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Abstract. We present a new dataset of formaldehyde verticalcoefficient between SCIAMACHY and GOME-2 columns is
columns retrieved from observations of GOME-2 on boardgenerally higher than 0.8 in the overlap period, and linear re-
the EUMETSAT MetOp-A platform between 2007 and 2011. gression slopes differ by less than 10 % from unity in most
The new retrieval scheme, which has been optimised forof the regions. In comparison to SCIAMACHY, the largely
GOME-2, includes a two-step fitting procedure that stronglyimproved spatial sampling of GOME-2 allows for a better
reduces the impact of spectral interferences betweglH characterisation of formaldehyde distribution at the regional
and BrO, and a modified DOAS approach that better han-scale and/or at shorter timescales, leading to a better identi-
dles ozone absorption effects at moderately low sun elevafication of the emission sources of nhon-methane volatile or-
tions. Owing to these new features, the noise in th€@ ganic compounds.
slant columns is reduced by up to 40% in comparison to
baseline retrieval settings used operationally. Also, the pre-
viously reported underestimation of the®O columns in
tropical and mid-latitude regions has been largely eliminated,l Introduction
improving the agreement with coincident SCIAMACHY ob-
servations. To compensate for the drift of the GOME-2 slit Atmospheric formaldehyde @CO) is an intermediate prod-
function and to mitigate the instrumental degradation effectsuct common to the degradation of many volatile organic
on H,CO retrievals, an asymmetric Gaussian line-shape izompounds. While the global formaldehyde background is
fitted during the irradiance calibration. Additionally, exter- due to methane oxidation, emissions of non-methane volatile
nal parameters used in the tropospheric air mass factor consrganic compounds (NMVOCs) from biogenic, biomass
putation (surface reflectances, cloud parameters and a priokiurning and anthropogenic continental sources result in im-
profile shapes of KHCO) have been updated using most re- portant and localised enhancements of theC8 concen-
cent databases. Similar updates were also applied to the higration. Monitoring the spatial and temporal variability of
torical datasets of GOME and SCIAMACHY, leading to the NMVOC emissions is essential for a better understanding of
generation of a consistent multi-mission®D data record the processes that not only control the production and the
covering the time period from 1997 until 2011. Comparing evolution of tropospheric ozone, playing a key role in air
the resulting time series of monthly averagegQ@® verti- quality and climate change, and also of the hydroxyl radi-
cal columns in 12 large regions worldwide, the correlation cal OH and secondary organic aerosols. For these reasons,
H>CO satellite observations have been increasingly used in
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combination with tropospheric chemistry transport modelsaccounting for the presence of clouds and aerosols, surface
to constrain NMVOC emissions in top-down inversion ap- properties and best-guess®D vertical profiles. In the UV,
proaches (e.g. Palmer et al., 2006; Fu et al., 2007; Milletthe sensitivity to HHCO concentration in the boundary layer
et al., 2008; Stavrakou et al., 2009b, c; Curci et al., 2010;is intrinsically limited from space due to the combined effect
Barkley et al., 2011; Fortems-Cheiney et al., 2012; Marais etof Rayleigh and Mie scattering that hampers the penetration
al., 2012). of the solar radiation in the lowest atmospheric layers. As a
In emission regions, the bulk of formaldehyde lies in the result, the retrieval of formaldehyde from space is noise sen-
boundary layer, which can only be sounded from space usingitive and error prone. While the precision (or random uncer-
UV-Vis nadir instruments. Formaldehyde tropospheric con-tainty) is driven by the signal-to-noise ratio of the recorded
centrations have been successfully retrieved from the sucspectra, the accuracy (or systematic uncertainty) is limited by
cessive mid-morning polar orbiting sensors operated by ESAhe current knowledge of the external parameters needed in
on the ERS-2 and ENVISAT platforms, i.e. GOME (1996- the different retrieval steps (De Smedt et al., 2008). To fully
2003) and SCIAMACHY (2002—-2012) (Chance et al., 2000; exploit the potential of satellite data, applications relying on
Palmer et al., 2001; Wittrock et al., 2006; De Smedt et al.,tropospheric HCO observations require high-quality long-
2008). In addition, the OMI sensor launched on the NASA term time series, provided with well characterised errors and
AURA platform in 2004 provides complementarg O col- averaging kernels, and retrieved consistently from the differ-
umn measurements in the early afternoon (Kurosu, 2008gnt sensors.
Millet et al., 2008). The present paper focuses on formalde- In the present paper, we concentrate (1) on optimising
hyde retrievals from the second Global Ozone Monitor-the HCO retrieval settings for the GOME-2 instrument and
ing Experiment (GOME-2), which was launched in Octo- (2) on bringing the resulting data product into harmonisa-
ber 2006 on board the Meteorological Operational satellite-tion with the historical GOME and SCIAMACHY time se-
A (MetOp-A). Being part of the EUMETSAT Polar System ries. Air mass factor parameters are updated by making use
(EPS) that represents the European contribution to the Initiabf new a priori databases of improved spatial and temporal
Joint Polar-Orbiting Operational Satellite System (IJPS), theresolutions. After a brief introduction to the GOME-2 instru-
mission consists of a series of three MetOp satellites, plannedhent (Sect. 2), BCO columns retrieval issues are discussed
to be successively launched at approximately five-year in-and improved DOAS settings are introduced in Sect. 3. Sec-
tervals (Callies et al., 2000). The measurements made byion 4 discusses the impact of the updates brought to the air
the three GOME-2 instruments therefore have the potentiamass factor calculations. The resulting GOME-ZID ver-
to extend the successful GOME and SCIAMACHY%ED tical column data product is then presented in Sect. 5. Un-
mid-morning data record by more than a decade (Vrekoussigsertainties are characterised and, to establish the link with
et al., 2010; De Smedt, 2011). Moreover, the higher spatiahistorical datasets, the consistency of GOME-2 and SCIA-
sampling of GOME-2 in comparison to GOME and SCIA- MACHY H,CO data is investigated for the period from Jan-
MACHY is expected to allow for a better identification of uary 2007 to December 2011 in Sect. 6.
the spatial structures of short-lived tropospheric species like
H>CO, and for a more precise determination of the variabil-
ity of tropospheric emissions (Lerot et al., 2010; Richter et2 GOME-2 measurements
al., 2011). Satellite observations ofEO will be further ex-
tended by TROPOMI, the successor of OMI, to be launchedThe MetOp-A satellite was launched in October 2006 in a
in 2015 as part of the GMES Sentinel 5 precursor mission.sun-synchronous polar orbit with an equator crossing time of
Owing to its much improved spatial resolution, this instru- 09:30 LT (descending node) and a repeat cycle of 29 days.
ment will offer an unprecedented view of the spatiotemporal GOME-2 is an improved version of the GOME instrument
variability of the tropospheric emission. It will be followed on the ERS-2 satellite (Callies et al., 2000; Munro et al.,
by the Sentinel-4 on the geostationary Meteosat Third Gen2006). It is a nadir-scanning UV-VIS spectrometer with four
eration mission, and at the 2020 horizon by the Sentinel-5 tanain optical channels, covering the spectral range between
be operated on the METOP Second Generation platform. 240 and 790 nm with a spectral resolution between 0.26 nm
H>CO columns can be retrieved in the near ultravioletand 0.51 nm (FWHM). Additionally, two polarisation com-
(UV) using the differential optical absorption spectroscopy ponents are measured with polarisation measurement devices
(DOAS) technique (Platt and Stutz, 2008), which involves (PMDs) at 15 broadband channels covering the full spectral
two main steps. First, the effective slant column amount (cor-range.
responding to the integrated,BO concentration along the GOME-2 measures the solar radiation backscattered by
mean atmospheric optical path) is derived through a leastthe atmosphere and reflected from the surface of the Earth
squares fit of the measured Earth reflectance spectrum to latin a nadir-viewing geometry. The direct sun spectrum is
oratory absorption cross-sections. Second, slant columns ardso measured via a diffuser plate once per day. An impor-
converted into vertical columns by means of air mass factordant improvement of the GOME-2 instrument compared to
(AMF) obtained from suitable radiative transfer calculations, GOME/ERS-2 is the use of a quartz quasi-volume diffuser
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for the direct sun measurements. The sun-angle depende - temis ni 2007-2008
SGAMACHY”V

www.h2co. aeronomy .be

differential structures in the bi-directional scattering dis-
tribution function (BSDF) for this diffuser is strongly re-
duced compared the ground aluminium diffuser as used ir
GOME/ERS-2 (Valks et al., 2011).

The default swath width of the GOME-2 scan is 1920 km,
twice as large compared to GOME and SCIAMACHY, al-
lowing for global Earth coverage within 1.5-3 days at the
Equator. The along-track dimension of the instantaneous
field of view is ~40km, while the across-track dimen-  smra-rase / s / esa
sion depends on the integration time used for each channe ____GOME-2v07
For the nominal swath of 1920km and integration time of 7 5 b
187.5 ms, the ground pixel size is 8340 kn?. The GOME-

2 spatial resolution is therefore finer than GOME (320
40 kn?) but coarser than SCIAMACHY (68 30 kn?) and
OMI (13 x 24 kn? at true nadir).

For this work, we have used the EUMETSAT GOME-2
level 1B data v4.11 from January 2007 to December 201C
and v5.12 from 2011 onwards.

3 Formaldehyde slant column retrieval
3.1 Initial baseline settings

H>CO slant columns have been retrieved from the GOME
and SCIAMACHY sensors using analysis settings developec
in De Smedt et al. (2008, 2010). In a first step of the presen
work, these retrieval settings were applied to GOME-2 with-
out any further modification. This constitutes our initial slant ° 2 4 6 8 10 2 14 6 182N

column retrieval baseline. Fig. 1. H,CO vertical column retrieved from SCIAMACHY and
As detailed in Table 1, the #CO absorption features are  GOME-2 between 2007 and 2008. The initial retrieval settings used

fitted to the Meller and Moortgat (2000) laboratory measure-for GOME-2 v07 are based on the GOME and SCIAMACHY set-

ments in the 328.5-346 nm wavelength range. In this intertings (De Smedt et al., 2008, 2010), while v12 includes the im-

val, the absorption cross-sections of & 228 K and 243K,  proved retrieval settings developed for GOME-2 (see text for de-

NO, and BrO are also included. The weak interference by thetails).

oxygen collisional complex ®is not explicitly treated but

subsumed in a polynomial of fifth order that also accounts i o i )
for other broadband contributions to the atmospheric attenSOUrce of HCO is methane oxidation. On a daily basis, the

uation such as Rayleigh and Mie scattering. To correct for@titudinal dependency of thez€0 slant columns in the ref-

the Ring effect, two pseudo absorption cross-sections genef/€NCe sector is modelled by a polynomial and subtracted

ated according to Vountas et al. (1998) are used. All refer-T0M the slant columnsANs = Ns— Nso). _
tThe final HCO vertical column &) is obtained using the

ence datasets are convolved using the wavelength-dependen i )
GOME-2 slit function determined from pre-flight measure- 0/lowing equation:
ments (Siddans et al., 2006). The daily solar irradiance is ANs
used as reference spectrum to calculate the atmospheric optVy = I
cal density, which in principle allows for the retrieval of ab-

solute slant column densities. However, residual biases duehere ANs is the differential slant columny/ is the tro-

to unresolved spectral interferences remain a limiting fac-pospheric air mass factor, a COTM is the HCO back-

tor for the retrieval of weak absorbers such a€B. These ground obtained from the tropospheric 3D-CTM IMAGES
are compensated using a reference sector normalisation agStavrakou et al., 2009b) in the reference sector. The tropo-
proach (De Smedt et al., 2008) so that, in practice, the endpheric AMF calculation details are presented in Sect. 3.
product of the slant column retrieval procedure is a differen- Note that these formaldehyde retrieval settings have been
tial slant column. The reference sector is chosen in the cenimplemented in the SCIAMACHY Level 2 operational pro-
tral Pacific Ocean (146-160 W), where the only significant cessing environment at the German Aerospace center (DLR)

+NGM, @
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Table 1. Initial DOAS settings (vO7) used to retrieveyBO slant columns from GOME-2 spectra.

Fitting interval 328.5-346 nm
Absorption cross-sections
H,CO Meller and Moortgat (2000), 298 K
Ozone Brion et al. (1998), 228K and 243K
BrO Fleischmann et al. (2004), 223K
NO» Vandaele et al. (2002), 220K
Ring effect 2 vectors generated using SCIATRAN (Rozanov et al., 2001; Vountas et al., 1998)
Slit function GOME-2 pre-flight slit function depending on the detector wavelength (Siddans et al., 2006)
Polynomial 5th order

Intensity offset correction Linear offset
Reference spectrunig) Daily solar spectrum measured by GOME-2

(SGP OL version 6) as well as in the GOME-2 operational Continental mid latitude band (30°N-50°N)
data processor (GDP version £4jeveloped for the EU- '
METSAT Satellite Application Facility on Ozone and Atmo-
spheric Chemistry Monitoring (O3M SAF) at DLR. Here-
after, the HCO columns retrieved using the initial settings . R . :
are referred to as GOME-2480 v07, while the label vi2 |, __ Continental tropical latitude band (10°N-30°N) _
is assigned to results obtained using improved settings de-”‘g - 1
scribed below. WN\\

The global distribution of the vO7 #CO vertical columns oo :
derived over the 2007—2008 period is displayed in Fig. 1 = [ & ., & & & & ]

(second panel) and compared with similarly sampled SCIA- _ - Cont jatorial latitude band (10°S-10°N)

MACHY results (first panel). The tropospheric AMFs have RMM’MMM
been consistently calculated using the same input parameter,t 1
for both sensors, as further described in Sect. 4. The GOME-3"[ . B .
2 columns are slightly lower than those of SCIAMACHY, ™ol —* Yea
mainly over mid-latitude continental regions. As expected
from the much better sampling of GOME-2 observations in Fig. 2. Monthly H,CO differential slant columns averaged in 3 lat-
comparison to SCIAMACHY, the 2-yr averaged GOME-2 itude bands over continents, as retrieved from SCIAMACHY and
map is significantly smoother. Moreover, over eastern Soutf5SOME-2 measurements. The maroon line shows the GOME-2 re-
America, the GOME-2 KICO retrievals are clearly less af- Sults obtained with the initial retrieval settings (v07), while the
fected by the South Atlantic anomaly. This feature of the ?rfze” ““etSh:";"s tc:]et r_?s)U'tAs obtain:d \lNitt'h th;ﬁimprovedbsitlvtings
: . (v12, see text for details). Averaged relative differences between
GOME-2 HZC.O p.rOdUCt I.S probably the re;ult Qfa better in- GOME-2 and SCIAMACHY obsgrvations are given at the bot-
strumental shielding against extra-terrestrial high energy par- .
. L . tom of each subplot, for each year and for the two versions of the
ticles. Note that the Amazon region is characterised by large; 5.5 resuits.
and particularly uncertain biogenic emissions of NMVOCs
(Barkley et al., 2008, 2011; Mler et al., 2008; Stavrakou
etal., 2009a, b, 2010), and therefore GOME-2 appears to bé the equatorial continental areas where th«B concen-
particularly well suited to address these issues. trations are the largest. However, a small systematic negative
Figure 2 compares time series of monthly averaged SCIlAbias of —5 % in average is observed. The amplitude of this

MACHY and GOME-2 HCO differential slant columns negative bias increases with latitude and time, ranging from
ANs derived over continents in the period from 2007 until —119% in 2007 in the tropical band, te40% in 2011 at

2011 in three latitude bands from<® to 50 N. For these  mid-latitudes.

comparisons, GOME-2 pixels having line-of-sight angles The scatter of the individual GOME-2 480 measure-

smaller than 32 (similar to SCIAMACHY) were selected. ments has also been compared to the scatter obtained with

The GOME-2 BCO A Ns obtained with the initial settings GOME and SCIAMACHY. As shown in De Smedt et

(v07, maroon line) agree well with those of SCIAMACHY  al. (2008), the single-pixel $CO retrievals are shot-noise
limited. Since GOME, SCIAMACHY and GOME-2 have

0 T T
SCIAMACHY ~ GOME-2v07  GOME-2v12

A Ng [10' molec.cm?]

16
ANg [10'® mol

olec.cm

Ihttp://earth.eo.esa.int/pcs/envisat/sciamachyfidision similar instrumental designs, and since thgG® retrieval
dataset/ settings have been aligned, differences in the standard devi-
2http://atmos.caf.dir.de/gome/prodiiatho. html ations in the retrieved slant columns should be proportional
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Fig. 3.H>CO slant column standard deviation scaled to a pixel size .
of 10x 10 kn?, retrieved from GOME, SCIAMACHY and GOME-

2 over the equatorial Pacific. Two versions of GOME-2 results are “s s sw ss sm s w0 30 55 s 55 s w5 0 50 3% 30 w5 w0 955 50
shown: the initial retrieval settings (v07) and the improved settings Optical density o e aonish R =oaxe”
(v12, see text for details).

— I ()
Polynomial

i
£

13)
Y10° Bro (8.2x10"%)

to the square root of the different instrument ground pixel ar-

;

eas. The spread of the differential slant columns in the cleatr ., .
equatorial Pacific has been analysed over the entire time pe_, R, (119 0t R0 L L)
riod of measurements for each instrument. In this area, ones 2
can assume that the;80 production due to NMVOC oxi- o . ‘
dation can be neglected, and that the daily variations of the”! MW\M
CH4 oxidation are weak. The standard deviation of the re-«« 2

-0.02

trieved BHCO columns §y,) is therefore a measure of the W m s T wm W m s S w  m w
random noise of the measurements. In order to compare the sz ane”
instrument performances, the standard deviations have beeflg. 4. lllustration of the 2-step DOAS fit of a GOME-2 spectrum
corrected for each pixel area and scaled to a common pixebverpassing a region of large biogenic emissions in southeastern US
area of 10x 10 krr?, more comparable to OMI or to the fu- (9 August 2007, orbit 4176, SZA: 28 (a) First step in the wave-
ture TROPOMI spatial resolution (Veefkind et al., 2012). length interval 328.5-359 nnfb) second step in the wavelength
The results of this analysis are shown in Fig. 3. At the be-interval 328.5-346nm. The BrO slant column is not fitted in the
ginning of their measurement periods, the scaled standargecond step. Each plot shows the optical density in black [no unit]

deviations found for GOME. SCIAMACHY and GOME-2 and the residuals in red. The fitted slant columns are given above
VO7 are respectively 3.8, 3.7 ,and 5 2015 molec. cnT2. The [molec. crrrz]. The root mean square of the fit (RMS) in each wave-

. length interval is given at the bottom of the figure [no unit].
standard deviations of the GOME-2 v07 results are there- g g gure [ ]

fore 35% larger than expected. Note that a similar noise
excess has been identified in GOME-2 N@etrievals at
visible wavelengths (Richter et al., 2011). Moreover, while absorption bands and thereby increasing the information con-
the rate of increase of the noise of the GOME and SCIA-tent in the DOAS analysis (see e.g. Richter et al., 2011). Al-
MACHY H2CO ANs is less than 3% yr! during their first  though the flexibility to extend the 4€O fitting interval has
five years of operation (6 %yt for the next five years of been shown to be limited at longer wavelengths by a known
SCIAMACHY), the rate of increase of the noise for GOME- O,-related artefact above arid regions and oceans (De Smedt
2 v07 reaches 14 %yt between 2007 and 2011 (from 5.2 et al., 2008), and at shorter wavelength by the strong ozone
to 9x 10 molec. cnr?). This behaviour is related to the fast absorption, we decided to investigate the potential of using
throughput degradation of GOME-2 documented in Lang eta larger fitting range to possibly reduce the known corre-
al. (2009). lation between KCO and BrO absorption features (Theys
The aforementioned discrepancies (bias and noise excessg} al., 2011). Since, in contrast to SCIAMACHY, GOME-2
prompted us to further investigate and tentatively improvedoes not suffer from strong polarization-related spectral fea-
our slant column retrievals, leading to the modified GOME-2 tures in channel 2, various fitting windows could be tested at

H2CO retrieval settings presented below. both longer and shorter wavelengths beyond the limits of the
baseline 328.5-346 nm window. Note that a similar approach
3.2 Improved DOAS retrieval has been adopted in Theys et al. (2011) with a focus on BrO

retrieval. Here, our approach uses a two-step DOAS fit re-
A common way to maximize the sensitivity to weak ab- trieval that effectively reduces the noise in®D. Firstly,
sorbers and reduce the noise in the retrieved slant columnBrO slant columns are fitted in a wide wavelength interval
is to increase the size of the fitting window, including more (328.5—-359 nm) that includes six BrO absorption bands and
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Table 2. Improved DOAS settings (v12) used to retrieveGO slant columns from GOME-2 spectra.

Fitting interval — 1 328.5-359nm
Absorption cross-sections
H,CO Meller and Moortgat (2000), 298 K
Ozone Brion et al. (1998), 228K and 243K
BrO Fleischmann et al. (2004), 223K
NO»> Vandaele et al. (2002), 220K
Polarisation vectors Eta and Zeta from the GOME-2 calibration key data (EUMETSAT, 2009)
Fitting interval — 2 328.5-346 nm
Absorption cross-sections
H>CO Meller and Moortgat (2000), 298 K
Ozone Brion et al. (1998), 228K and 243K
BrO (not fitted) Fleischmann et al. (2004), 223K
NO» Vandaele et al. (2002), 220K
Ring effect 2 vectors generated using SCIATRAN (Rozanov et al., 2001; Vountas et al., 1998)
Slit function Asymmetric Gaussian slit function fitted during the irradiance calibration (Cai et al., 2012)
Polynomial 5th order

Intensity offset correction Linear offset
Reference spectrunig) Daily solar spectrum measured by GOME-2

minimises the correlation with ¥CO. H,CO columns are 10" H,CO N [molec.cm?]

then retrieved in the original 328.5-346 nm interval, but US-""[ean s, =5700015 | [meansy =7sserors | ||
ing the BrO slant column values determined in the first step °f ° diff = 22" % 1
(see Table 2 for details). This approach allows to efficiently °r /,/v——"/“\— e IO
decorrelate BrO from BCO retrievals while, at the same s—+—+7-"7"+7- 4 —“+—"+—"———+ L ———t————
. . . . . . . 14 BrO Ns [molec.cm™]

time, the Q-related bias in arid regions is avoided. x© .

Figure 4 illustrates our two-step procedure in the case ot “[

a GOME-2 spectrum measured on 9 August 2007 and over ? \\______/ \\__‘_/ ]
passing a strong#CO signal due to isoprene oxidationinthe °¢, , , |, ]
southeastern United States. Note that in the 328.5-359 nr xio® 0, N [molec.cm

interval, two additional polarisation functions (Eta and Zeta, | .~ |\ T T 7 T 7
from the GOME-2 calibration key data; EUMETSAT, 2009) s} \\1\—‘ \-«\_,_ .
are included in the analysis to correct for residual calibra-
tion sensitivity issues at the edges of the scan. Note als(®

x10° Fit root mean square (RMS)

thattheBrOcqumnsobtainedinthisintervalhavebeensys‘z' T T 7 7 T T 71T T T T T 7 7 7 1

tematically checked and found to be consistent with results |
published in Theys et al. (2011). More particularly, the BrO [ P e— —— ]
columns do not present any interference with elevatgd® o

columns in tropical regions. Latitudes [']

Furthgrmore, in order to better cope with the strong OZoneFig. 5.H,CO, BrO and @ slant columns, and root mean square of
absorp_tlon at wavelengths shorter thgn 336 rlm, the methog]e DOAS fit for one GOME-2 orbit (13 August 2007, orbit number
of Pukte et al. (2010) has been applied. It is a Taylor se-4557). The left column corresponds to the initial retrieval settings

ries approach that describes the €lant column as function  (y07), while the right column shows the effect of the BrO angl O
of wavelength and of vertical optical depth. At the first or- corrections (v12).

der, the method consists in adding two cross-sections to the

fit: 200, andod, (Eq. 11 in Pulge et al., 2010). This cor-

rection, which is equivalent to the AMF-modified DOAS ap-  Eigyre 5 illustrates the effects of the two corrections (dual

proach previously used in Theys et al. (2011) and De Smedf;; tor BrO and HCO, and Q correction) for one particu-

et al. (2011), allows reducing the fitting residuals and the|5; cOME-2 orbit on 13 August 2007, which is typical of

H>CO slant columns underestimation at large solar Ze”ithoackground level HCO concentrations. The upper panels of

angles, when the stratospheric 0zone absorption becomes opjq 5 show the HCO differential slant columns before and

tically thick. after the corrections (left and right column); the mean stan-
dard deviatioroy,are inset each plot. The second and third
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panels show the BrO andsGlant columns, while the lower GOME-2 Slit Function

panels show the root mean square (RMS) of the DOAS fit. oz} == sy
Owing to the first correction (dual fit for BrO and,B0), E o T o 3eoem
the scatter in the O slant columns is reduced by about = °-28% \_\\‘M
20 %, while the second correction {@MF correction) al- & °"6W\E=:E:_\__:
lows for a slight reduction of the RMS below 48, and a o24f I [ i ) { i t —"
significant reduction of the $CO slant columns underesti- 0

mation at southern mid-latitudes, directly related to the larger -oosf
Os columns in the Southern Hemisphere in August. -

AT I e eSSt S -
0.2k 4
3.3 Improved characterisation of the GOME-2 slit o2s] "]
fUnCUOn . I meaanMS of.GOME-; calibra.tion bet.ween 33‘0 and 3.60 nm ' 2
.01 T T T T T T T T T 0.285
Although the GOME-2 slit function has been thoroughly —seest PRI Coeie vt S
characterised before the launch of the instrument (Siddan,, oo} Sl +++oom;o Joars £
H : . H] T 00000, s
et al., 2006), recent investigations (Lacan and Lang, 2011% oo} 55566850033:5"‘” ol Po00ObR000G oy £
Dikty and Richter, 2011) have shown that the width of the ;ef8teeeeeee®se® + pre Flght it Function 0.6
GOME-2 slit function has been narrowing with time. To q Fitted/Siit Funclion

s s L s L s 255
Jan07 Jun07 Jan08 Jun08 Jan03 Jun09 Jan10 Jun10 Jan11 Junil  Jani2

study the impact of these changes on oyCB retrievals,

effective slit functions have been derived from measured soFig. 6. (a) GOME-2 slit function width (FWHM) and asymmetry
lar irradiance spectra by adjustment to the high resolution sofactor (AF) fitted during the calibration procedure of the DOAS
lar reference of Chance and Kurucz (2010) and assuming aanalysis.(b) Mean residuals of the GOME-2 solar spectrum cali-

asymmetric Gaussian line-shape described by the followingration between 330 and 360 nm, using the pre-flight slit function
equation (Cai et al., 2012): or fitting a Gaussian asymmetric slit function. The FWHM of the

fitted Gaussian asymmetric slit function is shown as second y-axis.
2
—4In(2) —=—,

F0) =A—s0ne P Ta-ar _ _
) Product and Service News, 20897 he lower panel of Fig. 6
wta)? | ) compares the residuals of the calibration procedure obtained

using (1) the pre-flight slit function and (2) fitting an asym-
where x is the difference in wavelength and(x) = metric Gaussmq Ime-sha_pe. One can see thgt these residuals
{Ox <0 correlate well with the width of the slit function plotted as

1x >0 Isastep function. The asymmetric Gaussian line-second y-axis in the same figure. It also appears that the cal-

—4In(2
+8(x)e "

shape is characterised by the full width at half maximum ibration results are markedly worse just after the throughput
(FWHM) and bya, the asymmetry factor (AF), wheeeis test of September 2009, suggesting that this test also had an
defined such as the left and right widths at half maximum ardMPact on the shape of the slit function.
wL=w(1—a)andwr =w (1+a).

The result of this effective calibration is presented in

f'g' 6. Rgtrlﬁved ds:c't V\;'r? th a?d asyr_nr;u?try fe;cotgr7 ’Earggﬁ'The new retrieval settings (v12) are detailed in Table 2. Fig-
ers are displayed for the entire period from 0 'ure 7 sums up the global effect of the different retrieval

and for the wavelengths 330, 340, 350 and 360 nm. In agree- . . I :
ment with Dikty and Richter (2011), we find that in 2011, improvements in comparison to the initial settings (v07).

_ . . The first panel shows a comparison of the monthly aver-
after 5yr of operations, the GOME_'Z slit function has nar- aged RCO differential slant columns on the global scale.
rowed by about 8% compared to its value at launch. NoteThe final hCO AN (v12) are higher by 16 % in 2007 and
that transient changes in the slit function visible in Fig. 6 co- by 50% in 2011. As a result, the general underestimation

e Wi ek e ML YOUGEU, e12C10 9P e GOME-2 clurns compare o SCIANACHY i si
P nificantly reduced. At the same time, the impact of the in-

FO the ISI'tIW'df.h’ t(r;e_ a?ygjlr_r;_etry fac;[_or IIS rlnor?t sta}{zle, Sh_ow'strumental degradation is minimised. This is due in part to
It?\g Onﬁ/ otcta |?e |fns a Idl _|esS, pe;r |cg argoggerEU&g_?gXTthe BrO and @ corrections, and for the rest to the fit of
roughput test performed in september ( the slit function. The improvement of v12 over v07 is also

illustrated in Figs. 1 and 2, which show a good agreement
3GOME-2 Long Term Monitoring Report (G2RP-R1 PPF4.0). between SCIAMACHY and GOME-2\ Nsat all latitudes.
4GOME-2/Metop-A instrument, PPF and auxiliary-data change
history, Ref.: EUM/OPS-EPS/TEN/08/0716, v6 Draft, Date: SGOME-2 Products Guide, Ref.: EUM/OPS-
11 January 2012. EPS/MAN/Q07/0445, Issue: v2D, Date: 6 March 2009.

3.4 Summary of the slant column improvements
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Global . . ' approximation (Martin et al., 2002). No explicit correction is
oS b and o, comectons | applied for aerosols but the cloud correction scheme accounts
for alarge part of the aerosol scattering (Boersma et al., 2004,
2011; De Smedt et al., 2008). In all cases, observations with
effective cloud fractions exceeding 40 % are filtered out. For
larger cloud fractions, the error in the vertical column in-
creases rapidly. Furthermore, the information content below
the cloud altitude is weak because the column is dominated
by a priori profile information, as can be deduced from the
averaging kernels that are provided for each observation (De
Smedt, 2011). The AMF variation with wavelength is found
to be generally less than 5 % in the 328.5-346 nm wavelength
range and a single air mass factor representative for the entire
retrieval interval can be used at 340 nm. However, for solar
zenith angles larger than 60the increase of stratospheric
ozone absorption leads to air mass factor variations of up to
10 % within the wavelength interval and, again, the sensitiv-
Fig. 7. Globally averaged time evolution of the normalizedGO ity of the measurement in the lower troposphere decreases
slant colums (first panel); the root mean square of the fit (secondapidly. For these reasons, the data are filtered out for solar
panel); and the HICO slant columns standard deviation (third panel) zenith angles larger than 60
fpr th_e intitial settings (v07),_the BrO _and Q3 cor_rections,_ and the In this work, the scattering weighting functions are evalu-
final |mprov'ed GO_ME-Z retrieval settings, |nclud|ng the' fit of the ated with the LIDORT v3.0 radiative transfer model (Spurr
GOME-2 slit function (v12). Yearly averaged relative differences . Lo '
between GOME-2 v07 and v12 results are given at the bottom of2901’ 2008) for a number of r.epresentatlve V|ew!ng geome-
each subplot. tries, surface albedos and aItltud_es, and stored in a look-up
table. To reduce the errors associated to topography, scatter-
ing weighting functions are calculated with a fine altitude
Also, the effect of the South Atlantic anomaly has been re-9rid near the ground (200 m sampling up to 2km), and the a
duced in v12 compared to vO7. priori profile shapes are rescaled to the ground altitude fol-
The second panel of Fig. 7 compares the root mean squardgWing Zhou et al. (2009). To take advantage of the better
(RMS) of the fits. While the BrO and £xorrections have lit- GOME-2 sampling rate, the precision of the external param-
tle impact on the RMS, the fit of the slit function decreases®@ters used to calculate the air mass factors has been improved

the RMS by 4% in 2007. This effect becomes more impor-2S much as possible. The same changes have been applied to
tantin time (8 % in 2011) and is expected to continue to grow.theé GOME and SCIAMACHY air mass factors in order to
The third panel of Fig. 7 clearly shows that the reduction €nsure fgll consistency between the time series. Compared to
of the noise in the KCO slant columns is largely driven the previous version of the product (De Smedt etal, 201.0)2
by the pre-fit of BrO although it is reinforced by the fit of the glbedo climatology, the cloud data version and the a priori
the slit function. The noise reduction ranges from 18% in Profile shapes have been updated. _
2007 to 30% in 2011. This effect is also shown in Fig. 3, The monthly albedo climatology of Kleipool et al. (2008)
where the random noise of the GOME-2 v12 slant columnsiS Now used (at 342nm). It provides the mode (most fre-
in 2007 is only 17 % larger than the nominal values of GOME guently observed value) of the Lambertian equivalent re-
and SCIAMACHY (instead of 35 % larger with v07). Impor- erc’Fances derlved.from OMI observations at Fhe spatial res-
tantly, the impact of the instrumental degradation has beer®lution of 0.5. This replaces the monthly climatology of
reduced in v12 since the degradation rate of the random nois&oelemeijer et al. (2003), which provided the minimum of

has been reduced by a factor 2 (from 14 %4to 7 %yrl).  the Lambertian equivalent reflectances derived from GOME
measurements at the resolution 6f (at 335nm). The im-

pact of this change on the vertical columns ofGO is il-
4 Air mass factors lustrated in the two first panels of Fig. 8, which show the
vertical columns differences averaged over two seasons in
The method used to calculate the tropospheri€C@ air 2007 (DJF and JJA). These differences have to be consid-
mass factors has been described in detail in De Smedt etred relative to the corresponding seasonal vertical columns
al. (2008). Briefly, AMFs are computed using vertically re- shown in Fig. 9. For the DJF period, the new albedo cli-
solved scattering weighting functions and a priori profile matology leads to HCO columns systematically lower over
shapes following the formulation of Palmer et al. (2001). eastern China and North equatorial Africa by abe.5
In the case of cloudy scenes, a correction is applied using and—1x 10° molec. cnT?, respectively {40 % and—10 %
Lambertian reflecting cloud model and the independent pixelof the total columns). During the JJA period, systematically
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by daily profiles provided by an updated version of IM-
AGESV2 with a spatial resolution of 2 2.5° (Stavrakou et
al., 2009b, 2011). This new version of IMAGES provides the
global distribution of 80 chemical components for 40 verti-
cal levels between the Earth’s surface and 22.5 km altitude.
BV e ZAVEN ‘ Advection is driven by monthly mean operational ECMWF
G S0 Nps ) o | . . .
,//Q/;; S fields, and daily f|eIQS are used for temperature, water vapour,
< < s o L . boundary layer mixing, and cloud optical depths. The model
i S i time step is 6 h, but diurnal variations in the photorates and
in the concentrations are accounted for through correction
factors computed via a diurnal cycle simulation with a 20-
min time step. The diurnal variations are used to estimate
the formaldehyde KHCO model profiles at the overpass time
of GOME-2. The chemical mechanism comprises 20 ex-
plicit NMVOCs. The degradation mechanism for the major-
ity of the NMVOCs is mostly based on the Master Chemi-
cal Mechanism (MCM) (Saunders et al., 2003), whereas for
F_ig. 8. Absolute differences in CO vertical co_lumns (\_/C) from_ isoprene, the Mainz Isoprene Mechanism (MIM version 2,
air mass factor parameter updates (new version-previous Versionjraranorelii et al., 2009) has been used. The a priori bio-

The left and right columns show the seasonally averaged VC dif- : o . .
, . . X nic emissions of isoprene ar ined from the MEGAN-
ferences, respectively in DJF and in JJA 2007. First row: updatege ¢ emissions of isoprene are obtained from the G

) . S - ECMWEF inventory (Miller et al., 2008, and update in 2010,
of the surface albedo climatology (previous version: Koelemeijer et . . o
al., 2003, new version: Kleipool et al., 2008). Second row: update thttp://tropo.aeronom|e.be/modelsllsoprene)hﬁhe aprort
the cloud product (previous version: Fresco v5, new version: FrescdY"0genic emissions are provided by the Global Fire Emis-
v6). Third row: update of the a priori profiles from IMAGESV2 (pre- Sion Database (GFEDv3, van der Werf et al., 2010) by ap-
vious version: monthly profiles, & 5°, new version: daily profiles, ~ plying updated emission factors (2007) from Andreae and
2 x 2.5°). The two lower panels show the combined effects of the Merlet (2001). The a priori anthropogenic emissions are ob-
three AMF parameter updates. tained from the RETRO database for the year 2000 (Schultz
et al., 2007), which is overwritten by EMEP over Europe,
and REAS over Asia (Ohara et al., 2007). The impact of us-
higher columns are derived over eastern US, India and Easing this new version of IMAGES to estimate the a priori pro-
ern Asia (2 to 3x 10 molec.cnt?, 15 to 30%), while file shapes of HCO, and also the reference sector correction
lower columns are observed in Africa, south of the Equator(N\%TM), is illustrated in the third line panels of Fig. 8. The
(—2x 10**molec. cnm2 or —15 %). Over the Mediterranean  global background is lower by 0:510'° molec. cnT2 during
Sea, vertical columns are 10% higher during summertimethe December-January-February period. Over central Africa
due to lower reflectances over waters in the Kleipool clima-and western South America, the®O vertical columns are
tology compared to Koelemeijer. lower in average by about 10 molec. cnT? (less than
Regarding the cloud parameters, version 6 of the FRESCQ5 % of the column in these period/regions), reflecting a pri-
cloud product now replaces version 5 (Koelemeijer et al.,ori profile shapes larger in the free troposphere than in the
2001; Wang et al., 2008). Both versions provide an effectiveprevious version. During the June-July-August period, the
cloud fraction and cloud top height, assuming a Lambertiannew H,CO columns are slightly higher around Beijing (by
reflecting cloud with an albedo of 0.8. The main difference about 2x 10'° molec. cnm?), reflecting profile shapes peak-
lies in the surface albedo climatology used for the cloud re-ing more near the surface in this urban area, owing to the
trieval, which was the Koelemeijer climatology in version 5 petter spatial resolution of the new simulated profiles.
and has been replaced by the MERIS climatology (Popp et The lower line panels of Fig. 8 sum up the impacts of
al., 2011) over continents in the new version. As can be seefhese different changes in the air mass factor calculations.
in the second row panels of Fig. 8, the mean impact of thisThe largest effects can be attributed to the new albedo clima-
new cloud version is relatively small. A stronger effect can betology, with contribution of the new a priori #CO profiles
observed locally over Iraq and Syria, Northern Australia andover Africa and around Beijing. In large regions, the aver-
generally along the coasts, reflecting the better spatial rescaged differences are relatively moderate compared to the to-
lution of the MERIS database. Note that the MERIS albedotal H,CO columns (lower than 20 %), but more locally, the
database does not provide measurement in the UV and cantifferences can reack40 %. Overall, the spatial resolution
not be used as albedo climatology for theGO retrieval. of the product is improved by using better resolved albedo
Finally, the monthly a priori HCO vertical profiles sim-  and profile shape climatology, and the temporal resolution is
ulated by the IMAGESV2 tropospheric CTM at the resolu- improved by using daily profile shapes. In order to provide
tion of 4° x 5° (Stavrakou et al., 2009a) have been replaced

\ /

- 3
GOME-2 H,CO Ny [10" molec.cm?]
:

]
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the following equation (assuming that the errors are indepen-
dent, which is known not to be strictly valid; Boersma et al.,
2004):

2

2 1 UNsrand 1 2
o =—F + —F X O

M T g2 N M?2 Ns syst

2
AN,
CTM s 2
+oN, T ( 2 ) X Oy 3)
wheres2 ando?  are, respectively, the random and
N&rand Nssyst

systematic parts of the error in the slant column. The random
error in the slant columns is directly related to the residuals of
the DOAS fits, while the systematic error takes into account
uncertainties of the absorption cross-sections datasets, the
correlation between the different absorption cross-sections
in the considered wavelength interval, and the absorber con-
centrations for every observatioN. is the number of satel-
lite observations considered in the vertical column average.
oy is the estimated error in the reference sector correc-
tion. Finally, o) is the air mass factor error that takes into
account uncertainties in the albedo, the cloud parameters and
the profile shapes, weighted by the AMF sensitivity to these
parameters, that changes for each observation condition. It is
understood that AMF errors have systematic and also random
components that may average out in space or in time. How-
ever, these components can hardly be separated in practice
and we consider these uncertainties as systematic. The final
error estimated with Eq. (3) is therefore an upper limit of the
real error in the vertical columns. The different contributions
: to the total error are shown separately in Fig. 10. The total
GOME-2 H,CO N, [10* molec.cm?] error on monthly averaged columns is generally comprised
R i T e e e v e ) between 30 and 40 %, except in wintertime in mid-latitudes
where the error exceeds 60 %. This limitation is explained
by the low HCO emissions in these regions during winter-
time coupled by the fact that the sensitivity of the satellite
measurements decreases in the boundary layer when the so-

a consistent multi-mission dataset of €D vertical columns lar zenith angle increases (increasing the sensitivity of the
between 1997 and 2011. the GOME and SCIAMACHY air AMF to any error in the external parameters). In these large

mass factors have been recalculated applying the same ufi€9ions, the random error in the monthly averaged columns
dates of the external parameters. is almost negligible compared to the systematic errors. The

systematic uncertainties in slant columns and in air mass fac-

tors are generally the largest sources of error, and most of
5 Error analysis and data product characterisation the time of similar magnitudes. However, when thgQ®

columns are lower, the error related to the reference sector
Figure 9 presents the GOME-280 columns averaged sea- correction becomes more significant (up to 30 %). Another
sonally between 2007 and 2011 on a spatial grid of Q.25 important error source of the AMF calculation is the lack
while Fig. 10 presents the monthly variations of theQ® of correction in the case of absorbing aerosols, principally
vertical columns (upper panels) and their relative errorsin biomass burning conditions. Indeed, it has been shown in
(lower panels) averaged over the period 2007-2011 in theseveral studies that the impact of aerosols on air mass fac-
12 regions defined by the black boxes in Fig. 9. For theseors is mainly significant when the aerosol layer is above the
figures, pixels have been selected with solar zenith anglebulk of formaldehyde, and when the aerosol optical thickness
below 60, cloud fractions lower than 40 % and fitting resid- is high, typical of biomass burning conditions (Latet al.,
uals lower than 1.5 10~2. The method to calculate the total 2010; Gonzi et al., 2011; Barkley et al., 2012). A full treat-
error in the vertical columns of formaldehyde has been de-ment of clouds and aerosols in radiative transfer will only be
scribed in detail in De Smedt et al. (2008), and is based orpossible if clouds are aerosols are represented separately as

Fig. 9. GOME-2 (v12) seasonal #CO vertical columns averaged
between 2007 and 2011.
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Fig. 10. GOME-2 H,CO vertical columns averaged regionally between 2007 and 2011 (upper panels), and their estimated relative errors
(lower panels) with the contributions of each error source. The limits of the regions are shown in Fig. 9.

scattering layers and if detailed information on aerosol op-Africa, a dipole pattern exists owing to different seasonal
tical properties is available at the global scale (Valks et al.,burning either side of the Equator (Stavrakou et al., 2009a;
2011). Besides the cloud and aerosol impacts, it is recogniseiarais et al., 2012). Localised emissions along the Nile Val-
that the errors related to uncertainties in the a priori profileley appear in the JJA map, such as along the plains in Iraq up
shapes can be locally as large as 40 % (Barkley et al., 2012)o the Persian Gulf. Over Asia, biogenic emissions dominate
As observed with previous satellite measurements, théhe H,CO signal, coupled with seasonal agricultural burn-
highest annual columns are found over tropical regions ining and forest fires (Fu et al., 2007). In Southeastern Asia,
Africa and Amazon, where biogenic and biomass burningimportant biomass burning events take place in India and
sources dominate the emissions (Barkley et al., 2008lévl  in Indochina from March to May. In highly populated re-
et al., 2008; Stavrakou et al., 2009a), and in Southeastergions of Asia, anthropogenic emissions of NMVOCs have
Asia, where biogenic, biomass burning and anthropogenideen reported over major cities and over industrial Eastern
sources all contribute to the observed@®O column (Fu et  China, the Indo-Gangetic plains and central India where bio-
al., 2007; Stavrakou et al., 2009a). The formaldehyde seafuel is extensively used (Fu et al.,, 2007). However, even
sonal variations are primarily related to the increase of bio-there, the biogenic contribution to the totap@®O column
genic emissions during local summer months at mid-latitudedargely dominates. For this reason, the anthropogenic sig-
over deciduous forests (in America, in Europe, in Northernnal should be easier to isolate during wintertime. This is not
Asia and in Australia), and during the dry season over everthe most favourable situation since the quality of th&Cl
green tropical forests (in Amazon and Africa). In the Tropics, satellite retrieval decreases in the case of low Sun obser-
biomass burning also contributes significantly to theCl vations. In the GOME-2 map for the SON period, anthro-
columns (Gonzi et al., 2011; Stavrakou et al., 2009b). Overpogenic BCO signals are visible in urban areas of central
the Amazon, burning is more widespread between Septemand southern China including Beijing, Chongging, Wuhan
ber and November (SON) (Barkley et al., 2011), while over and Changsha, Xi'an, Hong Kong and the Pearl River Delta,
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. Alabama of SCIAMACHY. The precision of the current GOME and
Lo tcton it SCIAMACHY H,CO datasets does not allow for a better

wl S oM ety 1 time/space resolution than monthly averaged columns over
T Soin veekty mean rather large regions in order to sufficiently reduce the noise

—©— SCIA monthly mean

in the observations (see e.g. Dufour et al., 2009). The better
sampling rate of GOME-2 allows for a significant reduction
of the noise in the averaged columns. To illustrate this, we
compared the GOME-2 and SCIAMACHY detection limits,
defined as three times the random error (first term of Eq. 3).
In Fig. 11, the detection limits are shown for daily, weekly
and monthly averaged €0 columns in August 2007 in
southeastern US, as a function of the circle radius consid-
C\ ered around the state of Alabama (centré:18587° W). The
s —— {  value of the reference sector correctioV{™, shown in red
& in the figure) represents the background level oCBO at
. \ , g : : : =] this latitude and is considered here as a threshold for the de-
om0 @ sired minimum detection limit of the observations. It can be
] o ) seen that the SCIAMACHY observations need to be aver-
Fig. 11. Detection limit of the SCIAMACHY and GOME-2 dalily, aged monthly within a radius of at least 200 km (or weekly

weekly and monthly averagedbBO vertical columns, in function . - - e
of the radius considered around Alabama (southeastern US) in Aun @ radii of 500km) to provide sufficiently low random er-

gust 2007. The red line shows the IMAGES correction in the remote'Or'S: Using GOME-2 observe!tlons, itis possible t(_) Worl.< with
Pacific, considered as the background detection limit. weekly averaged values within 150 km, or even with daily av-

eraged values within radius larger than 500 km. This opens
new perspectives for the exploitation of satelliteG®O ob-
servations, together with the OMI early afternoogG ob-
and in major Indian cities, including New Delhi and Kolkata. servations.
In North America, biogenic NMVOCs dominate the €O
variability. The spatial distribution of the biogenic emissions
seen by GOME-2 is better defined than previously observeds Comparison of the GOME, SCIAMACHY and
with SCIAMACHY or GOME. For example, the summer- GOME-2 H,CO datasets
time formaldehyde concentrations follows closely the spa-
tial distribution of the eastern deciduous forests along theFigure 12 compares the time series of the GOME, SCIA-
spine of the Appalachian mountains, but also along a narMACHY and GOME-2 monthly averaged columns in the
rower band along the western coast from California to Mex-target regions whose boundaries are displayed in Fig. 9. The
ico (Millet et al., 2008; Boeke et al., 2011). Similar patterns value of the reference sector correction is also shown in the
are observed with the OMI instrument, which currently offers plots as an indication of the 40O detection limit. This al-
the best spatial resolution and temporal coverage (Millet efows discriminating between regions (or time periods) where
al., 2008). During fall, weaker $CO signals are detectable in the total column is constrained by the satellite observations
the vicinity of some urban areas, like for example around Losthemselves rather than by the model background. In the Trop-
Angeles and Phoenix, or between Houston and Dallas in eastes, the observed $#CO columns are well above the detec-
ern Texas, where local petrochemical industry is importanttion limit throughout the year. In mid-latitude regions, the
(Millet et al., 2008). Maximum summertime concentrations summer HCO observations are also elevated, but in win-
in Europe present lower levels than in America and are ob+er they are generally close to, or just above, the detection
served over broadleaf forests in Central and Eastern Europlmit. For each region, the correlation of GOME-2 with co-
(over Germany, Poland, Hungary, Ukraine and Western Rusincident SCIAMACHY observations is given within the plot,
sia), and more surprisingly also over closed seas (Mediteras well as the slope of the regression line of GOME-2 versus
ranean, Aegean, Black and Caspian Seas), as already oSCIAMACHY. The correlation coefficients are higher than
served with OMI measurements (Curci et al., 2010; Sabolis0.8 in almost all regions. They are slightly lower (0.7) in Eu-
et al., 2011) and with aircraft field campaigns (Klippel et al., rope, Indonesia and northern Australia. The difference be-
2011). tween the SCIAMACHY and GOME-2 $¥CO columns is
As already mentioned, the identification of regional emis- found to be lower than 5% in the regions of Guatemala,
sions patterns in the GOME-2 observations are much betAmazonia, South Africa, India, southern China, Thailand
ter defined than with the GOME and SCIAMACHY obser- and Indonesia. Note that in India and China, the positive
vations, owing to the better sampling rate of GOME-2 andtrends previously detected in the GOME and SCIAMACHY
despite the fact that its ground pixels are larger than thosé1,CO columns (De Smedt et al., 2010) are supported by

3 x Random Error [10'® molec.cm™]
> ©
T T
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s a: Southeastern US d: Northern Africa daily normalisation procedure applied to eliminate system-
\ “scmmon 56 T mmonve, A | atic zonal artefacts also helps in maintaining the long-term
ve, stability of the BCO vertical columns by minimising the
1 'V'\/\/\/’\/"\’vv’\/\M/V\A/ sensitivity of the retrieved slant columns to long-term instru-

LA A XN VYN Y mental degradation effects. The general level of agreement
s b: Guatemala e: Equatorial Africa obtained between the three sensors in all regions is very sat-
§ , Vo Sz m v, Vo= (1.08013) VG, isfactory with regard to the estimated uncertainties in the to-
° WWW\P\NW\/\N‘M tal columns, which range between 30 % and 40 % for these
& ‘/»\L,\MM\/\MNJ\; monthly and spatially averaged data (see Fig. 10).
laaatiAtbo et 8o N

R c: Amazonia f: Southern Africa

) \3:5:.24(0.9%0.05)VCSC \7;:2'20(1.00¢0.07)vcsc 7 Conclusions and perspectives

‘MJWW\/\MWNMNUUWWMAM Global distributions of formaldehyde tropospheric columns

% woo g:)Tndi:s 0 10 1200 h:°;°u::em°zhin28 o spectra recorded by GOME-2 on METOP-A between 2007
3 —— o and 2011. Improved DOAS retrieval settings have been de-
2 VOgp ™ (1:05:010) VCso VOop T (1:0260.07) VCso veloped for this instrument, with the ultimate goal to provide

a consistent global long-term multi-sensor dataset g2 @
""“\/V"‘VW\‘AJ\W AANNTZIY YAV VAV mid-morning columns based on GOME, SCIAMACHY and

i: Thailand i: Indonesia GOME-2 measurements. The updated GOME-2 settings in-
RE0; Riole clude a two-step fitting procedure to minimise interferences
oaTHPR0P Wooc b between HCO and BrO spectral structures, and a modified
DOAS approach to better cope with the strong @bsorp-
..... | WEIT TG MU TOIR o vigee tion effects at moderate and large solar zenith angles. To

-

)

[

N

)

vC [1016 molec.cm 2]
-
J o
8

k: Europe I: Northern Australia handle the impact of time-dependent GOME-2 slit function
s RI071 RI071 changes, an asymmetric Gaussian line-shape is derived as
VC52 =(1.13+0.27) Vcsc Vcez =(0.85+0.23) VCsc . . . .
2 part of a calibration procedure applied on daily solar spec-

tra. These corrections reduce the noise in th&€@ slant
columns, soften the instrumental degradation effects and im-
prove the detection of $#CO at mid-latitudes. Consistent
Fig. 12.Time series of monthly and regionally averageg3® ver-  air mass factors are applied to the three instruments based
tical columns retrieved from GOME (in blue), SCIAMACHY (in on up-to-date surface albedo and cloud parameters comple-
grey) and GOME-2 (in green). The value of the reference sectomented by a new database of a priotGO profile shapes
correction is shown in red as an indication of the detection limit of improved Spatiotempora| representativeness_ The result-
of the observations. The limits of the regions are shown in Fig. 9.jng SCIAMACHY and GOME-2 formaldehyde columns,
The correlation values_and regression Ilnes_ between SCIAMACHYmommy averaged over the main NMVOC emission region
anq GOME-2 observations are given in the inset of each plot fortheOf between 2007 and 2011, show excellent agreement, with
period 2007-2011. . - . .

correlation coefficients higher than 0.8 and mean column dif-
ferences lower than 10 % almost everywhere.

the GOME-2 observations. The GOME-2 columns are about The whole dataset is available on the formaldehyde pages

10% larger than SCIAMACHY in northem and equatorial of the TEMIS website ww.temis.n) and is delivered to-

Africa, such as in southeastern US and Europe. Larger dif_getherwith a detailed error estimate. For individual measure-
ferenc’es are found in Australia, where the GOME-Z columnsmems’ the random error in the slant column is the largest

are 15 % lower than SCIAMACHY, but appear more consis- rSnO;r:tCrﬁ OL\L/lgrc;r;e;‘lnt%\év:geafgsrtﬁ(l;r;%ncrglr;?; dtgr?rl:]la;?fggt
tent with the GOME time series. The discrepancy between y ges. y P

SCIAMACHY and GOME-2 in this region is mostly imoor- cloud and aerosols corrections, and by uncertainties in the a
tant during the winters of 2009 and 3010 when ¥he Smp”_priori H»CO vertical profile shape. As regards the latter error

tude of the seasonal variations in the SCIAMACHY data is source, vertlc_al columns might be |m_pr(_)ved _for particular lo-
cations by using more accurate a priori profiles, for example

significantly reduced. An instrumental degradation effect in based on inout from reaional models. around-based or air-
SCIAMACHY time series cannot be excluded. As already P glonal r ' 9 .
craft measurements. To this aim, the averaging kernels and

mentioned, instrumental degradation has noticeable e1°fect§1 L , . Lo .
: - e a priori profiles are provided for each individual vertical
on the HCO random error (see Fig. 3), but no significant column

impact on the HCO columns was detected so far (except
over Australia for SCIAMACHY). It must be noted that the
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More generally, the validation of this and similar datasets J., Kurosu, T. P., Chance, K., Mer, J.-F., De Smedt, I., Van
of short-lived tropospheric trace gas measurements currently Roozendael, M., Chen, D., Wang, Y., and Yantosca, R.: Can a
remains a challenge due to the scarcity of suitable reference “state of the art” chemistry transport model simulate Amazo-
ground datasets and more generally to the difficulty of han- nian tropospheric chemistry?, J. Geophys. Res., 116, D16302,
dling the impact of the different spatial and temporal sam- doi:10.1029/2011JD015893011.
pling of satellite and ground-based measurements. ThereBaékgiﬁer':/gaepl" '\};“risrlrj]’et;' i" EZSEZ?Q’; 'TD’ Dsnjrgiitr;ﬂ!'érvzn.
fore, more measurements and validation studies making use Assessing sources of uncertainty in formaldehyde air mass fac-

of in-situ and FTIR or MAXDOAS ground-based remote tors over tropical South America: Implications for top-down

sensing systems are definitely needed over a variety of re- isoprene emission estimates, J. Geophys. Res., 117, D13304,
gions, in particular in the Tropics and at the suburban level {oi:10.1029/2011JD016822012.
in mid-latitudes. Boeke, N. L., Marshall, J. D., Alvarez, S., Chance, K. V., Fried, A.,
Finally, the harmonised and fully documented long-term  Kurosu, T. P., Rappengluck, B., Richter, D., Walega, J., Weib-
global formaldehyde dataset presented in this work is ide- ring, P., and Millet, D. B.: Formaldehyde columns from the
ally suited to support global air quality and chemistry-climate ~ Ozone Monitoring Instrument: Urban versus background levels
related studies (e.g. Sartelet et al., 2012). In order to fully @nd evaluation using aircraft data and a global model, J. Geo-
exploit multi-platform HCO observations, and to use them _ Phys. Res., 116, 5303D@0l110-10_29/201OJD0}4879011. _
synergistically with other trace gases observations in multi-B°¢"Sma. K. F., Eskes, H. J., and Brinksma, E. J.. Error analysis for
compounds inversion schemes, it is essential to homogenise tropospheric NO 2 retrieval from space, J. Geophys. Res., 109,
. . to D04311mdoi:10.1029/2003JD003962004.
as far as possible the retrieval settmg; as We.II as the _extern@oersma, K. F.. Eskes, H. J.. Dirksen, R. J., van der A, R. J.,
databases, and to properly characterise the information con- \eefkind, J. P., Stammes, P., Huijnen, V., Kleipool, Q. L., Sneep,
tents, in order to reduce as much as possible systematic bias v., Claas, J., Le#io, J., Richter, A., Zhou, Y., and Brunner, D.:

between the observations. An improved tropospheric N©column retrieval algorithm for
the Ozone Monitoring Instrument, Atmos. Meas. Tech., 4, 1905
1928,d0i:10.5194/amt-4-1905-2012011.
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