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Abstract. A differential absorption lidar (DIAL) for mea- accepted mechanisnSimpson et a).2007) for the destruc-
surement of atmospheric ozone concentration was operatetibn of tropospheric ozone involves bromine atoms originat-
aboard the Polar 5 research aircraft in order to study the deing from activation of inert sea salt bromide ions in fresh sea
pletion of ozone over Arctic sea ice. The lidar measurementsce. Photochemical reactions convert the inert bromine into
during a flight over the sea ice north of Barrow, Alaska, on reactive Br atoms that deplete ozone in the boundary layer
3 April 2011 found a surface boundary layer depletion of in a catalytic reaction cycle known as a bromine explosion
ozone over a range of 300 km. The photochemical destruc{Wennberg 1999. This is consistent with the detection of
tion of surface level ozone was strongest at the most northa strong inverse correlation between tropospheric ozone and
ern point of the flight, and steadily decreased towards landfilterable Br Barrie et al, 1989 and the coincident detec-
All the observed ozone-depleted air throughout the flight oc-tion of greater concentrations of BrO during ozone deple-
curred within 300 m of the sea ice surface. A back-trajectorytion events lHausmann and Platt994. The frequency and
analysis of the air measured throughout the flight indicatedstrength of these ozone depletions has implications for the
that the ozone-depleted air originated from over the ice. Airoverall mercury contamination of the snow/snowpack as the
at the surface that was not depleted in ozone had originatedxidation of gaseous elemental mercury (GEM) by Br and/or
from over land. An investigation into the altitude history of BrO, leading to the production of total particulate mercury
the ozone-depleted air suggests a strong inverse correlatiofif PM) and reactive gaseous mercury (RGM), is strongly cor-
between measured ozone concentration and the amount oélated with ozone depletion events and the presence of reac-
time the air directly interacted with the sea ice. tive bromine (u et al, 2002, Steffen et al.2008. McElroy
et al.(1999 reported on measurements that indicated signif-
icant amounts of BrO and thus depleted ozone in the Arctic
free troposphere. One of the aims of the study reported here
1 Introduction was to determine whether there was evidence for ozone de-
pletion in air above the surface layer that is not directly in
It has been observed that ozone becomes depleted in air neggntact with the sea ice surface.
the sea ice surface during the polar sunrise period in the Arc- |y order to investigate spatial structure of Arctic surface
tic (e.g.,0ltmans 1981, Oltmans and Komhy1986 Botten-  ozone depletion events, a differential absorption, light de-
heim et al, 1986 Barrie et al, 1988 1989 Seabrook et al.  tection and ranging instrument (differential absorption lidar,
2011 as well as the AntarcticJones et al2010. The obser- o pJAL) for the measurement of tropospheric 0zone was
vations find episodes when the 0zone mixing ratio at the surpperated from the Polar 5 research aircraft (Basler BT-67:

face decreases from the normal 30-40 ppbv to near zero fofebyilt and modernized DC-3) as part of the PAMARCMIP
periods ranging from hours to weeks at a time. The currently
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2011 (Pan-Arctic Measurements and Arctic Regional climate
model simulations) measurement campaigterper et al.
2012. Several flights out over the frozen Arctic Ocean were Nd:YAG
carried out from Barrow, Alaska, during April 2011. The ob- laser
served structure of the surface ozone depletion events along | 266 nm
the flight track provided a unique view that has been applied
to assess the conditions in which the ozone depletion events

beam
expander

transient

N | recorder [} PC

occur. 3
3
§
2 Measurement technique T
)
The basic method was to emit pulses of light into the atmo- © interferonce
sphere and record the backscatter signal as a function of time, filters
or equivalently range. For a UV wavelengthabsorbed sig-
nificantly only by ozone, the backscatter signal is described N \
as
Output
c R 266 nm
P(R,A) = —5B(R,)) exp —2/[0 Mn(R)+a(R,M)] |dR, (1) 276 nm —9>
R 287 nm
0
299 nm

where P(R, 1) is the instantaneous received power from

rangeR. The backscatter coefficiemd(R, 1), represents the

fraction of light scattered backward per unit length and per

unit solid angle. The extinction coefficient,(R, 1), is the Fig. 1. Schematic diagram of the nadir viewing differential absorp-

fractional decrease in laser pulse intensity per unit length dudon lidar (DIAL).

to scattering and absorption by molecules and aerosols. The

product of the ozone number density and absorption cross I .
. . . X aerosol had a negligible effect on the derived ozone concen-

section,o (A)n (R), is the fractional decrease in laser pulse

. . tration. Measurements where clouds were a significant fac-
energy per unit length due to absorption by ozone molecules, . :

: ) ... tor were omitted from the analysis. The molecular scatter-
C is a system constant that takes into account characteristics

. . ing and extinction coefficients were calculated from atmo-
such as transmitted laser pulse energy, receiver aperture area

system optical throughput, and detector efficiency Spheric densities determined using data from meteorolog-
The lidar emitted multiple wavelengths in the UV that ical radiosondes launched from Barrow, AK, MET station

. : (71.30 N, 156.78 W).
lie on the broad Hartley ozone gbsorpt!on band (266nm, A schematic diagram of the DIAL system is shown in
276 nm, 287 nm, 299 nm). The differential absorption be- _. . . i
: Fig. 1. The fourth harmonic of a Q-switched Nd:YAG laser
tween wavelengths was employed to derive the ozone den;, - .
. ; : 266 nm, 70mJ per pulse, 20 Hz repetition rate) is focused
sity. Ozone retrieval from the recorded signal was performe

by calculating the slope of the logarithmic ratio of any pair nto the center of a cell filled with 140PSI of Gwhere
. stimulated Raman scattering into the first to third Stokes
of these signals as

lines generates light with wavelengths of 276 nm, 287 nm and

-1 299 nm (Nakazato et al.2007). The diameter of the multi-
n(R) = 2(0 (hon) — 0 (hoff)) (2) wavelength output beam was expanded by a factor of three
d Pon(R) to reduce the divergence to about 0.2 mrad before it was di-
’{ﬁ [In (Poﬁ (R))} +2(am (R, 2on) —am (R, )»off))} rected into the atmosphere. Full overlap between the emitted

laser pulse and the telescope field of view occurred at a range
where “on” denotes the wavelength with the larger of 200 m, and the signal received from within that range was
ozone absorption cross section, and the termnotused inthe ozone analysis.
2(am (R, Aon) —am (R, Aoff)) iS a correction factor to Backscattered light was collected with a 15cm diameter
account for differential extinction due to molecular scatter- off-axis parabolic mirror and a 1.5 mm diameter optical fiber
ing. Ozone was derived using the temperature-dependertiundle positioned in the focal plane, 500 mm from the mirror,
ozone absorption cross sections from the HITRAN 2008to form a receiver field of view of 3mrad. The four wave-
databaseRothman et a).2009. lengths were separated in the receiver by the transmittance
For the measurements in this study, there was not a sigand reflectance from a series of tilted interference filters with
nificant contribution to the signal by aerosol and cloud par-bandwidths of 1 nm. Photomultipliers were used to detect
ticles, and the differential absorption and scattering due tahe optical signals and the data acquisition employed, both
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Fig. 2, was a low level flight at a height range 100-200 m
above the seaice. The DIAL measurements were carried out
only during the return flight leg (black line in Fig@) while
the aircraft was at a height of 2.2 km. A contour plot of the
DIAL ozone measurements along this flight track is shown
in Fig. 3. The lidar return signals used in this contour were
averaged temporally over a window of 200s, which corre-
sponds to an average distance of approximately 12 km at the
aircraft mean ground speed of 220 km'hSpatial averaging
was also applied to the recorded signals such that the vertical
resolution was 22.5 m for the analog and 75 m for the photon
counting. At a flight altitude of 2200 m, the typical backscat-
ter return signal from the surface was a photon-counting rate
of 30 MHz. This moderate signal strength did not cause any
detector-signal-induced noise.
Fig. 2. Flight track of the Polar 5, out of Barrow, Alaska, over- A persistent depletion of ozone was observed close to the
laid on corresponding images from the MODIS instrument on thesurface throughout most of the flight. At the beginning of the
Terra satellite (Band 2, 841-876 nm). The black line indicates themeasurement (indicated as case A in Bjg.approximately
portion of the inbound flight when the ozone DIAL was operational 300 km northeast of the nearest landmass, ozone mixing ra-
(3 April 00:45-02:15 UTC), red the outbound flight (2 April 21:50- tios of 10 ppbv were observed at the surface, extending up to
3 April_00:45 UTC). The po_sitic_)ns used for the case studies in they height of 250 m above the sea ice. Above this altitude the
analysis (A, B, C, B1) are indicated along the flight path. Calcu- miying ratio started increasing with altitude until, at an alti-
Lﬁteegg:tgfk;;?g’gisd aBtla height of 100m (blue) are shown fory je ot 400 m, background levels of approximately 40 ppbv

' ' were observed. The general trend throughout this flight is that
ozone concentration increased toward land while the vertical
depth of the depletion also decreased. Within 20 km of the

150 160 170 180 -170

analog to digital conversion and photon counting in order to o .
achieve linearity over a high dynamic range. The raw datacoast t_he surface ozone depletion is almost non_-eX|stent.
were recorded with a range gate of 7.5m and an integration Ln Situ olzone measurements r\:vere taken uls.|n9 'al TFT49C
period of 200 laser shots (10s). The collected lidar profiles(T ermo Electron Inc., ,USA) with an air-sampling inlet lo-
were averaged spatially and temporally in order to reducecated at the top of the aircraft. This provujed a validation for
the measurement uncertainty. The 266/287 nm analog signaf@e DIAL ozone measurements near the ice surface. The air-
were used to generate ozone profiles to a range of 2 km. AEraft height on the outbound flight path was mostly within

greater ranges, photon-counting signals were used to detef-00M (_Df the sqrface for sea ice thickness measurements,
mine ozone levels near the surface. but at five locations there were ascents to heights ranging

The DIAL was installed within a single aircraft rack 150-200m for.instrument calibrations followed py immgdi-
(56 x 64x 130cm), which is a self-contained unit (apart ate; dgscent (Figd). These ascents provided vertical proflles
from the laser power supply) with internal thermal control of in situ 0zone measurements that can be compared with the
and vibration isolation. The laser and telescope view outDIAL measurements on the return ﬂ'ghF leg. Figérshows
through a window on the rack, which consists of two optical the ozone vertical profiles measured with the DIAL at three

quality, UV anti-reflection coated glass plates, with argon gaslo;:at:ons .thatfwillhbe usgd Tor c?;se sftudies in the analysis.
filling the gap in order to avoid frosting. The rack is mounted "€ location for the vertical profile of ozone measured by

to the seat rails with the window aligned above a port that isth€ PIAL in case B (Fig5b) corresponds to the position of
open to the atmosphere below the aircraft an in situ vertical profile taken during the outbound portion

of the flight (the position is labeled as case B1 in Hig) as

determined by a backwards trajectory calculation. The DIAL

3 Observations and in situ vertical profile measurements are seen to be in
agreement within the TECO accuracy #f1 ppb, and the

The DIAL system was operated during three flights over DIAL measurement uncertainty df 3.5 ppb at 150 m above

the sea ice north of Barrow, Alaska, between the dates othe surface of the ice.

30 March and 3 April 2011. Here we present measurements

from a single flight taken on 2 April 2011, at 22:00 UTC,

in which the Polar 5 aircraft departed Barrow for a flight 4 Analysis

track over the sea ice for a distance of 325 km to the north-

east. Similar measurements were obtained during the othéBack-trajectory analysis of the air measured by the DIAL

two flights. The outbound half of the flight, shown in red in during the flight was performed with the NOAA HYSPLIT
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April 2011 (dd-hh:mm) (UTC)
03-01:00 03-01:15 03-01:30 03-01:45 03-02:00

Height a.s.l. (km)

Ozone mixing ratio (ppbv)

300 250 200 150 100 50
Distance from the coast (km)

Fig. 3. DIAL measurements of ozone mixing ratio along the track of the aircraft shown in Fig. reffigure2. Lines |&bgléd) and(C)
correspond to the positions of the aircraft labeled in Bjgvhere the corresponding air back trajectories have been calculated.
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Fig. 4. (a) In situ ozone measurements along the outbound flight Ozone (ppbv)
track (black trace in Fig2) with the distance from the coast of
Alaska. (b) Aircraft altitude along the outbound flight track. B1 . ) o o
indicates the position of the aircraft during the outbound flight as F19- 5- Measured vertical profiles of ozone mixing ratio with the
labeled in Fig2. DIAL along the inbound flight track, and in situ measurements (gray
line) along the outbound flight track (position B1 in Figsand
4b.). Cases (A), (B), and (C) correspond to the positions indicated in

: Figs.2 and3. The indicated uncertainty in the DIAL measurement
model Praxler and Hes51998, using GDAS (Global Data is one standard deviation in the photon counts, propagated through

Assimilation System) meteorological data. The historical o
. - . the ozone derivation.

back trajectories were calculated every two minutes for the
period of time in which the DIAL was active for heights
ranging from 100 m to 2000 ma.s.l. and were calculated for
a 6-day period backward starting from the GPS location ofindicate that the air up to a height of 2000 m originated from
the aircraft at each time interval. the west over the Arctic sea ice. An analysis of the altitude

The period of time in which the strongest depletion was history for case A (Fig7a) indicates that the air at 100 m
observed (case A) occurred at the northernmost extent of thand 300 m above the ice surface had spent significant time
flight track, approximately 300 km from the northern tip of below 350 m in the previous days, while the back trajectories
Alaska (indicated as case A in Fi§). The ozone-mixing starting at heights of 500 m and 1000 m did not spend any
ratio was less than 10 ppbv up to a height of 250 m and thertime below 350 m in the previous six days.
increased to the background level of 30—40 ppbv at a height In case B, approximately 140 km from land, the ozone de-
of 400 m. In this case the back trajectories shown in Bag. pletion was observed to extend from the surface to a height

Atmos. Chem. Phys., 13, 6023029 2013 www.atmos-chem-phys.net/13/6023/2013/
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A 1B AR o Lo
i 135" 84 X 135 84 \\ 135 84
By ) s B .
& - . 4

60 60

Fig. 6. Calculated back trajectories of air in which ozone was measured during the flight of 3 April 2011. The end point of the trajectories in
A, B, and C correspond to the locations of the aircraft labeled in Figs. 2 and 3, and the cases in Fig. 5. Symbols indicate a period of 12 h has
elapsed for the corresponding back trajectory. The trajectories are shown for air measured by the DIAL at heights of 100 m (black triangle),

300 m (red square), 500 m (green circle) and 1000 m (blue diamond).

of about 200 m (Figs3 and5b). The depleted ozone concen-
tration was not as low as observed in case A (R3gmd5a).
Back-trajectory analysis (Figb) indicates that the origin of
the measured air at an altitude of 100 m had shifted slightly to
the south, such that the air closest to the surface spent more
time over land than over the sea ice in comparison to case
A. The altitude history (Fig7b) shows that air measured at
a height of 300 m spent much less time below an altitude of g
350 m in comparison to case A.

Near the end of the flight (case C), as the aircraft ap-
proached the coastline, the DIAL measured normal back—f__f
ground levels of ozone (Fig8.and5c). There was no ozone ©

o U. E/—E/—E—\ . ‘ - T ’
depletion event at the coastline. Back-trajectory analysis in-T 0.0 ﬁ——nﬂ'_rﬁ_’uﬂ/ o B
dicates that the air at 100 ma.s.l., while spending the previ- — T — T T T g ]
ous 60 h within the stable boundary layer, originated from 1.2 [ C / S
the south and was not in contact with sea ice over the Arctic oo ]
Ocean (Fig6c). The air measured at 300 ma.s.l. spent very 0‘8__ S~ENa ..-AEI‘-"A"'A" B
little time within 300 m of the sea ice prior to being mea- ] S
sured, and the air above 300 m spent no time within 300mof — gofa—pma--a > -5
the sea ice during the six days prior to being measured near 0 12 24 36 48 60 72 84 96 108120132 144
Barrow, AK (Fig.7c). Hours prior to 0zone measurement

Open leads and first year ice have been considered to be
an important source of the bromine that causes surface lev

(k

4

. . . %ig. 7. Altitude history of the calculated back trajectories at heights
ozone depletionRiot and Glasow2008. A comparison of of 100 m (black triangle), 300 m (red square), 500 m (green circle)

calculated back trajector|e§ to |mage§ from the MODIS in- and 1000m (blue diamond). The end point of the trajectories in
strument on the Terra satellite (Fig).indicated that, forcase A B, and C correspond to the location of the aircraft indicated in
A, the air measured at an altitude of 100 m travelled overrigs. 2 and3 and the cases in Fig. Solid lines indicate that the
an area with a significant amount of open water or recentlyair is over ice, and dotted lines indicate land. Coloured symbols on
frozen-over leads. The leads are seen in the East Siberiagach trajectory correspond to those in Fg.

Sea as dark jagged features in the MODIS image (latitude

15(° E-180 E). MODIS imagery taken a few hours before

the flight (2 April, 21:25 UTC) shows a number of open or

recently frozen-over leads near the northern segment of the

flight path. Measurements of sea ice thickness by a tethered

www.atmos-chem-phys.net/13/6023/2013/ Atmos. Chem. Phys., 13, 629 2013
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air was not depleted in ozone, and the corresponding back-
trajectory analysis indicated that this air had spent significant
time over land, or did not have a history of being within the
surface layer over the sea ice. The observed layer of ozone-
depleted air was limited in vertical extent to the surface

50

40 boundary layer and was always in contact with the surface
of the Arctic Ocean. There was no evidence of isolated lay-
= ers of ozone-depleted air above the surface boundary layer.
! : The measurements thus indicate that the primary mechanism
% 30k for the ozone depletion occurred within the surface boundary
o layer where turbulent mixing would result in contact with the
o) frozen ocean surface. Images from the MODIS instrument on

the Terra satellite over the area upwind from the flight path
show the presence of leads in the ice with open or recently
frozen water, and these are a possible source of the bromine
required for the photochemical depletion of ozone.

The measurements presented here are limited to a single
flight path with a length of 300 km and thus correspond to
a small period of time. The measurements on the two other
flights found a similar structure of surface layer ozone deple-
tion events. The results are consistent with the findings of a
previous study in which the same DIAL instrument provided
Fig. 8. Measured ozone concentrations vs. time the measured aifleasurements of ozone from the surface on board the CCGS
spent at heights below 350 m over the sea ice during the six day@mundsetricebreaker ship during the entire month of March
prior to being measured. 2008 Geabrook et al2017). This is also consistent with pre-

vious studies using back-trajectory analyd®tfenheim et

al., 2009 Friel et al.2004) that have found a correlation be-
EM induction instrument (e.gHaas et al.2010 during the  tween Arctic ozone depletion events and the length of time
outbound segment of the flight (red flight path in Fy.in- prior to being sampled that an air mass was within the surface
dicated approximately 20 % open or newly frozen water.  layer over the sea ice.

This case study, involving a single 300 km flight over the
sea ice north of Barrow, AK, indicates that in this instance
there was a correspondence between the ozone Concemrﬁgknowledgementi:hris'Fian Haas of York University provided _
tions over the sea ice and the history of the air. By Calculat-the estlmate of the fraptlon of_ open or recently refroz_en Iefads in
ing the amount of time a back trajectory spent within 350 mthe sea ice below the aircraft ﬂlghF path, b_ased on sea ice thickness

. - . easurements. Support for the installation and operation of the
of the sea ice over the previous few days, and comparing tth

. . dar was provided by the International Polar Year program of the
with the measured ozone value, it was found that lower 0zong41ra) Sciences and Engineering Research Council (NSERC) of

mixing ratios were associated with air that had spent a longetanada. Support for the analysis of the measurements was provided
amount of time in close proximity with the sea ice (F8). by the NSERC Discovery program. The satellite data used in this
The general trend during this flight was that longer periodsstudy were acquired as part of NASAs Earth-Sun System Division
of time near the sea ice were associated with lower measureahd archived and distributed by the MODIS Adaptive Processing
0zone mixing ratios. System (MODAPS).

20t

10 : ST T B ook
0 20 40 60 80 100
Time under 350 m (hours)

Edited by: J. W. Bottenheim
5 Conclusions

The airborne DIAL measurements from the flight beginning
on 2 April 2011 provided a continuous record of the verti-
cal structure of a surface ozone depletion event over a hor-
izontal range of 300 km. At a distance of 300 km from the
Alaska coastline, the layer of air adjacent to the sea ice was
depleted in ozone up to a height of 300—400 m above the sur-
face. Analysis of the prior trajectory of the measured air indi-
cated that the ozone-depleted air had spent extended periods
of time within 350 m of sea ice. Close to the coastline the
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