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Abstract. During the second FORMAT (FORMaldehyde in electric power plants, refinery emissions, and to a lesser
as A Tracer of oxidation in the troposphere) campaign indegree biomass burning. In the absence of clouds, iSO
2003 the airborne multi-axis DOAS instrument (AMAX- converted to HSO, through homogeneous gas-phase reac-
DOAS) performed scattered-light spectroscopic measuretions initiated by the hydroxyl radical. Generally only a mi-
ments of S@ over the city of Mantova and the power nority of SG is oxidized in air, the rest is removed by dry
plant Porto Tolle, both situated in the Po-valley, Northern deposition. In the presence of clouds a fraction of the 8O
Italy. The SQ vertical columns and emission flux were de- dissolved into cloud droplets and oxidized to sulphate ions,
rived from two days of measurements, 26 and 27 SeptemSOf[, by trace amounts of oxidizing agents such as hydro-
ber 2003. The S@emission flux from the power plant gen peroxide HO», and G that are present in the airborne
Porto Tolle was calculated to 1.930?°molecs® on 26  droplets. Eventually it is removed by wet deposition (Wayne,
September and in good agreement with official emission1991).

data, which quote 2.2610?° molecs®. On 27 September
the measured flux was much lower (3:x70?*molecst)

if ECMWF wind data are used, but of comparable mag-
nitude (2.4<10°°molecs?) if the aircraft on-board wind
measurements are utilised. Official emission data wa:
2.07x10?°molec st indicating only a small change from
the previous day. Over the city of Mantova, the ob-
served S@ vertical columns were 11108 molec cnr? SO, concentrations are routinely measured by air quality
and 1.9<108 molec cn2 on 26 and 27 September, respec- monitoring networks, such as ARPAV and the Lombardia air
tively. This is in good agreement with ground-based mea-quality ~ network  (http://www.arpa.veneto.it/indice.htm;
surements of 5.9 ppbv and 10.0 ppbv which correspond td1ttp://www.ambiente.regione.lombardia.it/webga/

1.2x10% moleccnt? and 2.2<10 moleccnt? if a well QualitAmbiente.htm) for the area treated in this study.

mixed boundary layer of 500 m altitude is assumed. In-situ measurements of $SOwere also part of many
airborne campaign measurements (e.g. Tscherwenka et al.,

1998; Svensson and Klemm, 1998; Thornton et al., 2002; Tu
et al.,, 2003). Remote sensing measurements of f&@n
space have been performed using TOMS (Krueger et al.,
1995; Carn et al.,, 2004), GOME (Eisinger and Burrows,
r’LQ98; Khokhar et al., 2005), SCIAMACHY (Afe et al.,
%004) and AIRS (Carn et al., 2004), but are mainly restricted
to volcanic eruptions or large scale pollution. The COSPEC
(COrrelation SPECtrometer) technique developed in the late
Correspondence td®. Wang 1960s has also been used to study total emissions ph8®
(wangp@knmi.nl) NO- from various sources, e.g. industrial emissions (Millan

SO, itself is a respiratory irritant, the effect appearing at
concentrations above 1 ppm (Wayne, 1991), &®xidized
to HoSO4 and contributes to acid rain. It increases acidity
in the aquatic ecosystem and is harmful for soil and vegeta-
ion. SO inhibits photosynthesis in plants and reduces plant
growth.

1 Introduction

Sulphur Dioxide, S@is directly emitted into the atmosphere
by volcanoes and also produced by the oxidation of sulphu
containing gases in the atmosphere. The main anthropogen
sources of S@are combustion of fossil fuels, for example
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180° 2 AMAXDOAS setup during the second FORMAT
campaign
° 97°
263 —~— i The AMAXDOAS instrument consists of two grating spec-
90° trometers, one operating in the UV between 300—440 nm
o T —— T ’ y
277 . A/’/ \\\\ 803o the other covering the visible part of the spectrum (400-550
285 ‘ 75 nm). Quartz fibre bundles are used to collect scattered sun-
300° 60° light from two sets of telescopes outside of the aircraft, one
0° on the top and one on the bottom (Wagner et al., 2001). Mea-

surements are performed in ten viewing directions, where
Fig. 1. AMAXDOAS telescope viewing directions. The flight di- the zenith direction is denoted as t8@he nadir direction
rection is indicated by the red arrow (0 The ten directions are in  is 0°, and the flight direction 90 The viewing directions are
the same vertical plane. shown in Fig. 1. The signals from the ten directions are de-

tected simultaneously with CCD imaging detectors. During

measurements the CCD detectors are cooled dow38C

and the spectrometers are thermally stabilized at abo@ 40
et al., 1969; Hoff and Millan, 1981) and volcanic plumes to prevent wavelength drifts during the flight. The UV spec-
(Hoff, 1992) using ground-based remote sensing. tra images were recorded with 10 s integration time, and dark

The airborne multi-axis DOAS instrument (AMAX- current and line lamp calibration measurements were per-

DOAS) has previously been used on board the high fIyingfor_med after the flight. In order to improve the signal to_no_ise
aircraft DLR-Falcon in campaigns dedicated to the validationrat'o' the measured spect.ra were _ave.raged over 1 min inter-
of the SCIAMACHY instrument on ENVISAT (Bovensmann \{als before further analysis, resulting in a horizontal resolu-
et al., 1999). Several papers have demonstrated its use f&on of about 3.7 km.
measurements of the tropospheric N@nd the validation of
SQIAMACHY NO, (Heue et _al_.: 2005; Wang et a_l., 2005; 3 Dpata analysis
Fix et al., 2005). The possibility to retrieve vertical pro-
files from the measurements has also been reported (Brung.1 SG slant column
et al., 2004). In summer 2002, the AMAXDOAS instrument
was for the first time operated onboard the low flying aircraft The data analysis is based on the Differential Optical Ab-
Partenavia, to measure HCHO and N&bundances in ur- sorption Spectroscopy (DOAS) method (Platt, 1994). For the
ban plumes (Pundt et al., 2005apuring the second FOR- SO fit, the spectral window of 316.5-325.5 nm was selected.
MAT campaign, the viewing directions were optimized for Two Os cross sections at 293 K and 221 K, respectively (Bur-
the measurements of plumes from point sources (Pundt etows et al., 1999), an Nfcross section at 293 K (Burrows
al., 2005b§. et al., 1998), the S@cross section at 295 K (Vandaele et al.,
1994), the HCHO cross section (Meller and Moortgat, 2000)
and a ring spectrum (Vountas et al., 1998) were included in
the fit. The spectral resolution of the AMAXDOAS UV spec-
trometer is about 0.8 nm, and all the cross sections used were
convolved with the AMAXDOAS slit function prior to the
fit. For each measurement direction, a background spectrum
taken in the same viewing direction during the same flight
was used. The background spectra were chosen to be close
hc; the SQ plume to minimise the effect of potential instru-
ental changes but in a region where low,9®expected.
The result of the DOAS analysis is the differential slant col-
umn, which is the slant column relative to the background
spectrum. With our background spectrum criteria, the differ-
1pundt, I., Heue, K.-P., Wang, P., Richter, A., Friedeburg, C. V., €ntial slant column is actually the $Glant column of the
Bruns, M., Laepple, T., Wagner, T., Burrows, J. P., and Platt, U.:plume.
Airborne Multi-Axis-DOAS measurements of formaldehyde of the
photochemical plume of Milan city, paper in preparation, 2005. 3.2 Airmass factor calculation
2Pundt, l., Heue, K.-P., Song, B.-C., Richter, A., Wang, P.,
Bruns, M., Platt, U., Burrows, J. P., and Wagner, T.: Airborne To- The slant columns retrieved with the DOAS method have to
mographic Measurements of N®lumes from Point sources using be converted to vertical columns, usually by dividing through
the AMAX DOAS instrument, paper in preparation, 2005. appropriate air mass factors (AMF). The AMF is defined as

In this study we focus on measurements of the 30x
from the power plant Porto Tolle and the S©@oncentra-
tion at the city of Mantova, both located in northern Italy.
The measurements were performed using the AMAXDOAS
instrument onboard the aircraft Partenavia in the Po-valley,
northern Italy in September 2003. For the power plant plume
the S@Q emission rate was derived and compared with offi-
cial emission data. For the city of Mantova, the S@rtical
columns were determined and compared with ground-base
in situ measurements.
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the ratio of the slant column and the vertical column of the - :
absorber. In this study, AMFs were calculated with the ra- Como

diative transfer model SCIATRAN 2.0 full spherical version
(Rozanov et al., 2001) for all viewing directions at flight al-
titude (600 m). One important factor in air mass factor cal- ‘
culations is the aerosol loading. As the power plant Porto _ 454

Tolle is located near the coast, and as trajectory analysis withe-
the TRAJKS model (Stohl et al., 2001) indicate that the air 2 452 s
masses on 26 and 27 September came from the sea, a mar-
itime aerosol is assumed. In contrast, the aerosol type near ,., |

® Bergamo

° A
Brescia

Cremona

the city Mantova was assumed to be urban. The aerosol opti- ~fight rock 20030926 )
. .. Porto Tolle
cal depth used in the radiative transfer model was set to about — flight frack 20030927
R . . 44.8 ,, .
0.35 (at 550 nm) which is similar to the aerosol optical thick- e diies
ness given by MODIS data on that day (Kaufman and Tanre, 90 95 100 105 1o 115 120 125
1998). Within the plume from the power plant, aerosol con- longitude [°E ]

centrations are expected to be enhanced. However, the O

slant columns which can be used as an indicator of light patHi9- 2. AMAXDOAS flight tracks on 26 and 27 September 2003.
(Wang et al., 2005) do not show significant variation when

crossing the S@plume, and therefore we assume that the

effect of aerosol on the measurements is similar inside anc?m'ttGd from the power plant' was probably not convertgd to
outside of the plume. Throughout the measurements, the sk _2804 or remO\_/ed by deposition very fast. If both the wind
was cloud free, and therefore no clouds were included in th irection and wind speed are constant_ throughout the bo_und-
radiative transfer calculations. The surface albedo was set t§"Y layer, the-m(.aasurement should give a good approxima-
0.02 at 320 nm, the central wavelength of the,Si@ing win- tion of the emission flux from the power plant. If wind speed

dow. Using these settings, air mass factors were calculateﬁnd dq;rer]ctlgn vary with aC:tltuge, thﬁ flgx gin sglé.be calc.u-l
for solar zenith angles between°4® 75 with 5° intervals atedif the Q IS assume to be well mixed by adding partia
at 320 nm. fluxes for the individual layers:

During the measurements, two kinds of emission plumes 1 . ‘ ‘
of SO, were sampled, one from a power plant, and one fromFlux = / Vaircraft Z Vying SINO' VC' (t)dt, (2)
a city. Therefore, two sets of AMFs were calculated with dif- 11 i
ferent types of S@profiles. To calculate the SCAMFs for . . . . .
the city, the profile was assumed to be well mixed between d’:}her?‘;& tlks1 thg pdartlal %@ vzrggal ct:_olumn |ntlal2/er If n .
and 500 m. This choice is based on the fact that no significanE IS study, the wind speed and direction were taken from ei-

SO, slant column increase was observed above flight altitudether the measurements taken on board the aircraft in flight al-

as discussed in Sect. 4.1. The AMFs for the plume near thé'trl:_di(_)r ECMV|VF ret-atr;]alyls 0>50.If>° dtatata;i)SN’llzngE’
power plant were calculated with a well-mixed Sorofile whichis very close to the power plant (at 44:9§ 12.5 E).

in the boundary layer. The boundary layer height at Porto
Tolle was about 1.0 km at 10.5 UT on 26 and 27 Septembel; Results and discussion
according to ECMWF data.

4.1 Enhanced Sfslant columns at Porto Tolle and Man-

3.3 SO flux calculation tova

To calcule_lte the emission flux from th_e power plant Porto 5, 56 ang 27 September 2003 the flight started from Milan to
Tolle, a simple formula based on the integrated amount ofe 5o th, lead over Pavia, turned to the east, over Cremona
SQ in the transect measured from the aircraft and the wind, 4 pantova, then turned around the power plant Porto Tolle,
speed perpendicular to the flight direction can be used: and back to Milan. To measure the plume from the power
7 plant, the aircraft flew around the stacks with a roughly 3 km
Flux = vaircraft Vwind SING f VC()dr, (1) radius as illustrated in Fig. 2. The flight routes taken on the
n two days around the power plant Porto Tolle are almost the
wherevaircraft is the velocity of the aircraftyying is the wind same. On 26 September on the way back from Porto Tolle
speedd is the angle between the wind direction and the flight the aircraft also flew around another power plant at Sermide
direction, VC is the S@vertical column and;...rp isthetime  and Ostiglia (close to 452N, 11.2 E), and did a compar-
interval flown in the plume (White et al., 1976; Trainer et al., ison flight with the Ultralight aircraft(Junkermann, 2005) at
1995; Melamed et al., 2003). Since there were no clouds and5.0-45.2 N, 11.45 E. The flight altitude was mainly about
humidity was low (relative humidity about 60%), the O 600 m except for the intercomparison flight where it was at
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0.0015 FI —— T T T = tect small S@ plumes. On the way back from Porto Tolle,

— SO, Reference on 26 September the flight didn’t cross Cremona, and on 27
----- SO, Fit+residual

0.0010 . September the flight did not cover Mantova.

The NG slant columns in the three viewing directions on
T 26 September are shown in Fig. 5 for comparison. The fitting
window selected for the N&xetrieval is 345—-380 nm, which
does not overlap the Sditting window. Power plant emis-
sions of S@ and NG are highly correlated and the differ-
T ence in lifetime between NDand SQ is not relevant close
to the stack. As N@ measurements have much higher ac-
curacies, the error in the NGslant column fit being about
2% within the plumes, they can be used to test the consis-
0.0015 = s s ps -~ ps tency of the S@ measurements. Several different Nénis-
Wavelength [nm] sions contribute to the Nfsignal and it is difficult to iden-
tify individual sources. However, the N(plume from the
Fig. 3. An example of a S@fit, on measurements close to Porto power plant Porto Tolle can clearly be seen at about 10.6
Tolle at 10:24 UT on 27 Septem_ber._ The solid line is _the scaled(10:36) UT. As in the case of SOthe NG plume from the
Iabolratory reference, the dotted line is the resu]t of the fit aftersub-pOWer plant is also detected in all viewing directions. The
traction of all other absorbers and the polynomial. 97° viewing direction has a similar amount of NQs the
83° viewing direction. The similarity of the NPand SQ
measurements adds confidence to the B®asurement.
about 1.8 km. The flight started at 09:00 UT on 26 Septem-
ber, and at 08:55 UT on 27 September. 4.2 SO emission flux at power plant Porto Tolle
Enhanced S@values were clearly identified both at Porto
Tolle and Mantova. An example of the DOAS fit is shown The AMAXDOAS measurements show enhanced $l0se
in Fig. 3. That measurement was in zenith viewing direc-to the Porto Tolle power plant. To calculate the emission flux
tion, near the power plant Porto Tolle at 10:24 UT on 27 from these measurements, it has to be assured that the plume
September, at a solar zenith angle of 47.26The back-  from the power plant was fully sampled, and the measured
ground spectrum used was measured at 2A\94.1.36 E, slant columns have to be converted to vertical columns to
which is about 90 km west of Porto Tolle. The error of the fit derive the total amount of SOn the plume transect. For the
was about 12%. The background spectrum for 26 Septembegonversion of slant to vertical columns, an assumption has
was measured at 45.0M, 12.40 E, the upwind direction of ~to be made on the vertical distribution of the S@or this,
Porto Tolle power plant. For the analysis the assumption ighoth the AMAXDOAS measurements themselves and in-situ
made, that the background spectra contain ne Siorp-  surface measurements were used.
tion signature. The Sfslant columns were measured in 10  In Fig. 6 SQ slant columns (97 viewing direction) are
viewing directions. Three representative viewing directionsshown around the power plant along the flight track. As can
are shown in Fig. 4. On 26 September, three; $@mes  be seen, the location of the $@lume was to the south of
were measured at about 9.6 (09:36) UT, 9.9 (09:54) UT,the power plant as expected from the wind direction.
10.6 (10:36) UT near the city Cremona, Mantova, and the On 26 September the wind speed at 10:28 UT (at £0\D2
power plant Porto Tolle, respectively. On 27 September thel2.28 E) was about 4.5%2) m/s and the wind direction
same plumes were measured at about 9.3 (09:18) UT, 9.845(+30°) (north is ). On 27 September the wind
(09:36) UT and 10.4 (10:24) UT. The $S@lume from the  speed at 10:28 UT (at 44.9Rl, 12.1TF E) was also about
power plant was observed both in the upward and downwardt.5(2) m/s, however, the direction was 4&30°). Both
viewing directions. In contrast, the plumes of the cities of wind speed and direction were measured on the aircraft dur-
Cremona and Mantova were only detected in the downwardng flight. The position of the observed plume is in good
viewing directions. At Porto Tolle, the SGslant columns  agreement with the wind direction on 26 September. The
of the zenith viewing direction were similar on the two days. plume was displaced to the west relative to the wind direc-
The SQ slant columns in the 97and 83 viewing direc-  tion on 27 September, indicating a change in wind direction
tion were larger than that in the zenith viewing direction due or a large uncertainty in the wind direction measured on the
to the enhanced optical path. Over Mantova the Sfant  aircraft. According to the ECMWF vertical wind profile on
columns measured on 27 September are about two times thab September at 450!, 12.5 E, the wind speed at 550 m,
of 26 September. The Slume over Cremona is smaller which is close to the flight altitude, was 3.7/& with a di-
than the other two plumes. From the S@me series itis  rection of 30, comparable to the wind measurements on the
also obvious that the slant columns have relatively large vari-aircraft. The wind direction and speed were also stable with
ations outside of the plumes, which makes it difficult to de- altitude, see Fig. 11. On 27 September the wind profile was

0.0005 [

-0.0005

Differential Optical Depth
o

-0.0010 [
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% — 50,8%° 5 Mantova —3$0,8%°
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| | | ] 20 E 1 1 1 1 1 1 1 15

9.8 10.0

Time [UT]

1 1 1 1
10.2 10.4 10.6 10.8 10.2 104 10.6 10.8

Time [UT]

1
9.8 10.0 1.0

Fig. 4. SO, slant columns measured by AMAXDOAS on 26 September 2003 (left) and 27 September 2003 (right) for the flight from
Cremona to Mantova, to the Porto Tolle power plant and back to the airport Reggio nell’ Emiglia®(84.70.6 7 E).

chosen at the same time and location from the ECWMF data, T T T T T T T T

yielding a wind speed of 0.9 fs and a direction of 264 120k —NG, 9;0 |
These values are clearly very different from those measured_ _ Egzz ;y

on the aircraft. According to the trajectory on 27 September, E
the wind was very weak and turning arounc®#§ 12.5 E.
Both wind speed and direction varied strongly in the hori-
zontal and vertical direction. As a result, measurement con-
ditions were not favourable for determination of the;SlOx.

100

Porto Tolle
8.0 |

6.0 -

column NQ@[10%* molec

The Electric Energy Board (ENEL) operates one central
meteorology station at the center of the Porto Tolle power &
plant and eight air quality measurement stations around the®
power plant, the one closest to our flight track being at Scar-
dovari (44.9N, 12.46 E), at the south of the power plant, 0
see Fig. 6. As shown in Fig. 7, the $€oncentration at Scar-
dovari showed a large peak between 10:00 and 15:00 UT on
26 September. The station is located downwind of the powelrig. 5. AMAXDOAS NO> slant columns measured on 26 Septem-
plant (the surface wind direction was from north to south per 2003. The part of the flight shown is from Cremona to Man-
measured at the central meteorological station), almost at th@va to the Porto Tolle and back to the airport Reggio nell’ Emiglia
centre of the plume, according to the AMAXDOAS measure- (44.70 N, 10.67 E).
ments. The very large concentrations observed at the sta-
tion during the AMAXDOAS overpass show that the plume
reached the surface and indicate that the boundary layer wase measured in all AMAXDOAS viewing directions. At
probably well mixed. On 27 September, the;S@ncentra-  noon the turbulence in the boundary layer is usually strong,
tion at Scardovari did not vary significantly during the day, and the S@ could be well mixed in the boundary layer a few
also in agreement with the AMAXDOAS measurements thatkilometres downwind of the stack. The measurements of the
show no indication for enhanced $@lose to the station. SO, peak were made at distances of about 5km (26 Septem-
On 27 September, the Scardovari station did not sample thger) and 11 km (27 September) from the stack, and therefore
plume because the surface wind direction was from west tahe SQ profile was assumed to be well-mixed below 1 km,
east before 10:00 UT and then turned to east to west, théhe height of the boundary layer.
wind speed being low throughout t.he day, which aIsp 'indi_- The SG vertical columns for the power plant plume are
cated that on 27 September the wind had large variation 5|0 lated from the zenith viewing direction, as this mea-
that area. surement has a high signal to noise ratio and is insensitive

The SG of the power plant Porto Tolle is emitted from a to the relative azimuth angle of the sun. The,S&AMF in
stack of 250 m altitude at a temperature of aboutT3Mttp: zenith viewing direction is about 0.73 for the power plant
[iwww.gruppoverdier.it/documenti.php). Thus, the plume plume using the assumptions described above. Thus, the
can easily be transported to higher altitudes and in fact could&8O, vertical column maximum near the power plant is about

4.0

20

s

1 1 1 1 1 B of Il 1
9.6 9.8 10.0 10.2 10.4 10.6 10.8 11.0
Time [UT]
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Fig. 6. SO, slant columns measured around the Porto Tolle power plant (red circle) in thee@ving direction along the flight track on 26
September, (left) and 27 September 2003 (right). The wind directions were measured on the aircraft. Also indicated is the closest ENEL air
quality measurement station at Scardovari.
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Fig. 8. SO, vertical columns measured by AMAXDOAS around
Fig. 7. Hourly averaged S@concentration measured at the ENEL the Porto Tolle power plant on 26 and 27 September 2003. These
surface station Scardovari on 26 and 27 September, 2003. vertical columns are derived from zenith viewing direction.

6x10'® moleccnr?. The SQ vertical columns measured  Using formula (1), the S©emission flux from the Porto

on both days near the Porto Tolle power plant are shown inTolle power plant can be calculated from the measurements.

Fig. 8. The time needed to cross the plume was about 6 minutes at
The AMAXDOAS SO vertical columns are in agreement  a flight speed of 230 kmtt. Using only the aircraft mea-

with the ENEL in situ measurements at Scardovari. The insurements and assuming homogeneous wind speed and di-

situ S@ concentration at 10:50 UT was about 2§ m~3 rection, the S@ flux is determined to B36x 107> molec s1

or 10.3 ppbv (parts per billion volume mixing ratio) on 26 on 26 September and4x 10?®> molec s’ on 27 September.

September. Converting the mixing ratio to a vertical columnIf the ECMWF wind profile at 45N, 12.5 E is used ac-

with the assumption of a well-mixed profile from the surface cording to formula (2), the S£flux is 1.93x 10?° molec st

up to 1.0 km yields Bx 10 molec cnt2. Since the ground-  on 26 September and &= 10?* molecs® on 27 Septem-

based measurement was locate downwind of the flight trackber. Hourly averaged SCemission data are also measured

a smaller value than in the maximum of the S§@ume isto by the power plant Porto Tolle. The S@oncentration of

be expected. the power unit groups 1-2-3 was about 1500 mgNnat

Atmos. Chem. Phys., 6, 329-338, 2006 www.atmos-chem-phys.org/acp/6/329/
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Table 1. SO, emission of the Porte Tolle power plant and surface concentrations inside the plume derived from the AMAXDOAS mea-
surements in comparison with the data measured by the ENEL (* on 27 September the ground station was located outside the emissior
plume).

Date AMAXDOAS near Scar- Insitu Data Scar- AMAXDOAS Porto Insitu Data Porto
dovadi ground station dovadi ground station Tolle emission rate Tolle emission rate
(108 molec cn?) (10® molec cnr2) (10%°molecs 1) (10%°molecs 1)
26 September  6.GH0.7) 25 2.36+1.2, 1.93 (ECMWF 2.25
wind)
27 September - 1 2.41.2, 0.377 (ECMWF 2.07
wind)

11:00UT on both 26 and 27 September. As there were no ;5 ¢ ; ; . . -
measurements for unit 4 on 26 and 27 September, the aver- — 0926
aged concentration between 11 September and 16 Novembet 5 | — 0927
was used, which was 317 mgNh The SQ concentra-
tion and power output were very stable with variations being
smaller than 1% during the day. The gas flow for each of the
power units is calculated from the output power, the burned
fuel and its efficiency. The SQOemission flux is calculated
from the gas flow and the Sxoncentration. The resulting
SO, emission flux is 25x 10?° molec s on 26 September

15 .

10 1

05 .

Vertical column SO, [10 *¢ molec/cni®}

and 207x10%° molec s on 27 September. 0 w v \/ \\// - N/ \/V\>
Uncertainties in the S® emission flux derived from

AMAXDOAS measurements are introduced by the uncer- oSt "y Y "y 35 1(;_0

tainty of the SQ vertical columns, the wind speed, wind di- ' © Time [UT] ' '

rection, aircraft speed and the time needed to cross the plume.

In this case study, the error is dominated by the uncertaintyFig. 9. SO, vertical columns measured over Mantova on 26 and 27
of wind speed and direction. The error bars on the windSeptember 2003. The peaks at 9.9 UT on 26 September and 9.6 UT
speed are 30% for the aircraft measurements and 10% fo#7 September were located over Mantova. The peak at 9.6 UT on
ECMWE data. However, due to the coarse resolution of the26 September was close to Cremona. The vertical columns plotted
model (0.5x0.5 degree), the wind profile used is not necessaf?ere are derived from the 7¥iewing direction.

ily representative for the plume. In spite of the large error on

the wind speed, the fluxes determined using the in-situ wind

speed are in good agreement with power plant emission datROAS and the power plant measurements are summarized
for both days. In contrast, the analysis using ECMWF datai" Table 1.

results in a comparable value for 26 September, but a much

lower values on 27 in spite of the very similar S@ertical 4.3 SQ plumes over the city of Mantova

columns measured. This is probably the result of the unsta-

ble wind situation on 27 September which is reflected in theEnhanced S@ over Mantova could only be observed in
spatial and temporal variability of the ECMWF data and alsothe downward viewing directions, indicating that the source
the differences between the wind speed measured on the ai@f the SQ is close to the surface. At least, no 50ad
craft and at the station Scardovari. In summary, the situatiorbeen transported above 600 m, the flight altitude, within the
on 27 September was not well suited for flux measurement&MAXDOAS detection limit of about & 10*® molec cnr2.

with the AMAXDOAS. Another error source of the method Judging from the AMAXDOAS weighting functions for the
are the variations of up t0>510%° moleccnt? SG; in the SO, measurements in the zenith and 9fewing directions,
background measurements, which is about 12% of the slarthe lack of SQ signal in the upwards viewing directions indi-
column. The S@ calculated here is the SOn the plumes  cates that the plume was lower than 500 m. Accordingly, the
relative to the background. If there is any S@resent in  AMFs were calculated with a profile where @ located
area where the background spectrum was taken, the AMAXonly in the lowest 500 m.

DOAS measured SOwill be too small. The fit error in the The SQ vertical columns measured over the city of Man-
SO slant column was between 12-50% depending on thdova are shown in Fig. 9 based on the measurements from
SO, signal. The S@ emission flux derived from AMAX-  the 75 viewing direction as it provides the best signal to
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Fig. 10. Wind speed and direction at Mantova (station No. 542) power plant (Porto Tolle) and two cities (Mantova and Cre-

on 26 and 27 September 2003 (data from http://www.ambiente mona).

regione.lombardia.it/webga/QualitAmbiente.htm). At the power plant Porto Tolle, both S@nd NG were
detected in all viewing directions at a cruising altitude of

. ) 00 m, indicating that the plume was transported above
noise. The peaks at 9.9 (09:54) UT on 26 September and 9. e flight altitude and probably well mixed in the bound-

(09:36) UT 27 September are signals from the, §0Ilu- ar
) i y layer. The S@ had also reached the ground accord-
tion at Mantova. The peak at 9.6 (09:36) UT on 26 Septem-ing to surface in-situ measurements which reported high

ber was close to the city of Cremona. The Sertical SO, concentrations. In contrast, $@&nhancement over

columns measured on 27 September are twice as large e city of Mantova was detected in the downwards view-

those observed on 26 September. The wind directions Ol directi
o ing directions only, so that the plume was assumed to be
26 and 27 September were similar (south-westerly), but o g y P

26 September the wind speed was much larger than on 2 cated below 500 m. Using these mixing heights,2SO
tical col derived f the AMAXDOAS -
September before 10:00 UT, see Fig. 10. Low wind veloc—ver ca’ columns Were cerivec rom e mea

o . ] ) surements. The values over Mantova were compared to in-
ities usua]ly contribute to the accumulation of S@hich itu measurements, and good agreement was found on both
probably is the reason or the larger values measured on 2 ays, highlighting the sensitivity of the measurements. For
September. - Compared to the §@r_nount at Porto Tolle the Porte Tolle power plant, the AMAXDOAS data were
power plant, the S@over Mantpva is much Iess,oand the used to derive estimates of the power plant emissions us-
error |n.the_ S@ S"f"”t column is b_etween 13-30%. Th? ing two different approaches. The simple method assum-
closest in-situ station along the flight track at Mantova is

. ing constant wind speed and direction throughout the bound-
the station at 10.8Z, 45.18N (No. 542). The hourly ary layer resulted in 2+1.2x10%° molecs?® on 26 and
averaged S concentration measured at this station be-2 36+1.2x 1075 molec s on 27 September. When vertical

_ \vind profiles from ECMWF data were used, a:S@nission

and 10.0 ppbv on 27 September (http://www.ambiente. 1.9%>< 10?° molec s’ was derived for 26 September and

regl?rr]let.I(z;nbegrdla}.|tlwe|t|)qa(QL:jaIgAlmb|e5n0tg.htm)t.h. Assum- 3.37x10%* molec s* for the next day. While the values from

N9 ad te @t!s \I/ve lmlxe feo:gwlolﬁ m,l IS Cfr' the first method are in good agreement with the official emis-

resdp01n853 1%125’” |c|a comns ot i x | _F;]o eZI(\:/IrrAT\X sion data of 25x10?° molec s and 207x10?° molec s'?

grg) AS r>r<1easurrgggrftzma,rereziple(;:lﬁlven%olec cﬁ*rz an d- for 26 and 27 September, respectively, the second approach

2 2510 molec o 2. which is.in verv aood aareement with yields much lower values for the second day. This is prob-

tH in sit ' i Y9 9 ably the result of the low wind speeds and high spatial vari-
€ In Situ measurement. ability on 27 September making it unfavourable for airborne

flux measurement.

5 Conclusions Compared to the in-situ measurements, the advantage of

the airborne measurements is that neither the exact vertical
In this study, the first airborne multi-axis DOAS measure- position of the plume, nor the distance of the measurement
ments of SQ pollution are reported. The measurements from the stack need to be known to establish the emissions.
were performed as part of the second FORMAT campaignAlso, the measurement can be performed for any wind direc-
in September 2003 in the Po valley, Italy, and covered both d&ion whereas the surface network will only pick up Sfor
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well mixed plumes passing over the measurement site. How- Mission Objectives and Measurement Modes, J. Atmos. Sci., 56,
ever the airborne measurement requires stable wind condi- 2, 127-150, 1999.
tion during measurements, complex wind condition will lead Bruns, M., Buehler, S. A., Burrows, J. P., Heue, K.-P,, Platt, U.,
to large uncertainty of the measurements. Pundt, 1., Richter, A., Rozanov, A., Wagner, T., and Wang,
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Our measurements and the comparison of the results witrg: SepCSUOSAC- R}fd- Trans'fo‘er,‘]sl, 209&517,’39?. s y
independent data demonstrate that the AMAXDOAS instru- am, . A. Rrueger, A J., Rrokov, . A, and bray, W.

ti ful tool f . lit itorina in a | A.: Fire at Iragi sulfur plant emits SO clouds detected
mentis a very usertul tool 1or air quality monitoring In a large by Earth Probe TOMS, Geophys. Res. Lett., 31, L19105,

number of applications ranging from urban pollution to point  45i-10 1029/2004GL020719. 2004.
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