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Abstract. The Fourier transform spectrometer MIPAS 2000). The main sources of2BO in the troposphere are
(Michelson Interferometer for Passive Atmospheric Sound-biomass burning, anthropogenic, and biogenic emissions as
ing) on Envisat measures infrared emission of the Earth’swell as methane oxidation. It is destroyed via photolysis
atmosphere in a limb viewing mode. High spectral resolu-and reaction with OH. In continental boundary layers, non-
tion measurements of MIPAS are sensitive to formaldehydemethane hydrocarbons (NMHCs) emitted by biogenic and
from the upper troposphere to the stratopause. Single profilanthropogenic sources usually dominate over methane as a
retrievals of formaldehyde are dominated by a 60% noise ersource of HCO (Munger et al., 1995). In the stratosphere,
ror; however zonal mean values for 30 days of data during 8he H,CO profile results from an equilibrium between pro-
September 2003 and 1 December 2003 reduces this error byuction by methane oxidation and destruction as described
a factor of 20 or more. The number of degrees of freedom forabove (Brasseur and Solomon, 1986), which means that a di-
single profile retrieval ranges from 2 to 4.5 depending on lati-urnal variation in formaldehyde abundances is expected in
tude and number of cloud-free tangent altitudes. In the uppethe stratosphere where production and destruction processes
tropical troposphere zonal mean values of about 70 parts peare dominated by photochemistry.
trillion by volume (pptv) were found, which have been at- The first stratospheric measurements of formaldehyde
tributed to biomass burning emissions. In the stratospherewere made with a ground-based Fourier Transform infrared
formaldehyde values are determined by photochemical readTIR) instrument (Barbe et al., 1979). Global distributions
tions. In the upper tropical stratosphere, formaldehyde zonabf HoCO columns have been derived with the GOME (Global
mean maximum values can reach 130 pptv. Diurnal varia-Ozone Monitoring Experiment) instrument (Burrows et al.,
tions in this region can be up to 50 pptv. Comparisons with1999; Chance et al., 2000) which are dominated by the tro-
other satellite instruments show generally good agreemenpospheric signal. Vertically resolved satellite measurements
in the region of upper troposphere and lower stratosphere asf H,CO have been made recently with the sub-millimeter
well as in the upper stratosphere. radiometer (SMR) aboard the Odin satellite (Ricaud et al.,
2007), with an altitude region of about 35 to 50 km, and with
the Atmospheric Chemistry Experiment — Fourier Transform
1 Introduction Spectrometer (ACE-FTS) (Coheur et al., 2007) with focus on
the upper tropospheric and lower stratospheric (UTLS) re-
1.1 Formaldehyde sources, sinks and measurements gion. In the following we show that MIPAS has the potential
to provide day and night profile information of formaldehyde
Formaldehyde (LICO) is a principal intermediate in the ox- from the upper troposphere to the stratopause on a global
idation of hydrocarbons in the troposphere (Chance et al.scale.
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The Michelson Interferometer for Passive Atmospheric ) ) )
Sounding (MIPAS) is a Fourier transform infrared (FTIR) Fig. 2.qu: Simulated spectrum at 16.4 km tangent altitude; trqpl-
spectrometer measuring the emission of the Earth's atmo(_:al conditions, all gases included. Bottom: Formaldehyde contribu-

L . . pi_tion only (note the different scale). The noise equivalent spectral ra-
sphere in limb-viewing mode (Fischer and Oelhaf, 1996; Fis diance of the measurement is in the order of 3 nWI(Ers;r cni ).

cher et a_l., 200_7)' MIPAS was Iaunched on the ENVIrONMEN1 o 4 horizontal bars represent the microwindows used for data anal-
tal satellite Envisat on 1 March 2002 into a sun-synchronousgjs.

polar orbit with equatorial local crossing times of 10:00 (de-
scending node) and 22:00 (ascending node). MIPAS was

operated in its original measurement mode with high spec-

tral resolution of 0.025 cmt from July 2002 to March 2004. 2 Formaldehyde spectral signatures
Flight altitude of Envisat is 800 km and one orbit takes about
100 min allowing to measure 72limb sequences per orbit
with a sampling of about 550 km along track. With these
characteristics, MIPAS is able to provide vertical profiles of

In the mid-infrared spectral region, formaldehyde shows
weak emission lines between about 900 and 1850 cm

temperature and a large number of trace gases globally dw@:'g' 1) \i\”th the most promlnent band ce_ntered around
750 cm*. Due to the lowest instrumental noise level there,

ing day and night. The nominal observation mode comprises: . S . .
this region is used in the retrieval based on new spectro-

171t taltitud limb f 6t0 68 km (3k . . :
stepa-Cvgi]g& ielt\l/Jve(Z?\pgraerj :,;qkun?ngidroaT 470 52 rgo( aerscop|c data (Perrin et al., 2003; Sharpe et al., 2004) which are

68 km). The 3 km step-width was chosen due to the verti-thought to be more accurate and contain more spectral lines

cal instantaneous field-of-view (FOV) of MIPAS, which is cpmpa_red to previous d_ata. The chall_enge O.f th€8 re-
about 3 km, while the across track FOV is about 30 km.trleval is the very weak signal of the emission lines compared

i ; PR 1
The generation of calibrated radiance spectra, the so-calle&0 the instrumental noise which is about 3 "W/fencnt™)

level 1B data, is performed by the European Space Agenc@t the relevant spectral region.

(ESA) (Nett et al., 2002). ESA additionally provides vertical ~ Figure 2 (top) shows the simulated formaldehyde spec-
profiles of temperature and 6 key species@;103, HNO;3, trum at 16.4 km tangent altitude for tropical atmospheric
CHg4, N2O, and NQ), the so-called Level 2 product. Fur- conditions. The spectrum is dominated by water vapor lines
thermore, there are several institutes which have developednd minor ozone and nitric acid signatures. Th&B con-
retrieval codes to determine trace gases beyond the ESA keyibution is shown in Fig. 2 (bottom) which is given by the
species. The formaldehyde distributions described in this paresidual spectrum. The residual spectrum is the difference
per were derived with the retrieval processor of the Institutbetween the spectra at 16.4 km with and without formalde-
fur Meteorologie und Klimaforschung (IMK) and the Insti- hyde considered in the simulation. For these conditions the
tuto de Astrofisica de Andalucia (IAA) (von Clarmann et al., formaldehyde contribution is below the instrumental noise of
2003). about 3 nW/(crisrcnt1).
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3 Retrieval setup Table 1. Microwindows for MIPAS formaldehyde retrievals.

For the retrieval, 9 narrow spectral regions (microwindows)

. : i i 1 1
have been selected by visual inspection between 1703 cm MW" begin (cn") ~ end (cn-)

and 1750 cm?, which is the upper end of MIPAS channel C 1 1701.3 1702.9
(see Table 1). The main criterion for the selection was high 2 1708.7 1710.0
sensitivity to formaldehyde and low interference by other 3 1720.2 1722.0
gases. Since the formaldehyde contribution is so small, the 4 1722.8 1723.1
contribution of other gases still needs to be considered even > 1727.8 1729.5
after careful microwindow selection. Many gases need to be 6 1730.6 1731.8
retrieved jointly in order to limit propagation of related errors g ggg; i;ggz
in particular in the UTLS region. These interfering gases are: 9 1744.7 1746.7

H20, O3, HNO3, CIONO,, and PAN.
The retrieval procedure follows a scheme similar to that
described by Rodgers (2000):

xip1=x; + (KIS + R x KIS M (y — F(xi)) — R(x; — xa)l. of standard deviation. The following uncertainties have been
(1) assumed: spectral shift: 0.0005chigain calibration: 1%;
line of sight uncertainty in terms of elevation pointing: 150

wherex is the retrieval vectorK the partial derivatives of m; temperature 0.4-1.0K, depending on altitude; uncertain-

the spectra with respect to the retrieval vector (Jacob®n), ties in spectroscopic data, conservatively estimated at 8%;

the covariance matrix due to measurement ndesthe regu-  instrument line shape in terms of modulation efficiency un-

larization or constraint matrixy the measurement vectdr, certainty: 3%.

the forward modelx 4 the a priori profile, and the iteration As initial guess, the profile from the U.S. standard atmo-

index. sphere 1976 is used. As a priori profile we use a zero profile
The retrieval is performed on a fine vertical grid with 1 km +to avoid any artificial structures in the formaldehyde profile

distance up to 44 km and 2 km above. Since the retrievahot caused by the measurements. Thus, the linear retrieval

grid is finer than the tangent altitude spacing, the retrievalequation Rodgers, 2000)

is stabilized by a first order Tikhonov smoothing constraint

(Tikhonov, 1963): X =Axi+ (I — A)x,, (6)

T
R=oaljLy, 2) wherex is the estimated ant is the true HCO profile, sim-
plifies tox=Ax; for x4=0. This means that in linear approx-

der derivative matrix (as discussed by Steck (2002)), whichimation the retrieved bCO profile is a smoothed version of
smoothes the solution without pushing it towards the a pri-the true profile. . o

ori profile. The regularization strengthis determined by All settings (microwindows, constraint, initial guess and
finding a trade-off between the number of degrees of free-2& Priori profiles) are chosen time and latitude-independent.

dom, which is given by the trace of the averaging kerhel This is again to ensure that all structures visible in the re-
(Rodgers, 2000) trieved distributions originate from the measurements and are

not artefacts resulting from the retrieval setup.

whereq is the strength of the constraint ahd the first or-

A= K]S K + R)TIK] S 'K, ©)

and the noise induced error (Steck, 2002)

Si=KISK+RTKISGKKISK+R)™ (@)

The retrieval procedure described above has been applied to
whereS, is the error covariance matrix due to instrumental regl MIPAS measurements. FiguBeshows an example for
noise, and wher& is evaluated for the final result afaf-  single profile retrieval of formaldehyde for MIPAS-Envisat
ter convergence. A regularization strengtbf 10* has been  orpit 8194 on 24 September 2003, at° 5446 W, which
selected as a reasonable trade-off between the number of d% r|ght over Brazil. The prof"e shows maximum values in
grees of freedom and the noise error. The sensititit,  the UTLS region of 180 parts per trillion by volume (pptv)
of the retrieval in terms of standard deviation to uncertainand near the stratopause of 140 pptv, which are both of rea-
parameters is estimated as sonable size. However, the profile shows some oscillations
Axp = (KTSTIK 4+ R)IK 7 S 1K o, 5 and the retrieval error caused by measurement noise is rather

¥ = KISK+R) Sy Kboo ®) large with values of about 70 pptv leading to percentage er-
whereKy, is the sensitivity of the measurements to the uncer-rors larger than 100% except for the altitude regions with
tain parametel, and whereyy is the uncertainty ob interms ~ maximum formaldehyde (about 60%).

4 Single profile retrieval and diagnostics

www.atmos-chem-phys.net/8/463/2008/ Atmos. Chem. Phys., 8, 463-470, 2008
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Fig. 3. Formaldehyde retrieval result (solid) (orbit 8194, 24
September 2003, 246/46° W) with error bars (red) and initial i
guess (dotted). 0. . ¥ . . 0]
-0.2 0.0 0.2 0.4 0.6
60 —T— . Averaging kernel
; — random ]
F —— noise ] Fig. 5. Formaldehyde averaging kernels; some altitudes are high-
50 3 —— shift E lighted in colors; dotted horizontal lines delimit the altitude regions
“ gain ] characterized by one degree of freedom each, which is derived from
Tos ] the sum of the diagonal elements of the averaging kernel matrix (di-
. F 3 amonds).
é 40 " E
L
g E ] ror (Fig. 4, solid blue) is the dominating error source with
% 30 F . values between 70 and 115 pptv in the altitude region from
] 10to 47 km. The noise error includes uncertainties caused by
1 — \ systematic ] the joint-retrieval of the interfering species®, Oz, HNO3,
20k — —\spectro _ CIONOg, and PAN. The error due to spectral shift (Fig. 4,
: solid red) exceeds 10 pptv at 40 km altitude and further in-
e creases with altitude. In a wide altitude range, the systematic
10: L L . errors are dominated by uncertainties in spectroscopic data,

'40' .60. ' .80. ' '100' ' 120 which are conservatively estimated at 8% (Fig. 4, dashed

error (pptv) blue). For single profile retrieval, however, this error be-
comes negligible compared to the noise error. Further errors
due to gain calibration, instrumental line shape (ILS) and
line-of-sight (LOS) uncertainties are mainly below 10 pptv
for the complete altitude range.

Fig. 4. Error analysis of formaldehyde retrieval (24 September
2003, 14 S/46 W). Error sources from top to bottom: total ran-
dom error (solid black), measurement noise (solid blue), spectra
shift (solid red), gain calibration uncertainty (solid yellow), line-of-  The formaldehyde averaging kerrl(Fig. 5) shows sen-
sight (LOS) uncertainty (solid green), total systematic error (dashedksitivity to the true profile from the UTLS region up to the
black), spectroscopic data uncertainties (dashed blue), instrumentalratopause. The dotted horizontal lines in Fig. 5 delimit the
line shape (ILS) (dashed yellow), and total error (dotted black).  g|titude region of every single degree of freedom with a to-
tal number of 3.9, which is given by the trace &f The
averaging kernels show that MIPAS is also sensitive to the
A detailed error analysis is given in Fig. 4. Due to the UTLS region with about one piece of information. The ver-
small formaldehyde signatures and large instrumental noisejcal resolution is estimated at about 11 km. The averaging
as discussed in Section 2, the measurement noise induced éeernel also shows that there is basically no information in the

Atmos. Chem. Phys., 8, 463-470, 2008 www.atmos-chem-phys.net/8/463/2008/
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Fig. 6. Degrees of freedom (solid line) and number of cloud-free 10 50
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The values on the abscissa have the following meanirigar@ Latitude (deg)
18C° correspond to the equator, 9 the north pole, and 27Go
the south pole. Dotted lines are for guidance only. Fig. 7. Zonal mean of formaldehyde for the period 8.9.2003—

1.12.2003. Zonal averages are taken foldgitudinal bins. White
areas mean no data available or values are outside the plotting range.
retrieval above 60 km and below 10 km, although for this ge-
olocation the lowest tangent altitude is at 7.9 km. This means
that the atmosphere becomes optically opaque.

Figure 6 (solid line) shows the variation of the number nel is above a given threshold (0.03). Care has been taken to
of degrees of freedom along the complete orbit 8194. Theavoid sampling artefacts due to diurnal variation (see below).
number of independent pieces of information varies betweerdn order to avoid biasing the zonal means towards daytime or
2 and 4.5 depending on latitude and number of cloud-fredighttime values, depending on the unbalanced availability
tangent altitudes (crosses). Near the southern winter pol@f daytime and nighttime measurements, the zonal mean has
(Fig. 6, about 279), the number of tangent altitudes not af- been calculated as the average of the daytime mean and the
fected by clouds is reduced to 13 due to polar stratospheri®ighttime mean distribution. There actually are slightly more
clouds. Together with the low temperatures in this regiondaytime than nighttime measurements available.
and the resulting low signal, the number of degrees of free- In the upper tropical tropopause region, mean values ex-

dom has a minimum and is close to 2. The mean number of€ed 60 pptv. These larger values are attributed mainly to ur-
degrees of freedom for this orbit is about 3.5. ban and industrial pollution and biomass burning emissions.

MIPAS has detected enhanced values also in other pollutants
like PAN (Glatthor et al., 2007), £Hs, and ozone (von Clar-
5 Global MIPAS formaldehyde data mann et al., 2007). Due to the very weak emission lines,
MIPAS can measure enhanced formaldehyde mainly in the
The error analysis of the single profile retrieval has showntropical troposphere, where lower tropospheric air is trans-
large random errors which are dominating the error budgetported to higher altitudes.
To reduce this error component and to obtain more reliable In the upper stratosphere a prominent maximum is visible
data, averaging over a larger ensemble of data is the obviat around 40 km altitude with values of about 130 pptv in the
ous way to go. Between 8 September 2003 and 1 Decemberopics. The stratospheric values in the southern hemisphere
2003, 30 days of data have been analyzed which cover abowre smaller than in the tropics but much larger compared to

420 orbits or more than 29 000 geolocations. the northern hemisphere. This is likely connected with differ-
ent illumination conditions and different availability of OH.
5.1 Zonal means In the northern winter upper stratosphere low temperatures

cause an extremely low signal, which makes the formalde-
Zonal mean formaldehyde data is shown in Fig. 7. Averagesyde retrieval even more difficult and prone to error propa-
have been taken for latitude bins ¢flgading to about 500to  gation. These degraded retrievals are characterized by unre-
1000 profiles per bin. This means a reduction of the randongljistic negative mixing ratios.
error (i.e. measurement noise and the randomly varying pa-
rameter errors including spectral shift, gain calibration uncer-5.2  Diurnal variations
tainty, line of sight uncertainties and temperature) by a factor
of about 20 to 30. For the averaging only altitudes are usedsince MIPAS is measuring the atmospheric emission, the
which are within the cloud-masked tangent altitude range andzonal mean data (Fig. 7) can be divided into day- and night-
where the corresponding diagonal value of the averaging kertime measurements. Daytime measurements (Fig. 8) show

www.atmos-chem-phys.net/8/463/2008/ Atmos. Chem. Phys., 8, 463-470, 2008
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Fig. 8. Zonal mean of daytime formaldehyde for the period Fig. 9. Zonal mean of nighttime formaldehyde for the period
8.9.2003-1.12.2003. For more details see Fig. 7. 8.9.2003-1.12.2003. For more details see Fig. 7.

enhancements in the stratosphere with maximum values ddltitude range spans from the upper troposphere to the meso-
more than 150 pptv. For nighttime measurements (Fig. 9)sphere at an average vertical resolution of 4 km.
formaldehyde stratospheric maximum values are reduced On 8 October 2005, ACE-FTS measured a vertical pro-
to values below 100 pptv. This diurnal variation is also file of HoCO in a biomass burning plume (Coheur et al.,
seen in HCO fields modeled with the Modular Earth Sub- 2007), using another spectral region (@1@). In the altitude
model System (MESSy) ¢&kel et al., 2005) (http://www. range betwen 12 and 20 km, which represents approximately
messy-interface.org/). In the southern polar lower strato-one degree of freedom of the MIPAS measurement, the esti-
sphere, the nighttime values are larger than those at daymated partial zenith column amount derived from the ACE-
time. One might speculate that this is connected to the speFTS profile is 1.3% 10 H,CO molecules/cf The zonal
cial chemistry in the polar vortex, where the relative weight mean partial zenith column amount at this altitude derived
of the different source and sink reactions might be differentfrom MIPAS measurements at 9, also within a belt of en-
than under normal conditions. This issue certainly deservesianced mixing ratios of pollutants, between 8 September and
further investigation. 10 December 2003, i$1.52+0.35)x 10" molecules/crh.
While photochemistry plays the dominating role particu- Given possible inconsistencies between the spectroscopic
larly in the upper stratosphere, in the upper troposphere alsdata in the two spectral domains, such a result is very en-
transport is important to understand the formaldehyde mix-couraging, suggesting reasonable overall agreement of the
ing ratios and may outweigh the diurnal variations there. =~ measured mixing ratios and comparability of the atmospheric
situations covered.

6 Comparison with other satellite instruments 6.2 Comparison with Odin-SMR

In order to put our results into the context of previously pub- Odin-SMR is a limb-viewing instrument aboard the Odin
lished measurements obBO, we compare the MIPAS re- satellite launched on 20 February 2001 into a 600 km sun-
sults with those from ACE-FTS (Coheur et al., 2007) and Synchronous orbit (Murtagh et al., 2002). The formalde-
Odin-SMR (Ricaud et al., 2007), as well as REPROBUS hyde analysis is based on a weak rotational transition line at
model calculations (Léfvre etal., 1994; Ricaud et al., 2007). 576.7083150 GHz (Ricaud et al., 2007). The signal-to-noise
While this comparison is not meant as quantitative valida-ratio is increased by averaging about 1000 spectra within ver-
tion, it still gives an idea of the general agreement betweerfical layers of 2 km width leading to profile retrieval in the

the measurements. upper stratosphere.
For the comparison, the Odin-SMR measurements from
6.1 Comparison with ACE-FTS 19 to 20 September 2005 were used. Table 2 contains av-

eraged partial zenith column amounts from 37-49 km alti-
ACE-FTS is operating in the infrared between 750 andtude within three latitude bands: 98-45 S, 30 S-30 N,
4400 cnt? at a spectral resolution of 0.02 cth(Bernath  and 453 N-9C° N. This altitude range is represented by ap-
etal., 2005). ACE-FTS s a solar occultation instrument mea-proximately one degree of freedom of the MIPAS measure-
suring a maximum of 15 sunrises and 15 sunsets a day. Thments. These data are compared to MIPAS averaged partial

Atmos. Chem. Phys., 8, 463-470, 2008 www.atmos-chem-phys.net/8/463/2008/
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Table 2. Partial zenith column amounts (37-49 km) in units of the large r10|se error Co_mponem’ pr_Of'IeS have been aver-
1012 molecules HCO per cnd. Odin-SMR values are averaged for aged leading to a reduction of the noise error to 4% or less,
the period 19 to 20 September 2005, REPROBUS values are avedepending on atmospheric variability and the actual abun-
aged for September 2005, and MIPAS values are averaged for theance. In the upper tropical troposphere, enhanced formalde-

period 8 September 2003 to 1 December 2003. hyde values of about 70 pptv were measured which have
been attributed to pollution by urban or industrial sources or
latitude 0din-SMR REPROBUS MIPAS biomass burning emission. In the stratosphere, formaldehyde
90 S5 S 286 276 291010 prodqction and destruction_is dominated by.photoche.mical
30° S-30' N 5.'66 9_'37 7.'&0:17 reactlons. Zonall mean profiles shoyv a prominent maximum
45° N—9G° N 520 4.41 1.940.29 in the upper tropical stratosphere with values up to 130 pptv,

which are decreasing towards the poles. Zonal mean values
in the upper tropical stratosphere show differences between
day and night of up to 50 pptv.

zenith column amounts (8 September 2003 to 1 Decem- Comparison with other satellite instruments (ACE-FTS

ber 2003) and three-dimensional chemical-transport modefd Odin-SMR) reveals reasonable agreement. ACE-FTS

monthly average (September) calculated by REPROBuPartial zenith column amounts measured in the upper tro-
(Lefevre et al., 1994; Ricaud et al., 2007). posphere/ lower stratosphere region in a biomass burning

For latitudes south of 45. MIPAS and Odin-SMR val- plume in 2005 fall within the MIPAS autumn 2003 zonal

ues agree within the MIPAS standard error (Table 2, first™&@n plusminus its standard error. Further, under compa-
row). Also the agreement with REPROBUS is reasonable.rable atmospheric condltlons the MIPAS results are in good
In the tropical region £3C° S to +30 S), the discrepancies to reasonable agreement with Odin-SMR measurements and
are somewhat larger but MIPAS falls just between the Odin-REPROBUS calculations.

SMR and REPROBUS results. The MIPAS standard error of

the mean does not explain the differences but it does not inAcknowledgements. We thank ESA for providing the MIPAS
clude any systematic components such as spectroscopic da@aectra (Level-1B data). The simulations were performed on the
uncertainties, which are not reduced by averaging. Furtheffational super computer HP XC6000 at the High Performance
no Odin-SMR uncertainties have been considered. Larges?)m'om'ng Center Stuttgart (HLRS) under the project MIPAS.
discrepancies are observed for latitudes north 6fN.5Here
MIPAS patrtial zenith column amounts are more than a fac-
tor of two lower than those of Odin-SMR and REPROBUS.
This apparent disagreement is attributed to seasonal varia-

tion; contrary to Odin-SMR and REPROBUS data, the MI- References
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