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Abstract. The Michelson Interferometer for Passive At- 1 Introduction
mospheric Sounding onboard ENVISAT (MIPAS-E) offers
the opportunity to detect and spectrally resolve many at-Volatile organic compounds (VOCSs) play an important role
mospheric minor constituents affecting atmospheric chemin the chemistry of the troposphere, influencing ozone and
istry. In this paper, we retrieve global, seasonal PAN volumehydroxyl radical concentrations and their trendldob
mixing ratio (vmr) data from MIPAS-E measurements made 2003. There have been a reasonable number of in situ mea-
in January, March, August and October 2003 and presensurements (e.gingh et al.2009 Crawford et al.2003 and
results from this scheme between approximately 300 andemote sensing observations, of these compoundsQeJg.
150 hPa. The total error on a single PAN retrieval is betterheur et al. 2007 Glatthor et al. 2007). In this paper we
than 20% outside the tropics and better than 50% in the tropaddress the ability of the Michelson Interferometer for Pas-
ics where uncertainties in water vapor dominate the total ersive Atmospheric Sounding onboard ENVISAT (MIPAS-E)
ror budget. We observe clear differences in the seasonal cycl® measure peroxyacetyl nitrate (PAN; §E{O)OONQ).
of PAN in our data, linked closely to biomass burning regions  PAN is an important odd-nitrogen compound (yan
and growing seasons. Highest Northern Hemisphere midthe atmosphere as it acts as a reservoir of nitrogen oxides
latitude PAN vmrs were observed in August (300—600 pptv(NOx =NO +NQ,). The long lifetime of PAN at the cold
on average) compared with the January and October dateemperatures of the upper troposphere (of the order several
(less than 250 pptv on average). In the March 2003 data weveeks Talukdar et al. 1995) can allow NQ to be se-
observe highest PAN vmrs in the tropics with evidence ofquestered and transported until it is released at lower and
vmrs between 600 and 1000 pptv over Eastern Asia and ovewarmer altitudes, potentially resulting in ozone production
the Central Pacific at 333 hPa. The vertical distribution ofin remote regionsSingh and Hanst1981).
PAN as a function of latitude (i.e. the zonal mean) highlights  Aircraft campaigns studying upper tropospheric chemistry
the strong inter-annual variability of PAN in the upper tro- show that PAN is ubiguitous in the mid-to upper troposphere,
posphere and lower stratosphere (UTLS), most pronouncedith peak observed concentrations of 660 pfRugso et a.
poleward of 40N (up to 400 pptv over the year). The vari- 2003 Poschl et al. 2001, Roberts et a).2004. The variabil-
ability of PAN in the tropical UTLS is also significant and we ity of these compounds suggests that more extensive and reg-
derive a variability of up to 250 pptv in the averages betweenular measurements of VOCs would provide much new infor-
January and October 2003. These results represent the firatation. The increasing use of infra-red spectrometers, such
seasonal observations of PAN in the UTLS. as the MIPAS-E, allows global datasets of VOCs to be com-
piled if their spectral signatures are detectable.

We extend on previous work bigemedios et al(20073
and Allen (20050 detecting PAN in spectra recorded by
the balloon and satellite versions of MIPAS (MIPAS-B and

Correspondence tdD. P. Moore MIPAS-E) to retrieve global PAN concentrations through-
m (dpm9@le.ac.uk) out the upper troposphere and lowermost stratosphere and
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evaluate measurements made in January, March, August ang~> PAN_0001 midl (9 km)
October 2003. This paper presents the first analysis of upper § 10000
troposphere and lower stratosphere PAN measurements mad¢® 1000
globally in different seasons. To show the consistency of our § 100
data with previous measurements, we compare our measure<
ments of PAN with values obtained I&§latthor et al(2007)

during 10 days in October, November and December from
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The MIPAS-E instrument was successfully launched on- <~ 1o
board the ENVIronmental SATellite (ENVISAT) in March ~ § i
2002 as part of an ambitious and innovative payload. The 8 7870 7875 7880 7885 789.0 789.5 790.0

wavenumber(cm™")

ENVISAT is in a polar orbit at an altitude of 800km, PAN_0001 midl (15 km)

with an orbital period of about 100 minutes and a refer-
ence orbit repeat cycle of 35days. The MIPAS-HES{
cher and Oelhaf1996 Fischer et al. 2008 is a Fourier
Transform Spectrometer that provides continual limb emis-
sion measurements in the mid infrared over the range 685—
2410cmt! (14.6-4.15um) at an unapodized resolution of !

0.035cnt? during the nearly continuous first two years of 787.0 7875 783§enu7j§;?(cm7-?f 0 7895 7900

flight data. Problems with the mirror drive of the interferom-

eter meant that MIPAS initially ceased measurements at the

end of March 2004. Operations recommenced in “optimal-Fig. 1. Modelled radiance contributions in the 787 to 790¢m
resolution” in January 2005 at a lower unapodized resolutiorspectral range in mid-latitudes (20 to 65 degrees). A “typical’
of 0.0875 cntl. Measurements from the first period are dis- MIPAS-E in flight noise equivalent spectral radiance (NESR) of
cussed in this paper. The instrument's field of view is approx-30 "W/(cnf sren™) in band A, Kleinert et al.(2007, is repre-
imately 3x30x400km and one complete limb sequence of SeNted by the black dashed line.

measurements in nominal mode for the first period consists

of 17 spectra with tangent altitudes at 68 km, 60 km, 52 km,

47 km, 42 km and continuing downwards to 6 km in 3km in- 180 pptv at 10.4km. The spectral range coverage of MIPAS-
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tervals. E extends over both of these bands potentially allowing ob-
servation of PAN in the spaceborne version of MIPAS.
2.1 Retrieval approach Figurel shows the calculated contribution of PAN to the

limb radiance between 787-790 tin(a reduced range com-

PAN exhibits weak, cross-sectional type signatures in the inpared to the entire;g NO, stretch) at 9, 12 and 15km
frared and hence detection and subsequent retrieval is conin the mid-latitudes, as calculated using the Oxford refer-
plicated as it relies on the ability to model strong lines from ence forward model (RFM). The RFM is a line-by-line ra-
compounds which obscure the target signatuRemedios diative transfer model, derived from the Genln2 moded{
et al.(2007g confirm that identifiable features of PAN (band wards 1992, with the ability to simulate infra-red spectra
shape and Q branches) can be distinguished remarkably wedfiven the calculated or measured instrument field-of-view,
in MIPAS-B2 data (the balloon-borne version of the MIPAS lineshapes, spectroscopic parameters and atmospheric clima-
instrument) by using good laboratory measurements of theology profiles (sedttp://www.atm.ox.ac.uk/RFMfor fur-
spectroscopy of this gasllen et al, 20054c; Allen, 20058.  ther details). This range was chosen as it represents a spec-

Remedios et al20073 observe the PAN1g NO2 stretch  tral region where strong PAN emission features are present
at 794cm® and vy C-O stretch at 1163 cnd in MIPAS- and the interference from other gases is smallest. The re-
B2 spectra (Fig. 5 of their paper). An added complicationtrieval of PAN volume mixing ratios from MIPAS-E spec-
with PAN is that both spectral ranges suffer from interfer- tra used four microwindows in this spectral range (MW1.:
ing spectral features, with#®, CO, and G present in both ~ 787.550crmt to 787.750cm?, MW2: 787.925cm?! to
windows. Despite these problems, the authors were able t88.125cm?, MW3: 788.675cm?’ to 788.875cm? and
show the presence of PAN in MIPAS-B2 spectra using theirMW4: 789.375cm? to 789.700 cm?). Profiles for pres-
detection methodology. The PAN signature was consistensure, temperature and all interfering gases, except PAN,
with a volume mixing ratio (vmr) of 260 pptv at 7.5km and were taken from the version 3.1 mid-latitude day reference
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atmospheres dRemedios et al(2007h. The PAN profiles  full-pivoting, based on the routine GAUSSJ given on pages
used in this simulation was taken from the MOZART model 28—-29 of Numerical Recipe®(ess et a] 1992
(Hauglustaine et 311998 for mid-July in the Eastern United
States of America.

Reference spectra were calculate(_j at a spectral re_solutiogl.H = x; +[(1+V)S;l+ KiTS;lKi]fl 3)
of 0.035cnt! and a spectral sampling of 0.025cthin- '
cluding PAN and all the other emitters in the region. To
remove saturation effects, a second spectrum was calculated ) _ )
at the same resolution with all gases except PAN. Differenc-WhereF is the RFM modelled radiance at instrument spectral
ing these two spectra leaves the radiance contribution fronf€Solution with vertical field-of-view convolution.
PAN alone. The same method was used to determine the ra- In the case where the error covariance is diagonal, then an
diance contribution from each of the other interfering gases€conomy in the retrieval can be gained by updating the state
the contaminants for PAN were;®, CO, Os, CCly, HNO;, estimate sequentially, as is performed by MORSE, updating
CIONO,, COR, HCFC-22 and NH. From these simula- ©One measurement at atime. This replaces the matrix inverse
tions, the PAN signal at a single spectral point is expectedn Eq (3). by a scalar reciprocal. As some measurements are
to exceed the MIPAS-E noise equivalent spectral radiancdikely to be more linearly related to the state vector than oth-
(NESR) and the signal of other contaminants at 9km ancers. the advantage of this approach is that the intermediate

12 km, based on our climatology vmr estimate of 223 pptvstate will be closer to the final solution and so fewer itera-
and 131 pptv respectively. tions may be needed. MORSE uses the full retrieval state

The retrievals of PAN vmrs from MIPAS-E data Vector right from the start, with the measurements incorpo-
have been achieved using the MIPAS Orbital Re-rated sequentially rather than with one large matrix. Since
trieval using Sequential Estimation (MORSE), a FOR- measurements are assumed uncorrelated between different
TRAN77 program developed by the University of Oxford tangent heights or different microwindows, mathematically
(http://www.atm.ox.ac.uk/MORSE/) to allow groups to re- the solution should be the same as if all measurements were
trieve atmospheric profiles from MIPAS spectra. In essenceUsed atonce. The linear algebra may also be computationally
the scheme uses a sequential estimation approach to detd@ster as a matrix inversion is no longer involved.
mine the most probable solution consistent with both the The value ofy in Eq. (3), is initialised to a small value of
measurements and the a priori information. one. If the value obtained from the iteration reduces the chi-

The MIPAS-E instrument makes radiance measure- Square parameter, the new estimatg.,, is accepted ang
ments at different limb altitudes. A set nfparameters (the is divided by ten. If the error increases a1 however,

state vector) are determined from this set of measurementstheny is multiplied by ten and Eq. (3) is solved again until
(»). The aim of the retrieval is to gain as much information an increment is obtained that reduces the chi-square below a

aboutx given y. The standard optimal estimation approach threshold of 1.5 and the difference between consecutive chi-

(Rodgers 2000 provides a linearized form for an estimate square values is less than 0.1. In our successful retrievals, the
of & (the atmospheric profile) that is based on a prior esti-sScheme generally converges within 2 to 3 iterations.

matex, of the state and the set of measurements from the Clouds were detected using a simple ratio approach

KIS,y —F(x)]— S, xi — x4}

instrument: by computing a ratio between the mean radiance in
X the 788.20cm! to 796.25cm! and 832.30cm! to
*=Gy+(,—-GK)x, (1)  834.40cm! spectral bandsSpang et a).2004, with a

threshold of 4 in band A to exclude thin cloud cases. If ratios
below this value were found in a profile, the measurement at
this altitude and all altitudes below was flagged as cloudy, no
G= SaKT(Sy +KS,KT)~1 ) retrieval performed on the scan and the scheme then analyses
the next gas and/or scan.
S, is the covariance af, about the exact state, which was  Before the PAN retrievals are performed, we use MORSE
set at 300% for PAN, an8, the covariance oy about the to retrieve pressure and temperature (jointly) as well as wa-
perfect measurements that would arise from the exact statéer vapour, ozone, nitric acid, methane, nitrous oxide, carbon
For S, the off-diagonal elements were determined by a firsttetrachloride and chlorine nitrate volume mixing ratios, in
order auto-regressive model with a vertical correlation lengththat order. PAN is then jointly retrieved with water vapour
of 6km. The off-diagonal elements & were set to zero continuum. The a priori PAN vmr information was taken
(assuming no noise correlation between different altitudes). from mid-latitude values for tropospheric mid-latitude cal-
If the problem is not too non-linear, then the Levenberg—culations Hauglustaine et gl.1998 with an assumed un-
Marquardt iteration technique can be used to find the bestertainty of 300% on the profile. Spectroscopic data were
estimate of the statet. The matricesS, and S, are in-  taken from measurements i#len (20058 for PAN. All
verted using the Gauss-Jordan Elimination technique withother spectroscopic data were taken from HITRAN 2004

whereK is the Jacobian matriX(; ; = 9y;/9x;) andG is the
gain matrix given by:
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100F (@) P ) tainty of 20% has been indicated for MIPAS—E water vapour
r o W x M RN (Lahoz et al, 2004, 10% for ozoneCortesi et al.2007) and
7 A e _ o} 15% for nitric acid Wetzel et al. 2007). Uncertainties of
£ 200f,  ocems %233 E 1K for tempgrgtureF@idoIfi et al, 2007 and 4% for pres-
- col, s sure Raspollini et al. 200§ were used. The error for the
g e g 250¢ other contaminants was expected to be small; we assumed
o 500k, a 10% uncertainty for each of them. The errors due to un-
Ao X | [ J + X L . . .
350F certainties in these gases were likely to be lower in the real
350

; . - 1 . - measurements than calculated here. The uncertainty of the
VMR error (%) VMR error (%) instrument gain and instrument offset were taken to be 2%
and 2nW/(cmsrcntl) respectively $pang et aj.2005.
Spectroscopic inaccuracies of PAN cross-section data were
set to 4% based on the PAN 794 thband work ofAllen
et al. (20053; this may be an underestimate of the error at
temperatures less than 250 K. We recognise that in retrieved
monthly mean temperature fields for January, March, Au-
gust and October 2003 (not shown), tropical tropopause val-
ues ranged between 180 and 200K (at 100 hPa). Assuming
‘ ‘ ‘ ‘ a linear relationship between the reported spectroscopic er-
1 10 100 1 10 100 rors reported irAllen et al.(20059 and temperature, the ex-
VMR error (%) VMR error (%) . .
pected spectroscopic error is calculated not to exceed 5.2%,
even at the very coldest tropopause temperatures we mea-
Fig. 2. Error budget for PAN vmr retrievals. The data have been SUre of around 180K. The total error on a single retrieved
split into regimes(a) 20° S—20 N — tropical, (b) 20°—65> — mid- vmr is calculated to be mainly below 50% at pressures above
latitudes,(c) 65°—9C° in the summer hemisphere — polar summer, 100 hPa, and in the “best case” better than 20%. Systematic
(d) 65°—90 in the winter hemisphere - polar winter. The solid black errors are mainly dominated by the water vapour uncertainty
line represents the total error on a single retrieval. The random (dotpropagating into the retrieved vmrs, although pressure and

ted) and systematic (dashed) component of the error are also showfemperature uncertainties also contribute around 10% to the
Systematic errors are dominated by pressure (“PRE") and temperagtg| error.

ture (“TEM”), PAN spectroscopy (“SPEC”), and gain uncertainties.
2.3 Retrieval characterisation

1501

pressure (hPa)
N
S
o
pressure (hPa)

(Rothman et a).2005 with updates between 2004 and 2008 To characterise the data quality from a single profile retrieval

applied. we can use the averaging kernel, information content and
the degrees of freedom for signal (dfs) of the measurement
2.2 Retrieval errors (Rodgers2000. Figure3 shows an example of an averag-

ing kernel for a Northern Hemisphere mid-latitude retrieval

A detailed error analysis for PAN is shown in FRjfor four ~ in August 2003 (from 4 August 2003, 24, 91°W) at pres-
separate latitude bands - tropical {89-20N), mid-latitudes ~ sure greater than 100 hPa. Although very sensitive to the
(20°-65° in each Hemisphere), polar summer {690 in concentration of PAN, the PAN averaging kernels generally
the summer Hemisphere) and polar winteré®> in the  peak above 0.4 in the upper troposphere. As PAN mixing
winter Hemisphere). We show both random (retrieval noise)ratios decrease rapidly with increasing altitude, particularly
and systematic (model parameter error, gain, instrument ling0 in the stratosphere, the corresponding averaging kernels
shape and spectroscopy) error components along with the tgapidly tend to zero. The area of the 539 hPa, 389 hPa and
tal error. 261 hPa levels is between 0.8 and unity, indicating the re-

The MORSE scheme was designed to to be able to repnlrieval results are almost free of a priori bias. Looking at the
cate and improve upon the retrieved parameters by the Eurg¥idth of the averaging kernels in fi§.we can determine a
pean Space agency operational procesBaspollini et al,  Vvertical resolution of between 3 and 4km in altitude terms
2008. In this study we assume that MORSE is performing between 100 hPa and 450 hPa. For the chosen profile the de-
as well as the operational processor and hence we use sonSé€es of freedom for signal is 2.7 for these 4 levels; this can
parameter uncertainties based upon validated data from theary between 0.5 and 3.8 (when taking 4 measurement levels
operational processor. We believe that our error estimated! the 100 hPa and 450 hPa range) and is heavily dependent
therefore represent an upper limit to the total error. on the mixing ratio of PAN in the upper troposphere.

Firstly, the systematic model parameter errors were calcu-
lated using measured biases in MIPAS-E data. An uncer-
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Fig. 3. a representative averaging kernel for a single mid-latitude —100E
PAN retrieval from orbit 07466, scan number 35 (from 4 August _200F
2003, 42N, 91°W). There are~2.7 degrees of freedom (dfs) for 300
these measurements. The measurements also have 3.7 bits of shan- 775 780 785 790 795
non information content (shn). The dashed black line represents the wovenumber [cm™']

sum of the rows of the averaging kernel at each tangent altitude.

Fig. 4. Examples of MIPAS-E radiance — RFM modelled radiance

3 Results resiuduals for orbit 07466 on 4 August 2003 at the nominal 12 km
altitude level. Scenes were chosen which represent the typical be-
3.1 PAN sensitivity in MIPAS-E spectra haviour of (a) low PAN levels below the median vmr for August

2003 of 119 ppt (this case has a vmr of 106 ppt). Ghyeepresents
a slightly enhanced retrieved PAN vmr of 164 ppt 4dofishows a

ing that the MIPAS—E spectral measurements are sensitive t§/°d€rately enhanced case of 379 ppt. The blue line is the fit in each
case without considering retrieved PAN and the red line is the fit in-

chf’;lnges n PAN. vmr Ir.] the upper troposphere in the mld'cluding retrieved PAN (and continuum). The vertical black dashed
Ia,t'tl“'des'_ In thl; section, we t’?lk_e exa'mples ‘_Jf PA'_\I "€ lines show the range in which the four PAN microwindows were
trievals with a variety of volume mixing ratios and investigate ¢posen. The co-ordinates of the MIPAS-E measurements shown are
whether measured MIPAS-E spectra can be fitted as well bya) 63 N, 105 W, (b) 85 N, 8¢° E and (c) 56 N, 9C° W.
including or neglecting PAN. This approach follows that of
Glatthor et al.(2007 who checked whether, using their re-
trieved PAN amounts, the measured MIPAS spectra can bgorted byKleinert et al.(2007) in all three cases. As ex-
modelled just as well by complete neglect of PAN. Their pected, the fit without PAN is worse when considering the
residuals clearly showed that the residual fit was better inimore enhanced PAN cases. We also look at the correlation
cluding retrieved PAN and that the RMS deviation between(not shown) between retrieved GGind PAN both globally
measured and modelled spectra reduced by 35% at 13 krand regionally and see no correlation between the results sug-
(220 hPa). gesting that we are fitting PAN and not a G@ature. Tak-
From orbit 07466 on 4 August 2003, we show the quality ing the residuals from each microwindow of each scan for
of the residual fit for a variety of retrieved PAN vmrs (F). August 2003 at an average pressure of 185 hPa (measurement
It can be seen (Figta—c) that the residual fit without PAN in- level 15 of 17 of MIPAS-E), Fig5, we observe a normal
cluded in the simulation is up to 200 nW/(ésrcnm 1) away  distribution to the residuals themselves suggesting that the
from the measured radiance. With retrieved PAN (and con-microwindow chosen has no bias due to ill-fitting of other
tinuum) included, the residual is comfortably within 3 sigma contaminants.
of the average MIPAS—E noise of 30 nW/(&srcntl) re-

We firstly present an example of an averaging kernel show

www.atmos-chem-phys.net/10/6117/2010/ Atmos. Chem. Phys., 10, 61282010
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Fig. 5. A histogram of residuals (MIPAS-E measurements-RFM
modelled radiances) from 15662 scans from August 2003 at ap-
proximately 185hPa. The standard deviation of our residuals is 201 hPo 250
19 nWi/(cnt srent1). Note that the noise equivalent spectral ra- | - ‘ | W | 1
diance in band A of the MIPAS-E is below 25 nW/(Elsr cni ) at 3 RE G Sy : B | : i 225
800cnt 1, (Kleinert et al, 2007. The dashed line represents the % : ol
zero point in the residual. L 200G
,,,,,,,,,,, °
L 175
3.2 Seasonality of PAN global distributions 150‘8
L 1502
E
To investigate the seasonality of PAN volume mixing ra- | E ) ! ‘ 1256
tios (vmrs) in the upper troposphere and lower stratosphere . =0 §
(UTLS) data have been chosen from four months in 2003 ERS i 1 100Z
(January, March, August and October) therefore covering o
all seasons. In addition to this we wished to look at differ- 75
ent regimes within the data. The January period covers the !
50

biomass burning season in sub-Saharan Africa, March is at

the beginning of the Northern Hemisphere growing season

and there are strong biomass burning events recorded ov

(?:rig. 6. Global PAN distributions (in units of ppt) at average pressure

Central America, Central Africa a”‘?' South-East Asia. Au- levels of 300 hPa (a) and 201 hPa (b) averaged for the month of
gust encapsulates the South American and Central Afr'ca':!anuary 2003. White areas are cloud contaminated regions.
biomass burning season and also one of the main months

of the Northern Hemisphere growing season. By October,

there is still strong burning over Southern America but the re-ment level, the average pressure is slightly different between
gion of major biomass burning moves eastward to East Cengifferent months. We feel that this does not limit the ap-
tral Africa and Madagascar with major fire events also overproach but makes the analysis less biased than it otherwise

Northern Australia.

could be.

One caveat of our analysis approach that should be noted In January 2003, Fid, a map of PAN distributions is de-
here, is that we decided against interpolation of the data onteived from 390 orbits of MIPAS-E data plotted at average
identical pressure levels. We found that (not shown) as PANpressure levels. The data are contoured and gridded at 20 de-
vmrs decrease very rapidly with altitude, particularly close gree longitude and 10 degree latitude resolution. The white
to the tropopause, interpolation is likely to introduce featuresregions in Fig.6 (and Figs.7-9) are regions that have zero
which are not present in the dataset. In addition, we usuallydata due to high cloud contamination. We decided that to re-
obtain a maximum of three independent pieces of informa-duce the effect of creating biases due to few data points, to
tion from our eight vertical measurements and interpolationremove all regions containing less than 5 data points. What
will increase the effective smoothing of the data. This doeswe see at 300 hPa in Fifla is a distinct “band” of PAN vol-
mean that although we compare the same nominal measureime mixing ratios (vmrs) above 300 pptv which appear to

Atmos. Chem. Phys., 10, 6116128 2010
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Fig. 7. Global PAN distributions (in units of ppt) at average pressure Fig- 8. Global PAN distributions (in units of pptv) at average pres-
levels of 333hP4a) and 234 hP4b) averaged for the month of ~Sure levels of 278 hP@) and 185 hP4b) averaged for the month
March 2003. White areas are cloud contaminated regions. of August 2003. White areas are cloud contaminated regions.

be linked closely to the Central African and Northern Ama- By March 2003, Fig7, the highest vmrs in the monthly av-
zon regions. The data clearly show inter-continental trans 546 from 319 orbits were centred around the tropics (up to
port b(_—:ttween _Afrl_ca and _Southern America. What is partic- g4 pptv in the monthly average at 333 hPa) and South-East
ularly interesting is the high PAN of up to 600 pptv over the agjs extending into the Central and Eastern Pacific Ocean.
Central Pacific Ocean which may have originated from Eastgyer Europe we see up to a 50% increase in PAN at this
ern Asia. We see weak differences at this level between thgy, 6| and values for continental North America increase by
Northern Hemisphere and Southern Hemisphere data in th§, 15 1009 from January 2003. The volume mixing ratios
mid-latitudes. At 201hPa, there is a clear peak in the PANq o1 the Southern Ocean remain largely unchanged. At the
vmrs of greater than 150 pptv over Central Africa extending 534 hpa Jevel we see significant changes over many regions
up towards the Middle East region combined with westwardgo 1, january observations. The high vmrs observed over
transport from Central Africa out over the Southern Atlantic cenya.southern Africa remain extending into the Southern
Ocean. Although we have high cloud contamination over they ;2 nvic Ocean and further North over the Sahara, Middle
western Pacific Ocean, there is also possible enhancement ef, <t 21d Southernmost Europe. PAN vmrs increase by up to
PAN in the region which may be related to biomass burmng.loo% over Eastern Asia and transport from this region may
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259 hPa tribution of both Siberia with deciduous needle forests and
: : ‘ | Eastern America with deciduous broadleaf forests. It has
been shown byin and Wildt (2002 that under a constant

light intensity, acetone emission rates increase exponentially
— 4002 with leaf temperature. When leaf temperature is kept con-
< stant, acetone emission increases with light intensity. The
L1 3500 . :
= photolysis of acetone produces the peroxyacetyl radical and,
é, in the presence of nitrogen dioxide, the reversible reaction
% of the peroxyacetyl radical with nitrogen dioxide produces
€ PAN. It is possible, therefore, that the enhancement of PAN

over Western Siberia may be linked with enhanced acetone
vmrs. We cannot, however, rule out the fact that long-range
transport might be causing, or contribute to the elevated PAN
vmrs. We still clearly see that Africa and Southern America
are still indirect sources of PAN although the measured vmrs
are lower than we see over Siberia and North-East Asia.

The 367 orbits from October 2003 show a seasonal pro-
gression and our results are similar to the findingSlafithor
et al.(2007). The highest PAN vmrs are linked to Southern
Hemisphere biomass burning regions (highest over Central
Africa) with the 259 hPa data showing long-range transport
over the Southern Atlantic and the Southern Ocean towards
Australia. At the 259 hPa average pressure level we also see
an indication that there is a PAN enhancement at Northern
Hemisphere mid- to high latitudes. October is towards the
end of the Northern Hemisphere growing season so what
we see could be the result of the slow decay of the summer
PAN maximum at these latitudes. The 172 hPa data still have
a small Hemispheric difference, but the most notable PAN
enhancement is throughout the Central African region and
Southern Atlantic Ocean.

From these data, it is noticeable that the seasonal variation
of PAN is pronounced with the most variability in the North-
ern Hemisphere mid- to high latitudes and is perhaps linked
more to variations in plant activity rather than industrial ac-
tivity. The area over Central Africa region acts as a quasi-

Fig. 9. Global PAN distributions (in units of pptv) at average pres- permanent rgse_r_vow of PAN throughout the year with small
sure levels of 259 hP@) and 172 hP4b) averaged for the month seasonal variability of PAN and a small seasonal North-South

of October 2003. White areas are cloud contaminated regions.  Shift With th.e change in. season, intrinsically linked to the
change in biomass burning regions.
In Fig. 10 we look at monthly zonal means of PAN

. . and how this varies for each month. We also over-
explain the large increase of PAN vmrs over the Northern Pa‘plot the +- 2PVU (potential vorticity unit — units

cific Ogegn. The ingrease over t_he Southern Pacific chan ISt 10-6K m2 kg-'s1) level which approximates the
more difficult to assign although it appears thatthgre IS agengronopause outside the tropickiditon et al, 1999. In
eral increase across all Southern Hemisphere mid-latitudes e same review of stratosphere-troposphere exchange, the
For our August 2003 analyses, we utilise data from 396authors also describe the region between the 2PVU
orbits covering the whole month. In Fi§a, the same re- level and the 380K theta level as denoting the lowermost
trieval level as in Fig6a, we now see that there is a dis- stratosphere, whose isentropic surfaces span the tropopause.
tinctly stronger hemispheric difference in the PAN datasetAt around 10S, we see penetration of PAN through the
compared with January and March 2003, with the largesttropopause which is most likely associated with the African
PAN vmrs of over 500 pptv found over Western Siberia. Al- biomass burning events. By March 2003 (Figb) we ob-
though we are not able to look directly at sources of PAN serve an increase of around 200 ppt in the average UT PANin
using the MIPAS-E we speculate that the largest vmrs ofthe Northern Hemisphere compared to January of the same
PAN may be closely linked to deciduous forests with a con-year, with an increase also in the tropics. This contrasts with

atio
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|
g
o

N
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PAN volume mixing r

o
o

~
(6)]

50

Atmos. Chem. Phys., 10, 6116128 2010 www.atmos-chem-phys.net/10/6117/2010/



D. P. Moore and J. J. Remedios: Seasonality of PAN in the UTLS 6125

600 pptv extending from 50 to 98 in the uppermost tro-
posphere. We also see evidence of higher PAN in the lower
stratosphere with vmrs greater than 300 pptv. We also see
a bimodal effect in the tropics, with two regions of biomass
burning at 0 and 2N intersected by lower PAN (less than
100 pptv) at 10N. A pool of PAN with vmrs between
200 pptv and 400 pptv is found poleward of°Bbetween
the -2 PVU surface and the 340K level. We do not show the
plot here, but the retrieved temperature poleward 6f 0
this region is less than 205K in the monthly average. What
we may have here is evidence of the isolation of a PAN in-
jection into the lower stratosphere from either June or July
2003 and the cold temperatures, allowing the transportation
of the PAN to polar latitudes.

By October 2003, we retrieve the highest values of PAN in
the tropical upper troposphere of any of the months used in

pressure (hPa)

pressure (hPa)
@
o

strong PAN feature is most likely driven by Central African
50 biomass burning which is seen mainly between 10820
We also no longer see PAN vmrs exceeding 400 pptv in the
Northern Hemisphere as was observed in the August 2003
data.

We have checked on a qualitative basis, whether the trop-
ical and subtropical PAN distribution could be caused by
biomass burning. By using the fire counts from the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) experi-
ment on the Terra satellite we see that the January fire counts
are highest over sub-Saharan Africa, the Northern Amazon
and South-East Asian region, closely linked to highest ob-
served PAN. In August, the highest number of fire counts are
in Central-Southern Africa where we observe highest trop-
ical values. By October, the highest fire counts move to
South-East Africa and North-East Brazil, coincident with the
highest tropical PAN vmrs. In future work we will look to
correlate these PAN data with a potential tracer of biomass
burning, GH>, to see whether biomass burning is the only
source of PAN in the tropics.

The work of Glatthor et al.(2007) investigated the PAN
amount differences observed both in and out of the Southern
Hemisphere PAN plume in October to December. Choos-
ing an area containing the Southern Hemisphere plume (be-
tween South America, across Africa, towards Australia) they
contrasted this with the PAN amounts above the less pol-

Fig. 10. Seasonal latitudinal PAN distribution (units of pptv), aver- luted Central and Eastern Pacific. Although, our analysis
aged zonally fota) January 2003p) March 2003(c) August 2003 is limited to October only, we measure a clear distinction
and(d) October 2003. The white lines indicate theta levels (K) and at 275hPa between the two separate regimes with the val-
the red and blue lines represent the-2 PVU levels ues in the biomass burning region constantly between 50 and
160 pptv higher than the less polluted South Pacific region.
At 180 hPa, the same distinction is apparent although less
the Southern Hemisphere observations which remain relapronounced with differences between 20 and 50 pptv. On the
tively similar to January 2003. 18th October 2003 the average data in the biomass burning
The August 2003 cross-section (Fijoc) exhibits clear  region at 180 hPa is comparable to the average over the less
differences between the Northern and Southern hemisphergolluted South Pacific at 275 hPa. Although not shown, we
with a pool of high PAN with average vmrs greater than see similiar results in the January and August 2003 data, with

250 T 0 this study (300-500 pptv). There is no evidence of a split be-
L 2N
igg r% //\ // \-O tween hemispheres as was observed in August 2003 and the
) AN , —— %0
0

-50
latitude (degrees)

pressure (hPa)

pressure (hPa)

latitude (degrees)
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500 T T T T T 200 pptv in January 2003 to 350 pptv in August 2003 at
: m background zone — 275 hPa ] 10 km, similar to that observed in the single MIPAS-B2 mea-
E m biomass burning zone — 275 hPa ] surement.

400 x background zone — 180 hPa E
E X biomass burning zone — 180 hPa

300%— _ 4 Conclusions

: 3 Peroxyacetyl nitrate is a ubiquitous, odd-nitrogen compound
200 F 3 (NOy) present in the upper troposphere and lowermost strato-
: 3 sphere and its importance lies in the fact that it acts as a

reservoir of nitrogen oxides (NC=NO+NO). The long
100 —m E lifetime of PAN at the cold temperatures of the upper tro-
3 ] posphere can allow NQOto be sequestered and transported

of . . . . . . ] until it is released at lower and warmer altitudes, potentially
5 10 15 20 25 20 15 resu_ltmg in ozone productlpn in remote regions. Although
Day from 1 October 2003 previous measurements using the MIPAS-E have shown that
PAN is present between 8 and 14 km in the atmosphere, the
. . . ~ study was limited to a snapshot of ten days from October
Fig. 11. 4-Daily averages on PAN amounts measured in the regionig December. In this study, we use data retrieved from the
010 30°S, 60° W to 135’ E (biomass burning zone) and 010°38,  \j|PAS-E instrument and analyse the seasonal cycles present
90 to 180 W (South chmc background zone) for the month of upper tropospheric PAN, extending the study to observe
eOtC;?t(’ze(r)ggogingef;igéﬂgﬁtggs gl;;spe;iggﬁed on thdskthor the Northern Hemisphere summertime.
' I ' This work has demonstrated the ability of the MORSE
scheme to successfully retrieve PAN vmrs from MIPAS-E
reduced differences as the plume between Southern AfricgPectral data between 300 and 150 hPa (approximately 9 to

and Australia is less pronounced in these months suggesting® KM in altitude). Based on an error evaluation, it is feasi-

either a shorter lifetime of PAN or less PAN production from Ple to identify PAN in individual spectra. From our analysis
the African biomass burning. we find that the error on a single profile retrieval is gener-

ally better than 50% and in most cases lower than 20% with
3.3 Qualitative comparison with other measurements ~ the major error sources being temperature and pressure with
a significant contribution from water vapour in the tropics.

There are no opportunities for direct comparison in the full- Inaccuracies from the spectroscopy are estimated at 4% on
resolution mode data of MIPAS used in this paper. A gual-the retrieved vmr datasets. At the coldest tropical tropopause
itative comparison can be made with the airborne in-situtemperatures~180K), we estimate that this error will rise
data measured by the NASA Global Tropospheric Experi-to a maximum of 5.2%.
ment (GTE) in September/October 1992, a study which in- We have shown that there is a strong seasonality in PAN
vestigated the impact of biomass burning over the Southervmrs in the UTLS, linked with the subtle interannual changes
American and African continentSingh et al. 1996. Dur- in biomass burning regions. There is also a possible connec-
ing a single flight from Rio de Janeiro to Johannesburg, PANtion with the variability of the growing season which con-
levels of between 300 and 500 pptv were found in the 10-trols the production and release of acetone from plants. The
11 km altitude range. This compares reasonably well withreleased peroxy radical in the presence ofyNi@itiates the
the average October 2003 PAN vmr in the regiol o formation of PAN. This is highlighted most strongly in the
40° S, 50 W to 3Q E of 285 pptv. August 2003 data, towards the centre of the Northern Hemi-

A recent study byGlatthor et al.(2007) used MIPAS-E  sphere growing season, where PAN vmrs exceed 600 pptv at
data to retrieve global PAN vmrs for the autumn and early278 hPa (around 11 km) in the monthly average. Outside the
winter of 2003, over 10 separate days. Their findings (Fig. 7)tropics, the Northern Hemisphere PAN values, on average,
were similar to ours (Figl0) insomuch as the retrieved vmrs vary between 300 and 600 pptv compared to the Southern
demonstrate a weak hemispheric gradient with higher vmrdHemisphere variability of between 100 and 230 pptv.
in the Northern Hemipshere UT and a tropical UT peak in  Our work confirms that current satellite systems are highly
vmrs centred between 26 to 40 S. suitable for monitoring of PAN vmrs in the upper troposphere

Finally, the work ofRemedios et a(20073 retrieved PAN  and lower stratosphere. There is a strong need to observe
amounts of 260 pptv and 180 pptv at altitudes of 7.5 km andorganic species such as PAN to begin to answer where the
10.5 km repectively from MIPAS—B2 data measured over thehighest vmrs are observed, and to validate model estimates
Mediterranean region in May 1998. From the MIPAS-E of its lifetime in the UTLS. Future work will likely involve
data we determine an increase over the Mediterranean froraxtending the analysis to a multi-year dataset of the MIPAS

PAN vmr [pptv]
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data so we are more clearly able to see the transition betweefischer, H. and Oelhaf, H.. Remote sensing of vertical profiles of
seasons and further understand the role the gas plays in the atmospheric trace constituents with MIPAS limb-emission spec-
chemistry of the UTLS. The higher vertical sampling of MI-  trometers, Appl. Optics, 35, 2787-2796, 1996.

PAS in “optimal-resolution” mode may help to resolve this. Fischer, H., Birk, M., Blom, C., Carli, B., Carlotti, M., von Clar-
mann, T., Delbouille, L., Dudhia, A., Ehhalt, D., Endemann, M.,

Flaud, J. M., Gessner, R., Kleinert, A., Koopman, R., Langen, J.,

Lopez-Puertas, M., Mosner, P., Nett, H., Oelhaf, H., Perron, G.,

Remedios, J., Ridolfi, M., Stiller, G., and Zander, R.: MIPAS: an

instrument for atmospheric and climate research, Atmos. Chem.

Phys., 8, 2151-2188, doi:10.5194/acp-8-2151-2008, 2008.

Glatthor, N., von Clarmann, T., Fischer, H., Funke, B., Grabowski,
U., Hopfner, M., Kellmann, S., Kiefer, M., Linden, A., Milz, M.,
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