DANISH METEOROLOGICAL INSTITUTE

——— SCIENTIFIC REPORT
97-2

Analysis of
Tropospheric Ozone Measurements
in Greenland

Contract No. EV5V-CT93-0318 (DG 12 DTEE)
DMI’s contribution to CEC Final Report
Arctic Tropospheric Ozone Chemistry

ARCTOC

Alix Rasmussen
Sissi Kiilsholm
Jens Havskov Sgrensen
Ib Steen Mikkelsen

&

==y

DMI

COPENHAGEN 1997



ISSN-Nr. 0905-3263
ISBN-Nr. 87-7478-361-0



Contents

1. INTRODUCTION/SUMMARY
2. MEASUREMENTS

3. TRAJECTORY ANALYSIS
3.1 Description of the transport model
3.2 The HIRLAM model
3.3 Sector analysis

4. CONCLUSION
5. REFERENCES

APPENDIX

Ozone depletion episode in March 1996

10
12

14

14

15

15



Analysis of Tropospheric Ozone Measurements in
Greenland

A. Rasmussen, S. Kiilsholm, J. Havskov Sgrensen and |. S. Mikkelsen
Danish Meteorological Institute (DMI)

Lyngbyvej 100, DK-2100 Copenhagen @&, Denmark

1. Introduction/Summary

DMI initiated continuous measurements of surfagzene concentrations iGreenland during
spring 1994 as part of the EU-projecARCtic Tropospheric Ozon€hemistry(ARCTOC). The

objectives are to investigate threechanisms causirgyidden arctic tropospheric ozone lagstial

extent and possible consequences of the phenomenon.

In this report we vill focus on the extent of the ozone lgssenomena andhe physical
(meteorological) environment ¢fie phenomena. The cheal environment&nd possiblanecha-
nismscausingthe ozone loss W not bediscussed in detail partly because wendd have any
measurements of relevanace constituents (as Br@JO andlO) and partly because the ARC-
TOC measuring campaign in Ny-Aalesund, Svalbard, already has identifiethéhefuse of the
sudden tropospheric ozone lassainly isdue tobromine and chlorine catalysis wiBrO as the
most essential ingredient. The main outstanding problem is to detehmiseurcedispersion and
lifetime of the relevant constituents.

The observation sites in Greenlaa@ Thule, Sgndre Stramfjord and Scoresbysundigcfl and
fig. 10 in appendix. In addition tthe continuous surface ozomeeasurements vertical profiles of
0zone concentrations were measured at lgaskly in Thule and Scoresbysunddgone sondes.
In Sgndre Stramfjord only a few scattered ozone sondes measurements were taken.

In 1994 nodefinite periods withozone depletion were recorded (hédepletion” is usedvhen
ozone concentrations asggnificantly below normal,but notnecessarilyzero). But there were
strongindication of an episode ithe start of theneasurements in Thubkround 13thApril and
analysis ofozone sonde daiadicates an episode mid March. Periods with lovezone concen-
trations were observed in May and June, especially in connection with fronts passing from west.

In 1995 and ‘96several events of deegzone depletion were recorded Hiule and Sgndre
Stramfjord connected with passing fronsgistems (coldronts) fromwest or northwestvith ris-
ing pressure and falling temperature. At Scoresbysund minor episede®bserved both in 1995
and ‘96.

The major episodes couttefinitely be defined taold air massemoving fromthe Arctic Gean
north of theCanadian ArchipelagacrossBaffin Bayand DavisStrait and further crossing Green-
land.

Analysis ofbackward trajectories calculated by DMBsD transporimodel utilisingmeteorologi-
cal datafrom the numericalweather predictioomodel DMI-HIRLAM (HIgh ResolutionLimited
Area Model) has been performed. Results ftbmstudy show that ther parcels with lowozone



values at the receptor point generally have their origin in the northern Canadian Archipelago and in
the Arctic Ocean.

2. Measurements

Surface ozone concentrations in Greenland have been observed by the Danish Meteorological In-
stitute (DMI) in Thule from April 1994, in Scoresbysund from May 1994 and in Sgndre Strem-
fijord from May 1995.

The monitor in Thule, cf. fig. 1, is located at the South Mountain 240 meters above sea level just
south of the Thule Air base. In Scoresbysund the monitor is located near the top of a small local
hill about 65 meters above sea level in connection with the teles&t@meters east of the vil-

lage. In Sgndre Stremfjord the monitor is located 5 km southeast of the air base near the top of a
small hill 320 meters over sea level. The instruments are photometric ozone analyzers, model 400
from Advanced Pollution Instrumentation. Data averaged over 10 minutes are automatically col-
lected on a PC and sent to DMI either directly (ftp) or via diskette.

Thule

Fig. 1. Map showing the observation sites in Greenland measuring surface ozone concentrations. Thule
(76°31'N, 6850'W), Sgndre Strgmfjord (6B0'N, 50 48'W) and Scoresbysund {ZB'N, 22 58'W).

Fig. 2 shows the daily mean ozone concentrations in Thule, Scoresbysund and Sgndre Strgmfjord
for the years 1994, 1995 and 1996. There is a clear seasonal variation with average values gener-
ally from 35-40 ppb, during the months June to August the values decrease to about 25 ppb.

In 1994 it seems that Thule experienced a depletion episode at the start of the measurements in
April, while minor episodes were recorded in June. In Scoresbysund three minor episodes oc-
curred in May and early June.



et al., in preparation for TellusBoth episodes werelearly connected with a cold airams mov-
ing fromthe northerrCanadian Archipelago to Greenland. In Scoresbysund minor episedes
recorded in May and primo July.

In 1996 amajor episode wasecorded around 20 Marcfihis episode was measuredaditthree
stations, cf. appendix. A major similar episode was also recorded in Thule ultimo April.
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Fig. 2. Daily mean ozone concentrations (ppb) for Thule, Scoresbysund and Sgndre Stramfjord for the years
1994, 1995 and 1996.



In fig. 3 a closetook is givenfor the episode in March 1996. Theurly meamozone concentra-

tions are until the 19th around 40 ppb, butlulethe concentrationfll sharply toabout 12 pbb
during4-5 hoursDuring the nextwo daysthe concentrations ifhule slowly increases toearly

20 ppb, thersuddenly falling tdoelow 5 ppb during the 22nd. During the 24th to 25thetel in

Thule increases to about 50 ppb. In Sgndre Stramfjord the concentfaltioatherslowly during

the 21st to about 16 ppivhile in Scoresbysund the concentratidal sharply to 21 ppb during

three hours on 22 March. Inspection of weather maps, cf. appendix, shows that the episode is
connected with a cold airass moving fronthe Arctic Ocean and northe@anadian Archipelago

to east and southeast across Greenland.

An interesting feature on tHeyure isthe very shortlived low ozone episode observed both in
Thule and Sgndre Stramfjobth March. The episode occurred in connectotn a cold air
mass approaching from west-southwest (cf. appendix) with precipitation.

° Thule
e Scoresbysund ————-

60 Sgndre Strgmfjord «-«++++++
-O X
s | e
2 50+ .
C" ““ \"“ = .ee
I NI :
o \ P, TTEN ™ A \ :
S 40 Mo s 3 v \ :
-+ — ‘ -

. e Wl ”

c ] A ~ sl \‘”‘
R S . el (Wt T ¢
& 304 h \ Y :
o " Fa) =
e AR o
S EOE L U
N2 Lo .
o , §

10

0 L 1 | !

T T T T T T T T T T T T T
0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 24

18/03 19/03 20/03 21/03 22/03 23/03 24/03 25/03 26/03

Fig. 3. Hourly mean ozone concentrations (ppb) for Thule, Scoresbysund and Sgndre Stramfjord for the
period 18th to 26th March 1996.

Fig. 4. shows time series of hourdygone concentrations, pressure and temperaturadte for
the sameperiod. The 19th the temperature drdgmsn about -18C to about -3fC and on the
22nd with the mosintenseozone depletion the temperatuedls to about -38 C. The pressure
only increaseslightly in connection with thdirst sharp decrease mzone on the 19th March,
while the pressureises to abovd 035 hPa during the mosttense depletion period. Thend
shift is quite marked in connection with the frgpassingthe 19th,while there is nowindshift on

the 21st. Note also that there is no wind shift for the short episode on 26 March, but a pronounced
increase in wind velocity.
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Fig. 4.: Time series of surface ozone concentrations (ppb), pressure (hPa), tempé@jtaral(wind at
Thule for the period 18th to 26th March 1996. Meteorological parameters are taken from the synoptic sta-
tion, 04202, at Thule Air Base.

In table 1 below, the correlation betweszone concentrations and some meteorologiaedme-

ters aregiven. Generallyhe correlatiorcoefficientsare rathesmall, but especiallyfor 1996 there

IS a significant positiveorrelation between temperature and ozone concentrations and anticorre-
lation between pressure andone concentrations. The correlatwoefficients between wind ve-
locity andozone concentrations avery small, which is iraccordance with the findings fdiata

from Svalbard (Solberg et al, (1994))

Temperature Pressure  Wind-velocity = Wind-direction
Thu, 1995, 03 -0.07 -0.03 0.16 0.04
- -, 03-05 0.10 -0.17 0.14 -0.02
Thu, 1996, 03 0.52 -0.57 0.08 -016
- -, 03-05 0.25 -0.22 0.16 -0.05
Sco, 1995, 03 0.30 -0.12 0.17 0.02
- -, 03-05 -0.15 -0.06 0.07 0.02
Sco, 1996, 03 0.75 0.09 -0.18 0.00
- -, 03-05 0.26 0.02 -0.12 -0.05
SSt, 1996, 03 0.60 -0.29 0.18 0.10
- -, 03-05 0.44 -0.03 0.08 0.08

Table 1. Correlation coefficient between hourly mean surface ozone concentrations and the meteorological
parameters: temperature, pressure, wind velocity and wind direction. Calculated for the month March (03)
and March to May (03-05) for 1995 and "96. Meteorological parameters are from synoptic stations nearby.
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Fig. 5.: Ozone soundings from Thule for 13.03.94 14:49 UTC, 29.03.95 17:26 UTC and 16.03.96 14:07 and
from Scoresbysund from 23.03.96 11:07 UTC. Profiles of temperature, dewpoint temperature, zonal, and
meridional wind velocity are shown.



In fig. 5 a sample of 8zonesoundings from Thule and 1 sounding from Scoresbysund is shown.
For theprofile at Thule from 13 March994 the concentration are low near the surface, about 12
ppb, andonly slowly increasing t@about 20 ppb at BRm. The profile from 29 Marcth995 is quite
different with very lowconcentrations, app. 6 ppb, imall mixed layer up t@bout 250 meters.

Up to about 400 meters the concentratimereasesathersharply to just below 2@pb, slowly
increasing to about 26 ppb up to 1350 meters, then sharply increasing to above 40 ppb. The profile
indicates downward flux of ozone from a entrainment zone at 250-400 nktdyablythe ozone
destroying process #ill active with positive concentrations of BrO - in the ARCT@Easuring
campaign at Ny-Aalesund it was found thah-zero concentrations of ozone and BrO could co-
exist for several daysyhile the chemistry withthe measuredevel of BrO would dictate ozone
destroying during short time.

The profile from 16 Marcl1996 also shows well mixed layer fronground up to about 175 me-
ters with concentration just above 10 ppb, sharply increasing to above 40 ppb at 300 meters.

The profile from Scoresbysund, 23 Mart@96, isfrom the already mentioned episode affecting

all three monitoring stations, cf. fig. 3. It appears that the ozone in the whole column up to 2 km is
fairly well mixedwith concentrationslowly increasing fronapp. 26 ppb to app. 35 ppb at 2 km.

The air nasstrajectory (cf. next section) is froitme Arctic Ocean just north of th@éanadian
monitoring station Alert and along the northeastsvast of Geenland. Theriginal air mass has
presumably (cf. appendix) been exposed to deep ozone depletion near ground, but on the long way
from the Arctic Ocean strongertical mixing especiallyalong thecomplexnorth-eastern coastal

area of Greenland will cause the profile observed.

Inspection ofmany ozoneprofiles from Scoresbysural showfairly well mixed ozone up to at
least 2 km. This can perhaps leadte conclusion thathe ozone destroyinmechanism hardly
can be effective along the coast of northeastern Greenland, or alterndwassdytical mixing near
the monitoring station must beery strong (otherwise wshould observe profiles with low con-
centrations near surface, as in Thule)

3. Trajectory analysis

3.1 Description of the transport model

The general features of DMIZ-D transporimodelare described by Sgrensd®93). The trajec-
tories are calculated by a standard iteration mefKatberg(1984))with a prescribed tolerance.
The advection timstep used is set to Ihinutes. The model cautilise datafrom the different
versions of DMI-HIRLAM (see below) and frotne global model athe European Centre for
Medium-Range Weather Forecast (ECMWF).

The model is usetbr manypurposes, e.g. as a part of Danish EmergenciResponse Model
for the Atmosphere (DERMA, Sgrensen d&asmussel1995)) and in théanish Atmospheric
Chemistry Forecasting Systef@ACFOS, Jensest. al (1996)). It isalso used by the duty fore-
caster forestimatingthe movement of weathesystems as well as studies of the intrusion of
stratospheric ozone into the troposphere.

Parameters along the trajectory can be seen in table 2 beloweibie ofthe boundaryayer is
calculated withirthe transportnodel from DMI-HIRLAM vertical profiles otemperaturewind
and humidity using a bulk Richardson number method.



Table 2. Present parameters along 3-D trajectories based on DMI-HIRLAM

at trajectory level at surface and 10-meter

» Coordinates » 10-meter horizontal wind (u,v)
» Orography » Surface temperature

» Height above ground (of trajectory) : » Precipitation intensity

» Horizontal wind (u,v) » Total cloud cover

* Temperature » Surface pressure

* Relative humidity » Surface fluxes of heat

» Surface fluxes of momentum
» Height of the mixing layer

3.2 The HIRLAM model

The High ResolutiorLimited Area Model (HIRLAM) (Kéllén (1996)) is aprimitive-equation
Numerical Weather PredictiqiNWP) model. The horizontal grid is a reguigmatially staggered
latitude/longitude grid in aotated spherical projection. The verticaloordinate is a terrain-
following hybrid co-ordinate(Simmons and Burridgél981)) which near the surface islentical
with the sigma coordinate (sigma =g/, and approaches the pressure p with increasing height.

> 2500 m
2250 m to 2500 m
2000 m to 2250 m
1750 m to 2000 m
1500 m to 1750 m

1260 m to 1500 m
1000 m to 1250 m
750 m to 1000 m
500 m to 750 m
2560 m to 500 m

Om to 2560 m

0m

<

Fig. 6. Thetwo areasused p.t. for DMI-HIRLAM. The inner arg&urope) is nested witthe outer area
(Greenland). The boundary fields for the large-area veré@rare obtained from the European Centre for
Medium-Range Weather Forecast (ECMWH)e horizontal resolution is 0.42 dgg6 km) for G and 0.21
deg. (23 km) for E.

The DMI-HIRLAM model (Hansen Sa3994))which isoperational at th®anishMeteorologi-
cal Institute (DMI), is run ontwo different limited areas. The Greenlan@) and Europe (E)
models havehe same vertical resolutio(B81 hybrid levels).The HIRLAM forecastingsystem
consists of pre-processingnalysis, initialisationforecast, post-processing awnerification. Both
model versions are run with their own 6-hourly data-assimilation cycle.
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Fig. 7.: Trajectories for Thule, Sgndre Strgmfjord and Scoresbysund. At left from 19th Mat£hC)0
1996, and at right from 23 March, 00 UTC, 1996. The letters indicate the height of the trajectory relative
to the ABL-height at the receptor point. Black trajectories arriving near ground and red/pink at the top of

the ABL at the receptor point. Marks for every 12 hour.




3.3 Sector analysis

In fig. 7 an ensemble of (typicabajectories for Thule, Sgndre Stremfjord and Scoresbysund for
19 March 1996 (left side of the figure) and 23 March 1996 is showntvildndates correspond to

a non-depletion and a depletion episode respectively (cB)fighetwo trajectories presented for
each stationliffer in the arrival height ateceptor pointrespectively arriving at heiglt1and 0.9

of the calculated\BL-height atthe receptor point (cf. section 3.1). Tleegth ofthe trajectories
correspond to 5-@ays (provided they remm withinthe G-HIRLAM area) anéime resolution of

the trajectory data is 15 minutes.

A sectoranalysis oftrajectories for the period March dMay 1996 has een performedor Thule,
Sendre Strgmfjord and Scoresbysund. dimaysis idbased on aet of 4 trajectoriesach day (00
UTC, 06 UTC ..)eachsetconsisting offive backward trajectoriearriving atthe receptopoint
(e.g. Thule) at equidistant heights between the ground and the top of the boundary layer.

In fig. 8.a-b a result of the sectanalysis ofthe 72-hour backward trajectories fbinule for the
period March toMay 1996 is presented. Theam part of the trajectories hawvkeir origin in the
sector S - SE, but for thease of low ozone concentrations (<10 and <20 ppb) the largexter
of trajectories come from the western sector.
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Fig. 8.a-b Sector analysis of 72 hour back-trajectories for Thule for the period March to April 1996. To left
number of trajectories pr. sector (30. degrees) for different o0zone concentrations at receptor point. To right
percent of total number in sector.

In fig. 9.a-b the start-positions of back trajectoriespectively 7Zours and 96 hours long, for
Thule forthe period March tday 1996 are marked by symboldependent on the 6-hoarean
ozone concentration at the receptor pointhale. A * is used for observed ozone concentrations
below 10 ppb, + for conc. between 10 and 20 ppb and above 20 ppb by a dot. Itfremwid¢he
figure thatthe main source region of low ozone concentrations going 72 hours (figclo.a) is
from the northernCanadian Archipelago. Going 9®urs back theonclusion igshe samebut a
number of low episodes hawew theirorigin in the PolarBasin. Going further backl20 hour
and 144 hourgjot presentedpives a similapicture. It should b@oted thatvery few trajectories
have their origin irthe area around Alert, where depletion episodes are coonenon than in
Thule.

For Scoresbysundnot shown) the low ozone episodes (below 20 ppdje their origin in the
North PolarBasin.For SgndreStramfjord the results aret sosimple;the major part of the low

ozone episodes (below 20 pgigve their origin irthe Canadian Archipelagdyut some episodes
have their origin around Hudson Bay and other from the area southwest of Greenland.



96 hours

Fig. 9.a-b Analysis of backward trajectories from Thule for the period March to May 1996, showing posi-
tions 72 hours (a,upper) and 96 hours (b, lower) respectively before arriving at Thule. Positions are
marked by * for observed ozone concentrations below 10 ppb, by + for conc. between 10 and 20 ppb and
otherwise by a dot. Ozone concentrations are 6-hour averages.



4. Conclusion

The ozonemeasurements in Greenland have establishedact that thgghenomenon of sudden

arctic tropospheric ozone loss also appearsrge@dand. It is most pronounced at thest-coast

of Greenland and generally confinedtb@ periodfrom March to May. Spatiallyhe phenomenon

is very extended as a whole air mass from Thule to Sgndre Streamfjord is seen to be affected by the
phenomenon.

The major episodes couttefinitely be defined taold air massemoving fromthe Arctic Gean
north of theCanadian ArchipelagacrossBaffin Bayand DavisStrait and further crossing Green-
land. Analysis ofbackward trajectories calculated by DMBsD transportmodel utilising mete-
orological datafrom the numericalweather predictioomodel DMI-HIRLAM (High Resolution
Limited Area Model) support this finding.

The chental mechanisms causinibe ozone losbas already been identified to teinly due to
bromine and chlorine catalysis wiBrO as the mos¢ssential ingredient (Bottenheim et aB90,
and ARCTOC measuring campaign in Ny-Aalesutdi, still many outstanding problemare re-
maining, especially determination tife sourcedispersion andifetime of the relevantchemical
constituents.
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APPENDIX

Ozone depletion episode in March 1996

The three surface ozone monitoring stations in Greenland (Thule, Sgndre Strgmfjord and
Scoresbysund) registrated the episodeom 19th to 24th March 1996, cf. fig. 3. The episode
started in Thule 19. March 1996 at 09 UTC, in Sgndr&trgmfjord at 21. March 03 UTC
and in Scoresbysund at 22. March 09 UTC. The episode was most pronounced in Thule.

Selected weather maps from DMI-HIRLAM of msl-pressure and 925 hPa temperature and
cross-sections of temperature and potential temperature

Comments:

Fig. 11.a 19.03.96 00 UTC a low pressure area and cold aawtis situatecbver the north-
western parts of th€anadian Archipelago araler the Arctic Ocean just north of tiAechipela-
gos. The cold air is reaching Thule few hours later with a marked drop in the ozone concentration.

Fig. 11.n  21.03.96 12 UTC the coldr has just reached Sgndre Stramfjord causidgp in
the ozone concentratiomhile Thuleexperienced a minor local rise tine temperature (ctlso
Fig. 4.).

Fig. 12.a 23.03.96. 12 UTC the coldir has also reached Scoresbysund accompanied with a
markedfall in the ozondevels.Notice thatvery cold air issituated oveiThule experiencing deep
ozone depletion.

Fig. 12.bh  25.03.96 12 UTC the coldir has crossed Greenland onway further toeast-
southeast and some days later causing a “low ozone episode” in Denmark. Notice #ireovad
Baffin Island movingeast-northeastausing ashort drop in the ozonlevelsthe nextday both in
Thule and Scoréysund.

Fig. 13.: The observed temperatprefile atthe radiosonde statidbgedesmind€04220) on
19.03.96 11 UTC and 21.03.96 11 UTC, respectively before and aftdre start of theepisode.
The temperature fall is very marked froabout 0C to about -2%C. Notice also thehift in wind-
direction from southeast-south to west.

Fig. 14.ab: 18.03.96 12 UTC. Notice theell mixed cold air up toabout 750 hPa, west of
Ellesmere Island. All three monitoring stations are well within the warm air mass.

Fig. 15.ab: 20.03.96 12 UTC. A cold tongue air has reached Thule accompanied witlone
depletion,while SgndreStrgmfjord and Scoresbysustll are in the warmair mass with normal
ozone level.

Fig. 16.a-b: 23.03.96. 12 UTC. The coldir mass has reached the three stationsausing
ozone depletion (cf. above). Notice thery cold airover Thule simultaneously witdeep ozone
depletion.



Fig. 10.: Map showing the ozone measuring sites in Thule, Sgndre Stremfjord and Scoresbysund.
and the radiosonde station at Egedesminde. The two cross sections lines, A (Thule and Scoresby-
sund) and B (Sgndre Strgmfjord), are also marked.
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Fig. 11.a-b: DMI-HIRLAM map of msl-pressure and 925 hPa temperature respectively for 19.03.96 00 UTC
and 21.03.96 12 UTC.
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Fig. 12.a-b: Same as Fig. 10, but for 23.03.96 12 UTC and 25.03.96 12 UTC.



Egedesminde 960319 11 UTC

Fig. 13.a-b: Radio sounding from Egedesminde from respectively 19.03.96 11 UTC and 21.03.96 11 UTC
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Fig. 14.a-b: DMI-HIRLAM cross section of temperature and potential temperature for the lines A (Thule
and Scoresbysund) and B (Sgndre Stramfjord). Date 18.03.96 12 UTC.
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