered to the Raman cells
using two turning mirrors which have been coated to opti-

to the fact that the hydrogen Raman scattering cross sec-".
: do s ; . : .~ mize reflectance at 266 nm. The beams pass through converg-
tion (g3) is nearly twice as large as the deuterium scattering

) ~Vinglenses (L1, L2), with focal length 1.0 m, which focus each
cross sectionNurray and Javani972 Haner and McDer beam waist near the center of the 1.8 m long Raman cells. By

mid, 1990). focusing the beam waist near the center of the Raman cell,
33 System descriotion the optical interaction volume is maximized, which will give
' y P the highest possible conversion of pump photons into first

Stokes shift photong{cDermid et al, 2002.

Both ends of the Raman cells are sealed with sapphire opti-
cal windows 1.2 cm thick and 3.8 cm in diameter; the flanges
used to hold these optics allow for a final optical aperture of

The schematic of the GSFC TROPOZ DIAL system with the
hydrogen (H) and deuterium (B) Raman cells installed in
a portable 13m trailer is depicted in Fig, and an image
of the trailer is in Fig.4 below. Transportable lidar systems
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2.2 cm. Sapphire was chosen in preference over fused silicarocess has been done during cloud-free nighttime hours to
as the window optical material because it is more thermallyminimize solar background and potential contamination of
and mechanically durable under conditions of continuousclouds and interfering gases. Geometrically, the 45cm tele-
laser illumination. After the beams exit the Raman cell, theyscope should be fully overlapped at 462 ma.g.l., and the
are collimated with a 1.0 m re-collimating lens (L3, L4) to 2.5cm telescopes should be fully overlapped at 105ma.g.l.
minimize beam divergence. The beams are then steered and

transmitted through the hatch (90 ct®2 cm) of the trailer ) )
and into the atmosphere. 4 Data processing and algorithm

Ne-l\-/\r/]t?)n(i;asni;ezi?pz(?é Eéf;itrnzszzslb%rgr? i‘:’ﬁghglraﬂie_terThe data acquisition system in the GSFC TROPOZ DIAL
collects 20 s (1000 laser shots) integrations of the detected

tudes (High) in the free troposphere and four smaller 2.5¢ . - .
telescopes to obtain signal near the surface (Middle, Lovc)backscattered light. This is a low enough temporal resolution

—’to make the assumption of a homogeneous atmosphere dur-
for 289/299 nm VcGee 'et al. 2003. For th? 45cm telg ing the time of each individual profile. These 20 s integrated
scope, the lidar return is focused at the field stop with a

1.0 mrad aperture, which defines the field of view (FOV) of profiles will be referre_d to as th? raw signal in this Paper.

the telescope. The 2.5 cm telescopes have a much wider FOV, .Dl.Je to the dynamic variability of ozone (;oncentrat|ons
4.5 mrad, which causes an increase in the dynamic range o 'th": tr;e E’BLI\a/\ndfi:?vyer flreen;[ir;)iprjlos?hetrer, i mray t|>e nrec—f
the signals reaching the detector (by allowing the very Iargeessa y to resolve fine-scale g fealures or a fayer o

signals from the near field into the receiver in addition to ozone aloft at an upper altitude. The temporal resolution

the existing weaker signals from the far field). There are's _selected depending on the research _application and how
very narrow band< 1.0 nm FWHM (full width at half maxi- quickly an ozone episode may be evolving. For example, a

mum)) interference filters (IFs) in front of all of the detectors 10 min temporal resolution corresponds to the running av-

to decrease the ambient solar background radiation, whicfgra9¢ of 30 raw signal data sets. The time-averaged data are

improves the SNR. These filters are critical to the system be:then bacl;ground-rsubtrgcted using altitudes where the change
. . _in slope is negligible, in order to assume a constant back-
cause they are spectrally narrow enough for signal detection

during the daytime, when tropospheric ozone is most activeground correctiqn. For the data presented in this paper, the
After the backscattered light passes through the interferencle)"’lckground region used is from 30 to 45 km.

filters, it is detected by photomultiplier tubes (PMTs). Neu- rerﬁfésre tgae; es(;?;rﬁiﬂznsér'; ?:I)i/e\t/)ee dnteo C(;ZSS% t?mri?\aart]gglg
tral density filters are used to avoid saturation of the PMTs. y y

Electronic gates are also used on the PMTs to avoid saturaQIOUds’ which is typically quantified by a large rise in Iu-

. . . . . minosity counts at specific altitudes in the individual detec-
tion. Having multiple receivers and narrowband mterferencetors If the cloud optical thickness is fairly low and multiple
filters has allowed the TROPOZ to achieve the novel abil- : . . .
ity, within the United States, of profiling ozone above the data sets are averaged together, information may be available
tropopause, even during daylight hours. above the cloud layer.

Individual photons are counted by a transient recorder The retrieval algorithm must also correct for the nonpar-
(LICEL TR 20-80, Licel GmbH, Germany) at a maximum alyzable dead-time correction of the photomultiplier tubes

counting rate of 300 MHz. This process is controlled by Lab- (eEr):niﬁ\c/:ZIrl] e(t:i:tl'elr?ngiﬁelfje':(:) kggtbeetta/l"ezeaofé\;\vgIgzg?srt;ﬁggt -
View software which was originally developed for use in d rpr i my ianals. Th val ) ntified b mparin
other NASA lidar instruments and modified to fit the needs ar return signais. These values are quantified by comparing

of the GSEC TROPOZ DIAL. All of the important specifica- the lidar return signal to a model atmosphere from a standard

tions for hardware for each altitude and wavelength channemOdel or colocated sonde datq in the Low_channels. Subse-
are listed in Tabld. quent lidar returns from the Middle and High channels are

The large 45cm telescope is mounted so that its axis O]Ihen corrected to match the overlapping regions of the Low

direction is fixed and can be re-directed only by raising ang®'9nal retums. This correction can be written as
lowering the hydraulic legs of the trailer. The small 2.5cm Cm

telescopes, however, are set in adjustable mounts so that théyt = 1-CnTy

can each be directed independently. The alignment of the sys- m

tem is accomplished by steering the outgoing beams into thevhere the true photon count rat€;] can be expressed as a
region of the 45 cm telescope’s FOV and optimizing the re-function of the measured count raté€%,{) and a dead-time
turn signals in the channels associated with this telescopd.Ty) parameterl{ampton and Bixler1985. This correction
Optimizing these signals entails maximizing the signal levelis critical in the Low channels, where the PMT signals cover
in the far field. After this alignment is achieved, the axial di- a large dynamic range and the derivative in the DIAL equa-
rections of each of the four smaller telescopes are adjustetion is large. Signal-induced bias (SIB) is also quantified, but
so that the return signals associated with them are optimizethe channel merge altitudes are selected in a way such that
in the same manner as described for the large telescope. Th&IB is not a major correction.

®)

Atmos. Meas. Tech., 7, 3528548 2014 www.atmos-meas-tech.net/7/3529/2014/



J. T. Sullivan: Tropospheric Ozone DIAL in the Baltimore—Washington, D.C. region

Table 1. Hardware description for the GSFC TROPOZ DIAL system for the transmitter, receiver components, and the data acquisition

system.

3537

System component

299 (“off”) channels

289 (“on”) channels

Wavelength source Nd:YAG Nd:YAG
Pulse width [ns] 8 8
Pump beam divergence [mrad] 0.42 0.44
Pump beam diameter [mm] 9.4 9.6
Repetition rate [Hz] 50 50
Pump power [mJ pulse!] 32 (1.6 W) 42 (2.1W)
Raman cell partial pressures [bar] 142 He 21 DB/28 He
Gas purities [%] 99.9999 % H 99.999% DB
Raman cell efficiencies [%] 53 26
Transmitted Raman pulse energy [mJ putse 17 (0.85W) 11 (0.55W)
Raman beam diameter [mm] 10 105
Interference filters Materion Materion
Center wavelengths [nm] 29940.25 288.9-0.25
FWHM [nm] <1.2 <1.2
Low channel [0-1.5 km]

Telescope diameter [cm] 25 2.5
Effective focal length [cm] 6.5 6.5
FOV [mrad] 4.5 45
Detector (Hamamatsu) 7400P-03 7400P-03
Gates [km] 0.15 0.15
Neutral density transmittance [%0] 5 10
Calculated full-overlap altitude [km] 0.105 0.105
Middle channel [1.5-5 km]

Telescope diameter [cm] 25 25
Effective focal length [cm] 6.5 6.5
FOV [mrad] 4.5 45
Detector (Hamamatsu) 7400P-03 7400P-03
Gates [km] 0.415 0.415
Neutral density transmittance [%] 25 50
Calculated full-overlap altitude [km] 0.105 0.105
High channel [3-12 km]

Telescope diameter [cm] 45 45
Effective focal length [cm] 121cm 121cm
FOV [mrad] 1.0 1.0
Detector (Hamamatsu) 7400P-03 7400P-03
Gates [km] 3.015 3.015
Neutral density transmittance [%0] 100 50
Calculated full-overlap altitude [km] 0.462 0.462

Data acquisition system Licel transient recorder (model TR20-80)
300 Mhz maximum
Photon counting rate

16 bit, 50 ns range resolution

Referring to Eq. 2), the retrieval relies on the deriva- (Savitzky and Golayl964 is a generalized running aver-
tive of the natural logarithm of the ratio of backscat- age with filter coefficients determined by an unweighted lin-
tered laser powers. The finite impulse response (FIR)ear least-squares regression and a second-order polynomial
Savitzky—Golay (SG) differentiation filter has been used tomodel applied to the derivative. The second order was cho-
produce the required first-order derivative. The SG filter seninstead of a third or fourth order because it was less likely
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to pick up extreme noise in the derivative. The final vertical ozone profile in order to calculaf®,. The remaining molec-
resolution of the data is determined using the FWHM of theular components are calculated from a standard model atmo-
steady-state SG filter coefficients associated with the filtersphere or from a recent sonde launch. The aerosol backscatter
window size. coefficient at the reference heighi 4 is 12 km) that is used
Due to a known temperature dependence of the ozone ahis Baerlhref) = 1.67x 10~* m~1sr1, and the lidar ratio is as-
sorption cross sections (Fid, Malicet et al, 1999, it is sumed to beS = 60 sr Sawamura et gl2014). This inver-
necessary to get an accurate atmospheric temperature preion technique can be sensitive to the direction of iteration,
file, either from a colocated sonde launch or from a standardand, in order to obtain a stable solution, the iterations begin
model atmosphere. Because the ozone absorption temperat the reference height and continue towards lower altitudes.
ture dependence is not known continuously, a second-ordeit this point, Eq. {) has been solved for the first complete
polynomial interpolation is utilized. The Rayleigh molecu- profile of the aerosol backscatter coefficieBded(r)1.
lar extinction coefficients are also corrected for atmospheric For the second iteration, a more accurate value of the
number density values provided by or derived from a colo-aerosol backscatter coefficient can be computed by making
cated sonde launch or from a standard model. After thes¢he substitution of

corrections are made, the first estimate of the ozone profile
NO3 (r)l, |S Computed Sﬂaer(href) = S(ﬂaer(r)l + ﬁaef(r + Ar):l.)/z (10)

Itis necessary to correct the computed ozone profile inin- Thjs can be solved for the new aerosol backscatter coeffi-
stances of a more polluted environment, which may be Parcient, Baedr)o2.

ticularly prevalent within the PBL. Although the data set pre-  This iterative process continues, making the necessary
sented here and analyzed in further sections of this paper igpstitution of

not heavily influenced by aerosol concentrations aloft due to

regional and seasonal trends in aerosols, it is important t@Baed”)i+1+Baedr +Ar)i+1 = Baedr)i + Baedr +Ar);, (11)

uantify the aerosol correction in instances of a less polluted . L . .
gnvirogyment P until a stable solution is reached, where the difference in iter-

The aerosol extinction term in Eqd)(depends not only ations of the profile is negligible. The final aerosol backscat-

on the wavelength of the interacting photons but also on th(ﬂ;g: iﬁren:‘i:qsa?h:c?r:g(?tzr(;egzlgaoe trr:1eixfilrj1” ?;’?IIC; Er(z)ﬁéa:]: @r)evi-
aerosol size and type. To quantify this, an iterative algorithm . X 9 P - In prev
us literature, in the presence of large aerosol concentrations,

has been used to determine the aerosol backscatter coe 'His correction may be on the order of 25 Bréwell et al

c!ent, WhIChZ when coupled with an a'ssu.med I|dar Ta“o' will 1985 Papayannis et al1990. In the test case presented
yield an estimate of the aerosol extinction coefficient. The . ) .
. . . L . below, which showed very little aerosol influence aloft, the
lidar ratio, S, is the extinction-to-backscatter ratio, . . . =
calculated corrections in the final reported ozone mixing ra-
S=ar)/B(r). (6) tios were< 3 ppbv (12 %) in the Low channels ardl ppbv
) . » ) _ (2%) in the Middle and High channels.

This procedure —which utilizes the offline, less absorbing " The final aerosol-corrected ozone profile is then joined to
wavelength of 299 nm — begins with an initial estimate of the form one continuous hybrid profile. The profile join regions
aerosol volume backscatter at a reference heigiat)(@nd  5re chosen to maximize SNR, which is at its highest in the
constant lidar ratio, which are adapted fr@mowell et al.  |oyer range of each profile and significantly deteriorates at
(1983 andKuang et al(2011). the top range of each profile. With the current configuration

Rearranging the final DIAL Eq.2) with the aerosol cor-  for a4 10 min temporal running average and a fixed SG filter
rection term, itis possible to solve for the first estimate of theyindow size, the vertical resolution of the Low channels is

volume backscatter coefficient due to aerosol as 275 m, the Middle channels is 525 m, and the High channels
Paedr)1 =€Xp(A + B) 's750m.
r2(Bmol(r) + Baerhref) .
X (r+ Ar)2 = Bmol(r), M 5 Comparison with Beltsville, MD ozonesonde
(25 October 2013)
where
Pooo(r + Ar) As mentioned before, the mid-Atlantic region displays a
A= ln(Tg(r) (8) moderate amount of seasonal ozone variability, with the
highest concentrations occurring in the late July time pe-
and riod (Lehman et al.2004). Because of this, during the fall
B; = —2Noy(r)iooy Ar — 2Ar (tmol(r) — SBaeihren).  (9) and winter seasons, the TROPOZ focuses its observations on

monitoring ozone in the free troposphere and the aforemen-
The previously obtained non-aerosol-corrected ozonetioned source contributions, such as STE. While taking mea-
number densityNo,(r)1, is used for the first guess of the surements on 25 October 2013, an unusually low tropopause
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was observed, resulting in the exchange of high amounts o* GSFC TROPOZ DIAL [10 Min Avg.]
ozone between the stratosphere and the lower free tropc 25-0ct-2013 17:54 (UTC) g-

sphere. An ozonesonde was launched that day by the Howar 4549
University Beltsville Center for Climate Systems Observa-
tion, which serves as the validation source for the TROPOZ
ozone profiles. The launch site (39:0%, 76.88 W) is ap- 10500
proximately 8 km from the lidar site which is close enough
to assume similar, but not identical, tropospheric micromete-
orology in the dynamic daytime PBL. 9000
A 10min retrieved lidar ozone profile from 17:54UTC
(averaged from 17:49 to 17:59UTC) together with the 3
ozonesonde profile (17:44 UTC launch) are shown in &ig. % 750
These times were chosen for the comparison to maximize g
overlap of the two instruments based on the sonde’s prox-~—
imity to the lidar and ascent rate. The full retrieved range of 3
the lidar profile (red) is from 400 m to 12kma.g.l., in which 3
three channels are used. The green and gold profiles indicai’j 4500
the unused signal from a higher adjoining channel with better
SNR to a lower region. Having multiple channels is advan-
tageous for retrieving a continuous high temporal resolution 3000
profile with a large dynamic scattering range from the atmo-
sphere.
The ozonesonde (dark blue) shows a PBL height nea 1500
1.5km, which is based on the slight ozone mixing ratio gra-
dient (< 5 ppbv), which is typical for the Mid Atlantic re- T 7TROPOZ .U.nP.er.ta.‘ir.“y:
gion during this season. Above the PBL, both profiles have OO 50 100 150 200 250 300
values in the range 30-40 ppbv until the strong ozone gra Ozone Mixing Ratio [ppbv]
dient near 6.5 km. Both the sonde and the lidar capture this
strong ozone reservoir, where the difference in the altitude™igure 5. The profile comparison for the GSFC TROPOZ DIAL re-
of the reservoir may be attributed to the distance betweeririeval (10 min resolution) and_the ozonesonde launch at 17_:54 U_TC
sites based on the fact that the ozonesonde profile still resideg1 25 Qctober 2013 at_BeItszIe, MD. (Source: Howard University
o . . . . eltsville Center for Climate Systems Observation)
within the uncertainty of the retrieved profile. The bias be-
tween the TROPOZ and the ozonesonde-2) % through-
out most of the atmosphere except for the large oscillation in
the ozonesonde profile at 8.75 km that the lidar was not ablerajectory, it entered a marine environment. The eastern end
to resolve completely and for which a bias of nearly 30 % of the trajectory, where the sonde had achieved 10 km alti-
occurs. This anomalous ozone reservoir, which was aroundude, is near Edgewater, MD, nearly 30 km away from the li-
150-200 ppbv, had a higher ozone mixing ratio than mostdar site. Because the lidar is in an Eulerian frame of reference
summer days, and previous test cases did not reach these vafthe inland urban environment, it was not actually resolving
ues until 12 km, which emphasizes the regional and seasondhe same air mass that is present at the beginning or end of the
uniqueness of this test case. The uncertainty bars shown ihagrangian frame of reference of the sonde. This highlights
the retrieved TROPOZ ozone profile are dominated by theone of the inherent complications in using ozonesondes as a
statistical uncertainty of photon counting and SNR, which validation source for lidar. Because the lidar is stationary, the

6000

——Ozonesonde
—TROPOZ

Unused Low Signal
— Unused Mid Signal

are discussed more in Sect. 6. resolved ozone profiles are more representative of the ozone
The TROPOZ profile differs from the sonde profile above profile at the observation site.
8km; a partial explanation for this can be seen in FEg. The ozone mixing ratio, relative humidity, and tempera-

This image shows the GPS trajectory of the sonde for its firsture are plotted from the ECC and radiosonde in Figrhe
10km of ascent overlain on a map of the area. The blacksonde resolves a PBL height near 1.5 km, which is based on
triangle denotes the TROPOZ site, the red triangle denotethe slight ozone mixing ratio gradient ppb), the strong
the sonde launch site, and the colors of the trajectory trackelative humidity gradient (40 %), and the temperature inver-
represent the altitude of the sonde. The sonde was launchesion (3 K). Besides the PBL gradient, the ozone mixing ratio
at Beltsville, MD and was closest to GSFC in the ascent atis fairly constant in the first 6 km with low variability until

an altitude near 3 km, which also implies that the differencethe large ozone gradient at 6.5km. Above that point there
in ozone mixing ratio in the first 2km may be due to the are large oscillations that imply a dynamic system of ozone
distance between sites. As the sonde continued along thig this region. The relative humidity profile shows a strong

www.atmos-meas-tech.net/7/3529/2014/ Atmos. Meas. Tech., 7, 35818 2014



3540 J. T. Sullivan: Tropospheric Ozone DIAL in the Baltimore—Washington, D.C. region
Fairland City, % AT =
n N ;{)ec}zearronar Ga7) Odenton G2) o7 Elevation (m)
lr) - £ oith Laurdl Patuxent A, 9997.9
outh Laurg Research Gambrills Arden-On-The-Severr 8892.8
Calverton (712) A (295) jefuge Millersville Hera ;gg;;
gy B J * - Harb{ B gerr
o & Bacon Ridge | -l l.ﬁ
’ Baloio o & Natural Area I 4472
Beltsville  Washingto & = 3367.5
ale Parkwayo ] 3 1157
1 4
* o] & — —
0 $ 97 (78) |l 523
o . "N
bhi Greenbelt TROPOEB - Bowie Croftort A TrOPOZ
. (a7 (3%) (3 A Sonde
College Park @ Goddard Glenn DPEOND U97)  whitemarsh (450) ~ (450) N
= 0D Park
(295) | o (o
F—  Lanham-Seabrook * ¢ (2
%
Hyattsville o5 K
Woodlawn JohnHansop, e
Bladensburg Mitchellville T
y A Pond Park % Edgewater
Landover Woodmore = 3z = Davidsonville
@ < = Selby-On-The
pst S &

Figure 6. Ozonesonde GPS coordinates during the ozonesonde flight. The black triangle shows the location of the TROPOZ; the red triangle
shows the location of the sonde launch site in Beltsville, MD; and the varying colors represent the altitude and trajectory of the sonde. When
the sonde is above 7 km (light and dark blue), it is 16 km away from the lidar; at a altitude of 10 km (magenta) it is near 30 km away from the
lidar. The altitude legend is on the right side of the figure. (Source: Howard University Beltsville Center for Climate Systems Observation;
map source: Google Maps.)
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Figure 7. The radiosonde and ECC in situ data for ozone mixing ratio, relative humidity, and temperature plotted for the test case on
25 October 2013. (Source: Howard University Beltsville Center for Climate Systems Observation.)

gradient at the top of the PBL, but above that the air slowly nearly constant for 2 km. This, together with the observation
gets drier until about 6.5 km, where it also undergoes a stron@f a dry air mass above 6.5 km, indicates an unusually low
gradient. The relative humidity also shows some small oscil-tropopause height near 6.5 km. This implies that this air mass
lations that correspond to the same altitudes as the dynamiis most likely of stratospheric origin and can be considered
ozone oscillations. The temperature profile exhibits a linearan ozone intrusion event and can be classified as KEE«[;
decrease up to 6.5 km, above which the temperature remaink975.
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Figure 8. A 500 millibar (mb) height contour national map for 11:00 UTC on 25 October 2013, for the meteorological events that surrounded
the test case is shown. The figure shows height contours (solid lines), temperatures (dashed lines), and winds (arrows). The height contour:
show the height of the 500 mb pressure level in dekameters above sea level; the isotherms, or lines of constant temperature, are shown i
degrees Celsius; and the arrows show the wind direction and speed at the 500 mb level. (Source: NOAA Daily Weather Map.)

A 500-millibar (mb) height contour national map for was present in national maps as early as 23:00UTC on
11:00UTC on 25 October 2013, courtesy of NOAA Daily 24 October 2013 and slowly subsided and evolved through-
Weather Map, for the meteorological events that surroundeaut 25 October 2013 as can be seen in the lidar curtain plots
the test case is shown in Fig. The chart shows height con- in Fig. 9aand b.
tours (solid lines), temperatures (dashed lines), and winds Figure9ashows the time series from 15:19 to 22:18 UTC
(arrows). The height contours show the height of the 500 mb(11:19-18:18 EDT) with the overlaid ozonesonde data corre-
pressure level in dekameters above sea level; the isothermsponding to the red arrow point at 17:44 UTC. This image is
or lines of constant temperature, are shown in degrees Cekreated from a 10 min running average of the data with all
sius; and the arrows show the wind direction and speed aaltitude channels merged together to form a complete pro-
the 500 mb level. The map shows a persistent low-pressuréle of the atmosphere from 400 m to 12 km. It is possible to
system occurring in the mid-Atlantic and Ohio River Val- see the strong gradient in ozone near 7 km and large ozone
ley regions just underneath the tropopause height aroundoncentrations that dissipate mainly through titration during
6.5 km. This disturbance is exemplified by the deviation fromthe afternoon and early evening. The upper level cold and
the trough of closely spaced geopotential height contoursdry air pockets behind the persistent low-pressure system in-
(solid black lines) and in the temperature contours (dashegect a large ozone reservoir (150-200 ppbv) into the free tro-
black lines). Also, notice the strong increase in northwest-posphere, effectively lowering and maintaining a tropopause
erly winds associated with the steep pressure gradients thdteight near 6.5km. The in situ surface ozone mixing ratios
have occurred just below the tropopause around 6.5 km. Thifrom the GSFC TROPOZ DIAL trailer (Thermo Scientific
wind pattern is most likely the polar jet streakidzee etal.  49i, 1 min resolution) are reported in the first bin in the time
1983, which is typically stronger in winter and fall months series below the retrievable altitude. These values range from
and was the reason why the ozonesonde in &Fimoved so 18 to 24 ppbv at the surface for the entire experiment, which
quickly in the zonal direction away from the launch site as it implies at ground level the ozone was behaving like a typical
got nearer to the tropopause height. The low-pressure systemarly winter mid-Atlantic regional atmosphere. Based on the
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Figure 9a. Time series plot of the ozone mixing ratio [ppbv] from the GSFC TROPOZ DIAL between 15:19 and 22:18UTC (11:19-
18:18 EDT) at a 10 min temporal resolution, with the colocated ozonesonde launch corresponding to the red arrow point at 17:44 UTC. The
surface ozone monitor mixing ratios (1 min resolution) are plotted in the lowest bin of the figure.
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Figure 9b. Time series plot of the ozone mixing ratio [ppbv] from the GSFC TROPOZ DIAL between 15:19 and 22:18 UTC (11:19-
18:18 EDT) at a 1 min temporal resolution, with the colocated ozonesonde launch corresponding to the red arrow point at 17:44 UTC. This
plot focuses attention on the upper atmospheric conditions in order to represent the ability to monitor the changing dynamics of the ozone
reservoir on a very short timescale.

northwest direction and strong wind speeds shown in&ig. hence the vertical white lines that appear in Bily. Averag-
there was dilution and ventilation of ozone precursors, whiching fewer profiles increases the uncertainty in the measure-
resulted in a low amount of ozone near the surface from locament, and the retrieved ozone profile at 1 min resolution can
pollution. only reach 10 km (as opposed to 12 km with a 10 min resolu-
Around 19:00 and 21:00 UTC, thin clouds drifted through tion) before the SNR is too small to yield useful information.
the field of view during the observation, the effects of which ~ This plot focuses attention on the upper atmospheric
can be seen as white space in the figure. Because the 10 maonditions in order to represent the ability to monitor the
observation is a running average over 30 profiles, and beehanging dynamics of the ozone reservoir on a very short
cause the clouds were thin and did not form broad covertimescale. It is possible to see small pockets of clean air,
retrieval information can be seen above the clouds in the curwhich implies that there was some dynamic mixing of clean
tain plot. tropospheric air and high-ozone stratospheric air. There is
The curtain plot in Fig9b shows the same data set with a also an interesting wavelike feature in the ozone concentra-
temporal resolution of 1 min from 4 to 10 km. This is a high tion towards the end of the run (20:30-22:18 at 6.5 km) that
enough resolution to begin to pick out some of the small-may have been the cause for the ozone reservoir to split and
scale features in the ozone curtain plot. With a running averbegin to both subside towards the surface and to rise back to
age of just three profiles, retrieval above the clouds is lost -the upper free troposphere. The ozone-free region between
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Table 2. A list of the quantified uncertainties associated with the GSFC TROPOZ DIAL instrument during the test case on 25 October 2013.

Low channel Middle channel  High channel

[0-1.5km] [1.5-5km] [3-12 km]
Statistical uncertainty 1-10% 1-16% 1-24%
Aerosol correction <12% <4% <4%
Rayleigh correction <1% <1% <1%
SO, 1% 1% 1%
NO» —0.5% —0.5% —0.5%
Oy — dimer 1.5% 1.5% 1.5%
Temperature dependences®bo, 3% 3% 3%
Saturation correction 10% 5% 3%
Final reported 16-19 % 10-18% 11-25%

two ozone enhanced layers is certainly characteristic of aesolution, which is based on the SG filter window size, is
tropopause fold event/fezee et al. 1983, but without the  denoted asAr, and the differential ozone absorption cross
meteorological parameters from a radiosonde it is difficult tosection is denoted aSoo,. The statistical uncertainty is re-
confirm the fold. Dilution of this ozone may have occurred in lated to the square root of the total PMT counts, both those
the atmosphere during the times at which the TROPOZ waghat are relevant to the retrieval of ozone number density and
not taking measurements, especially with high winds pushthose that are counts due to systematic uncertainties. By inte-
ing the air mass out towards the Chesapeake Bay. grating profiles for a longer duration, the backscattered sig-

Surface monitors did show an increase in ozone on 26 Ocnal term Ps; becomes much larger than tiRg , and Pq,
tober 2013; but, with the passing front bringing warm, sunnyterms. For this reason, the temporal resolution is inherently
weather, it is challenging to determine whether the surfacebuilt into the statistical uncertainty of the system, and aver-
ozone source was due to the dynamic STE or created by phaging many data sets is beneficial to the resultant uncertainty
tochemistry within the PBL. in the system.

Due to the unusually high amount of ozone in the atmo- By increasing the vertical resolution of the profile, which
sphere during this test case, the usable return signal was als in the denominator of Eql1@), the statistical uncertainty
sorbed much more strongly than on a typical day. Becausén the measurement decreases. Because the vertical resolu-
of this, ozone mixing ratios are only reported to 12 km. For tion changes with the retrieval range and has different values
conditions of nighttime observations and longer temporal av-for different channel pairs, the resultant uncertainty profile
erages, ozone retrievals can be attained at a higher altitudexhibits changes at the altitudes at which the channels are
Although this plot emphasizes the upper atmospheric condimerged. This can be seen in the uncertainty bars ingig.
tions for this regionally important test case, it provides evi- Aside from the statistical uncertainty, there are uncertain-
dence that the GSFC TROPOZ DIAL will be able to provide ties associated with the spectral dependence of other inter-
high-resolution ozone observations within the dynamic PBL.fering species, such as aerosols, non-ozone interfering gases,
and the Rayleigh atmosphere. There are also uncertainties
that are independent of atmospheric conditions and cannot
be decreased by averaging multiple profiles together, such
as the temperature dependence of the ozone absorption cross
section used and the saturation correction.

Table 2 lists the various uncertainties due to individual
photon counting, interfering gases, the temperature depen-
dence of the ozone cross section, and the saturation correc-
tion for the test case discussed in the previous section. As
mentioned in the Data processing portion of this paper, an it-
> , (12)  erative aerosol correction was applied to this test case, which
PSy resulted in a< 3 ppbv (< 12 %) ozone correction in the Low

h q vely th heri channels and & 1 ppbv (< 2%) correction in the Middle
where Ps;, Pp,5, and Pq,, are respectively the atmospheric ;4 High channels. Further uncertainties arise from interfer-

backscattered signal, background radiation, and dark counts,; gases that have similar absorption cross sections at the

of the detector at wavelength The total statistical uncer- DIAL wavelengths Keckhut et al, 2004. Based on stan-
tainty is then calculated from the statistical uncertainty from - 4'trace gas profilesigikes et al,'1987' Lin and McElroy,
each DIAL wavelength added in quadrature. The vertical ' ’ '

6 Accuracy of the DIAL measurement

The GSFC TROPOZ DIAL system detects individual pho-
tons through the use of photomultiplier tubes. The signal col-
lected by these PMTs follows Poisson statistMggie et al,
1985 Papayannis et al1990, and the statistical uncertainty
of the ozone number density can be calculated as

1 Ps ) 4 Py + Pd 5
61\703 (ra )\') = \/ >

2No, Aoo, Ar

www.atmos-meas-tech.net/7/3529/2014/ Atmos. Meas. Tech., 7, 35818 2014



3544 J. T. Sullivan: Tropospheric Ozone DIAL in the Baltimore—Washington, D.C. region

2010 an uncertainty of 1.5% in overall retrieved ozone hasozone between the stratosphere and the lower free tropo-
been calculated due to absorption at the DIAL wavelengthssphere, or STE —is presented and analyzed.
by the oxygen dimer (&-Oy) interaction Fally et al, 2000 Measurements of the STE are presented with a tempo-
and smaller than-0.5% uncertainty due to nitrogen diox- ral resolution of 10 and 1 min with a maximum altitude of
ide (NQ,) (Bogumil et al, 2003, as well as a smaller than 12km. Because of the optically thick stratospheric ozone
—1.0% uncertainty due to sulfur dioxide (2JdStark et al. layer, a ground-based detection method that can detect tro-
1999 unless there is a large pollution event or influence pospheric ozone on a continuous, high-resolution scale is
from volcanic emission preserfifcellet et al, 1987 McGee  advantageous. The GSFC TROPOZ DIAL system has been
et al, 1993. The largest uncertainties from these gases typ-shown to be a less expensive and more robust alternative to
ically arise within the PBL, and this is the uncertainty re- previous lidar systems with the implementation of Raman
ported. The uncertainty in the Rayleigh extinction correction cells, which have had no observable drop in pressure since
is typically < 1% due to the dependence on the atmospherichey were initially filled in June 2013. The data processing
number density, which may be calculated from a standarcand aerosol correction algorithms have been introduced and
model atmosphere or recent radiosonde. Similarly, the temhave shown good agreement with a colocated ozonesonde
perature dependence of the ozone absorption cross sectionseasurement. The reported resultant uncertainty from 0 to
should contribute less than 3% to the uncertainty in the fi-1.5km is 16-19%, 1.5-3km is 10-18 %, and from 3 to
nal ozone number density.€blanc et al. 1998. Addition- 12kmis 11-25 %.
ally, the correction for the saturation of the detectors cannot Future plans for the GSFC TROPOZ DIAL are to ob-
be reduced by additional averaging as it is determined usingain ozone profiles as close to the surface as possible
the maximum counting rate of the data acquisition system(< 100ma.g.l.), which will require ozonesonde launches di-
(300 MHz). This uncertainty is based on the differences inrectly at the lidar site. As mentioned previously, the Raman
the saturation-corrected retrieved ozone profile and the uneells were filled to a pressure which left a residual amount
corrected profiles. This is an altitude-dependent correctionpf 266 nm for atmospheric transmission. Because this wave-
and the largest uncertainties (which are reported) occur nedength is strongly absorbed by ozone, it may only be able to
the bottom of each profile. yield useful information from the surface to the top of the
Other than the uncertainty due to the presence of aerosol$BL, but may have enough signal to characterize and probe
and to a lesser extent those due to Rayleigh extinction andhe dynamic PBL, especially in the urban region. The advan-
saturation correction, these values in TaBlean be taken tage of adding 266 nm to this system would be to get a more
as representative of the uncertainties in ozone retrieval forobust aerosol correction method using a dual-DIAL wave-
the GSFC TROPOZ DIAL instrument. The uncertainties arelength retrieval Papayannis et al1990.
largest in the Low channel due to the presence of aerosols Depending on the atmospheric event the TROPOZ is in-
and the complete use of the saturation correction. In the Midtended to monitor, averaging of the data may be mini-
dle and High channels, there are fewer aerosols present andized to detect natural variability and small ozone fluc-
there is enough overlap between the Low and Middle and betuations or maximized to reach higher altitudes for clima-
tween the Middle and High channels to join them at altitudestology purposes. The GSFC TROPOZ DIAL is a new and
such that regions where saturation is non-negligible can beinique tool for the air-quality community in the Baltimore—
excluded from the overall profile. The reported resultant un-Washington, D.C. region because it can provide a continu-
certainty, added in quadrature, from 0 to 1.5 km is 16—-19 %,0us, high-resolution, and novel perspective of ozone pollu-
1.5-3km is 10-18 %, and from 3 to 12 km is 11-25 %. tion episodes during the daytime from near the surface to the
tropopause. For these reasons, the GSFC TROPOZ DIAL is
a very valuable instrument for quantifying the vertical distri-
7 Conclusions bution of ozone, especially for distinguishing layers of ozone
aloft and STE events that surface monitors do not have the
The GSFC TROPOZ DIAL has been utilized to detect tro- ability to detect.
pospheric ozone, a very important greenhouse gas for cli-
mate and health studies. Due to complex tropospheric chem-
istry and various free-tropospheric ozone sources, modeling\cknowledgementsThe authors wish gratefully to acknowledge
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