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14

Abstract: On board of the Copernicus Sentinel-5 Precursor (S5P) platform, the TROPOspheric Monitoring

15

Instrument (TROPOMI) is a double channel nadir-viewing grating spectrometer measuring solar back-

16

scattered earthshine radiances in the ultraviolet, visible, near-infrared and shortwave infrared with global daily

17

coverage. In the ultraviolet range, its spectral resolution and radiometric performance are equivalent to those

18

of its predecessor OMI, but its horizontal resolution at true nadir is improved by an order of magnitude. This

19

paper introduces the formaldehyde (HCHO) tropospheric vertical column retrieval algorithm implemented in

20

the S5P operational processor, and comprehensively describes its various retrieval steps. Furthermore,

21

algorithmic improvements developed in the framework of the EU FP7-project QA4ECV are described for

22

future updates of the processor. Detailed error estimates are discussed in the light of Copernicus user

23

requirements and needs for validation are highlighted. Finally, verification results based on the application of

24

the algorithm to OMI measurements are presented, demonstrating the performances expected for TROPOMI.

25

1. Introduction

26

Long term satellite observations of tropospheric formaldehyde (HCHO) are essential to support air quality and

27

chemistry-climate related studies from the regional to the global scale. Formaldehyde is an intermediate gas in

28

almost all oxidation chains of non-methane volatile organic compounds (NMVOC), leading eventually to CO2.

29

NMVOCs are, together with NOx, CO and CH4, among the most important precursors of tropospheric ozone.

30

NMVOCs also produce secondary organic aerosols and influence the concentrations of OH, the main

31

tropospheric oxidant. The major HCHO source in the remote atmosphere is CH4 oxidation. Over the continents,

32

the oxidation of higher NMVOCs emitted from vegetation, fires, traffic and industrial sources results in

33

important and localised enhancements of the HCHO levels (as illustrated in Figure 1). Its lifetime being of the

34

order of a few hours, HCHO in the boundary layer can be related to the release of short-lived hydrocarbons,

35

which mostly cannot be observed directly from space. Furthermore, HCHO observations provide information

36

on the chemical oxidation processes in the atmosphere, including CO chemical production from CH 4 and

37

NMVOCs. The seasonal and inter-annual variations of the formaldehyde distribution are principally related to
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38

temperature changes (controlling vegetation emissions) and fire events, but also to changes in anthropogenic

39

activities. For all these reasons, HCHO satellite observations are used in combination with tropospheric

40

chemistry transport models to constrain NMVOC emission inventories in so-called top-down inversion

41

approaches (e.g. Abbot et al., 2003, Palmer et al., 2006; Fu et al., 2007; Millet et al., 2008; Stavrakou et al.,

42

2009a, 2009b, 2012, 2015; Curci et al., 2010; Barkley et al., 2011, 2013: Fortems-Cheiney et al., 2012; Marais

43

et al., 2012; Mahajan et al., 2015).

44

HCHO tropospheric columns have been successively retrieved from GOME on ERS-2 and from SCIAMACHY

45

on ENVISAT, resulting in a continuous data set covering a period of almost 16 years from 1996 until 2012

46

(Chance et al., 2000; Palmer et al., 2001; Wittrock et al., 2006; Marbach et al., 2009; De Smedt et al., 2008;

47

2010). Started in 2007, the measurements made by the three GOME-2 instruments (EUMETSAT METOP-A,

48

B and C) have the potential to extend by more than a decade the successful time-series of global formaldehyde

49

morning observations (Vrekoussis et al., 2010; De Smedt et al., 2012; Hewson et al., 2012; Hassinen et al.,

50

2016). Since its launch in 2004, OMI on the NASA AURA platform has been providing complementary HCHO

51

measurements in the early afternoon with daily global coverage and a better spatial resolution than current

52

morning sensors (Kurosu et al., 2008; Millet et al., 2008; González Abad et al., 2015; De Smedt et al., 2015).

53

TROPOMI aims to continue this time series of early afternoon observations, with daily global coverage, a

54

spectral resolution and signal-to-noise ratio (SNR) equivalent to OMI, but combined with a spatial resolution

55

improved by an order of magnitude, which potentially offers an unprecedented view of the spatiotemporal

56

variability of NMVOC emissions.

57

To fully exploit the potential of satellite data, applications relying on tropospheric HCHO observations require

58

high quality long-term time series, provided with well characterized errors and averaging kernels, and

59

consistently retrieved from the different sensors. Furthermore, as the HCHO observations are aimed to be used

60

synergistically with other species observations (e.g. with NO2 for air quality applications), it is essential to

61

homogenize as much as possible the retrieval methods as well as the external databases, in order to minimize

62

systematic biases between the observations. The design of the TROPOMI HCHO prototype algorithm,

63

developed at BIRA-IASB, has been driven by the experience developed with formaldehyde retrievals from the

64

series of precursor missions OMI, GOME(-2) and SCIAMACHY. Furthermore, within the S5P Level 2

65

Working Group project (L2WG), a strong component of verification has been developed involving independent

66

retrieval algorithms for each operational prototype algorithm. For HCHO, the University of Bremen (IUP-UB)

67

has been responsible of the algorithm verification. An extensive comparison of the processing chains of the

68

prototype (the retrieval algorithm presented in this paper) and verification algorithm has been conducted. In

69

parallel, within the EU FP7-project Quality Assurance for Essential Climate Variables (QA4ECV, Lorente et

70

al., 2017), a detailed step by step study has been performed for HCHO and NO2 DOAS retrievals, including

71

more scientific algorithms (BIRA-IASB, IUP-UB, MPIC, KNMI and WUR), leading to state-of-the art

72

European products (www.qa4ecv.eu). Those iterative processes led to improvements that have been included

73

in the S5P prototype algorithm, or are proposed as options for future improvements of the operational

74

algorithm.
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75

This paper gives a thorough description of the TROPOMI HCHO algorithm baseline, as implemented at the

76

German Aerospace Center (DLR) in the S5P operational processor UPAS-2 (Universal Processor for UV/VIS

77

Atmospheric Spectrometers). It reflects the S5P HCHO Level 2 Algorithm Theoretical Basis Document v1.0

78

and also describes the options to be activated after the S5P launch, as implemented for the QA4ECV OMI

79

HCHO retrieval algorithm (see illustration in Figure 1).

80

In Section 2, we discuss the product requirements and the expected product performance in terms of precision

81

and trueness, and provide a complete description of the retrieval algorithm. In Section 3, the uncertainty of the

82

retrieved columns and the error budget is presented. Results from the algorithm verification exercise are given

83

in Section 4. The possibilities and needs for future validation of the retrieved HCHO data product can be found

84

in Section 5. Conclusions are given in Section 6.

85
86
87

Figure 1: 10-years average of HCHO vertical columns retrieved from OMI between 2005 and 2014
(http://www.qa4ecv.eu/ecv/hcho-p/data).
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88

2. TROPOMI HCHO algorithm

89

2.1 Product Requirements

90

In the UV, the sensitivity to HCHO concentrations in the boundary layer is intrinsically limited from space due

91

to the combined effect of Rayleigh and Mie scattering that limit the fraction of radiation scattered back from

92

low altitudes and reflected from the surface to the satellite. In addition, ozone absorption reduces the number

93

of photons that reach the lowest atmospheric layers. Furthermore, the absorption signatures of HCHO are

94

weaker than those of other UV-Vis absorbers, such as e.g. NO2. As a result, the retrieval of formaldehyde from

95

space is noise sensitive and error prone. While the precision (or random uncertainty) is mainly driven by the

96

signal to noise ratio of the recorded spectra, the trueness (or systematic uncertainty) is limited by the current

97

knowledge on the external parameters needed in the different retrieval steps.

98

The requirements for HCHO retrievals have been identified as part of the TROPOMI science objectives

99

document (van Weele et al., 2008), the COPERNICUS Sentinels-4/-5 Mission Requirements Document MRD

100

(Langen et al., 2011; 2017), and the S5P Mission Advisory Group report of the review of user requirements

101

for Sentinels-4/-5 (Bovensmann et al., 2011). The requirements for HCHO are summarised in Table 1.

102

Uncertainty requirements include retrieval errors as well as measurement (instrument-related) errors. Absolute

103

requirements (in total column units) relate to background conditions, while percentage values relate to elevated

104

columns.

105

Three main COPERNICUS environmental themes have been defined as ozone layer (A), air quality (B), and

106

climate (C) with further division into sub themes. Requirements for HCHO have been specified for a number

107

of these sub themes (B1: Air Quality Protocol Monitoring, B2: Air Quality Near-Real Time, B3: Air Quality

108

Assessment, and C3: Climate Assessment). With respect to air quality protocol monitoring, which is mostly

109

concerned with trend and variability analysis, the requirements are specified for NMVOC emissions on

110

monthly to annual time scales and for larger region/country scale (Bovensmann et al., 2011). In the error

111

analysis section, we discuss these requirements and the expected performances of the HCHO retrieval

112

algorithm.

113
114
115

Table 1: Requirements on HCHO vertical tropospheric column products as derived from the MRD.
Where numbers are given as "a - b", the first is the target requirement and the second is the threshold
requirement.
Horizontal resolution [km]

Revisit time

Theme

Required uncertainty

5-20

0.5-2h

B1, B2, B3

5-50

6 - 24x3 hour

C3

30-60% or 1.3 x 1015 molec.cm-2
(least stringent)
30% or 1.3 x 1015 molec.cm-2
(least stringent)

116
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117

2.2 Algorithm description

118
119
120

Figure 2: Flow Diagram of the L2 HCHO retrieval algorithm implemented in the S5P operational
processor.

121

Figure 2 displays a flow diagram of the level-2 (L2) HCHO retrieval algorithm implemented in the S5P

122

operational processor. The baseline operation flow scheme is based on the Differential Optical Absorption

123

Spectroscopy (DOAS) retrieval method (Platt et al., 1994; Platt and Stutz, 2008; and references therein). It is

124

identical in concept to the one of SO2 (Theys et al., 2017) and very close to the one of NO2 (van Geffen et al.,

125

2017). The interdependencies with auxiliary data and other L2 retrievals, such as clouds, aerosols or surface

126

reflectance are also represented.

127

Following the diagram in Figure 2, the processing of S5P level-1b (L1b) data proceeds as follows: radiance

128

and irradiance spectra are read from the L1b file, along with geolocation data such as pixel coordinates and

129

observation geometry (sun and viewing angles). The relevant absorption cross section data as well as

130

characteristics of the instrument are used as input for the determination of the HCHO slant columns (Ns). In

131

parallel to the slant column fit, S5P cloud information and absorbing aerosol index (AAI) data are obtained

132

from the operational chain. Alongside, in order to convert the slant column to a vertical column ( Nv), an air

133

mass factor (M) that accounts for the average light path through the atmosphere is calculated. For this purpose,

134

several auxiliary data are read from external (operational and static) sources: cloud cover data, topographic

135

information, surface albedo, and the a priori shape of the vertical HCHO profile in the atmosphere. The AMF

136

is computed by combining an a priori formaldehyde vertical profile and altitude-resolved air mass factors

137

extracted from a pre-computed look-up-table (also used as a basis for the error calculation and retrieval

138

characterization module). This look up table has been created using the VLIDORT 2.6 radiative transfer model
5
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139

(Spurr et al., 2008a) at a single wavelength representative for the retrieval interval. It is used to compute the

140

total column averaging kernels (Eskes and Boersma, 2003), which provide essential information on the

141

measurement vertical sensitivity and are required for comparison with other types of data.

142

Background normalization of the slant columns is required in the case of weak absorbers such as formaldehyde.

143

Before converting the slant columns into vertical columns, background values of Ns are normalized to

144

compensate for possible systematic offsets (reference sector correction, see below). The tropospheric vertical

145

column end product results therefore from a differential column to which is added the HCHO background due

146

to methane oxidation, estimated using a tropospheric chemistry transport model.

147

The final tropospheric HCHO vertical column is obtained using the following equation:

𝑁𝑣 =

𝑁𝑠 − 𝑁𝑠,0
+ 𝑁𝑣,0
𝑀

(1)

148

The main outputs of the algorithm are the slant column density (Ns), the tropospheric vertical column (Nv), the

149

tropospheric air mass factor (M), and the values used for the reference sector correction (𝑁𝑠,0 and 𝑁𝑣,0 ).

150

Complementary product information includes the clear sky air mass factor, the error on the total column, the

151

averaging kernel, and quality flags. Table 13 in the appendix B gives a non-exhaustive set of data fields that

152

are provided in the level 2 data product. A complete description of the level 2 data format is given in the S5P

153

HCHO Product User Manual (Pedergnana et al., 2017).

154

Algorithmic steps are described in more details in the next sections, and settings are summarized in Table 2,

155

along with algorithmic improvements developed in the framework of the EU FP7-project QA4ECV and

156

proposed for future TROPOMI processor updates. Figure 3 also presents examples of monthly averaged

157

HCHO vertical columns over four NMVOC emission regions, along with the background correction values.

158
159
160

Table 2 : Summary of algorithm settings used to retrieve HCHO tropospheric columns from
TROPOMI spectra. The last column lists additional features implemented in the QA4ECV HCHO
product, which are options for future updates of the S5P Processor.
Parameter

S5P Operational Algorithm

QA4ECV Algorithm

Slant Columns
Fitting interval-1

328.5-359 nm

Fitting interval-2

328.5-346 nm (Ns, BrO fixed by fit in interval-1)

Absorption crosssections

HCHO, Meller and Moortgat (2000), 298K
NO2, Vandaele et al. (1998), 220K
Ozone, Serdyuchenko et al. (2013), 223 + 243K
BrO, Fleischmann et al. (2004), 223K
O2-O2, Thalman et al. (2013), 293K

Ring effect

Ring cross-section based on the technique outlined by Chance et al. (1997), defined as
Irrs/Ielas, where Irrs and Ielas are the intensities for inelastic (Rotational Raman Scattering;
RRS) and elastic scattering processes.

Non-linear O3
absorption effect

2 pseudo-cross sections from the Taylor expansion of the ozone slant column into
wavelength and the O3 vertical optical depth (Puķīte et al., 2010).

6

Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-393
Manuscript under review for journal Atmos. Meas. Tech.
Discussion started: 27 November 2017
c Author(s) 2017. CC BY 4.0 License.

Fit of a prescribed function shape to
determine the ISRF during
wavelength calibration + online
convolution of cross-sections.

Slit function

One slit function per binned spectrum as a
function of wavelength (Pre Flight Model,
TROPOMI ISRF Calibration Key Data v1.0.0)

Polynomial

5th order

Intensity offset
correction

Linear offset (1/I0)

Iterative spike removal

Not activated.

Activated. Tolerance factor 5 (see
section 2.2.1)

Reference spectrum I0

Daily solar irradiance

Daily average of radiances, per row,
selected in a remote region.

Air Mass Factors
Altitude dependent
AMFs

VLIDORT , 340 nm, 6-D AMF look-up table

Treatment of partly
cloudy scenes

IPA, no correction for 𝑓𝑒𝑓𝑓 <10%

Aerosols

No explicit correction

A priori profile shapes

TM5-MP 1°x1°, daily forecast (NRT) or reprocessed (Offline)

Correction of surface
pressure

Yes (Equation (10))

Surface Albedo

OMI-based monthly minimum LER (update of Kleipool et al., 2008)

Digital elevation map

GMTED2010 (Danielson et al., 2011)

Cloud product

S5P operational cloud product, treating clouds
as Lambertian reflectors (OCRA/ROCINNCRB, Loyola et al., 2017)

OMI operational cloud algorithm,
treating clouds as Lambertian
reflectors (O2-O2 , Veefkind et al.,
2016)

Background Correction

Correction equation

𝑁𝑣,0 = 𝑁𝑣,0,𝐶𝑇𝑀

𝑁𝑣,0 =

𝑀0
𝑀

𝑁𝑣,0,𝐶𝑇𝑀 (see section 2.2.3)
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161
162
163
164

Figure 3: Example of regional and monthly averages of the HCHO vertical columns over different
NMVOC emission regions, for the period 2005-2014. Results of the retrievals in the two fitting
intervals (-1 and -2) are shown, as well as the magnitude of the background vertical column (𝑵𝒗,𝟎 ).

165

2.2.1 Formaldehyde slant column retrieval

166

The DOAS method relies on the application of Beer-Lambert’s law. The backscattered earthshine spectrum as

167

measured by the satellite spectrometer contains the strong solar Fraunhofer lines and additional fainter features

168

due to interactions taking place in the Earth atmosphere during the incoming and outgoing paths of the

169

radiation. The basic idea of the DOAS method is to separate broad and narrowband spectral structures of the

170

absorption spectra in order to isolate the narrow trace gas absorption features. In practice, the application of

171

the DOAS approach to scattered light observations relies on the following key approximations:

172

1.

173

For weak absorbers the exponential function can be linearized and the Lambert-Beer law can be
applied to the measured radiance to which a large variety of atmospheric light paths contributes.

174

2.

The absorption cross-sections are assumed to be weakly dependent on temperature and

175

independent of pressure. This allows expressing light attenuation in terms of Beer-Lambert’s law,

176

and (together with approximation 1) separating spectroscopic retrievals from radiative transfer

177

calculations by introducing the concept of one effective slant column density for the considered

178

wavelength window.

179

3.

Broadband variations are approximated by a common low-order polynomial to compensate for

180

the effects of loss and gain from scattering and reflections by clouds/air molecules and/or at the

181

Earth surface.

182

The DOAS equation is obtained by considering the logarithm of the radiance 𝐼(𝜆) and the irradiance 𝐸0 (𝜆) (or

183

another reference radiance selected in a remote sector) and including all broadband variations in a polynomial

184

function:

ln

𝐼(𝜆)
≅ − ∑ 𝜎𝑗 (𝜆) 𝑁𝑠,𝑗 + ∑ 𝑐𝑝 𝜆𝑝
𝐸0 (𝜆)
𝑝

(2)

𝑗
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𝑑𝑖𝑓𝑓

𝜏𝑠𝑚𝑒𝑎𝑠 (𝜆) ≅ 𝜏𝑠

185

(𝜆, 𝑁𝑠,𝑗 ) + 𝜏𝑠𝑠𝑚𝑜𝑜𝑡ℎ (𝜆, 𝑐𝑝 ),

(3)
𝑑𝑖𝑓𝑓

where the measured optical depth 𝜏𝑠𝑚𝑒𝑎𝑠 is modelled using a highly structured part 𝜏𝑠

and a broadband

𝜏𝑠𝑠𝑚𝑜𝑜𝑡ℎ .

186

variation

187

Equation (2) is a linear equation between the logarithm of the measured quantities (I and E0), the slant column

188

densities of all relevant absorbers (𝑁𝑠,𝑗 ) and the polynomial coefficients (𝑐𝑝 ), at multiple wavelengths. DOAS

189

retrievals consist in solving an over-determined set of linear equations, which can be done by standard methods

190

of linear least squares fit (Platt and Stutz, 2008). The fitting process consists in minimizing the chi-square

191

function, i.e. the weighted sum of squares derived from Equation (3):
𝑑𝑖𝑓𝑓

Χ 2 = ∑𝑘𝑖=1

(𝜏𝑠𝑚𝑒𝑎𝑠 (𝜆𝑖 )−𝜏𝑠

2
(𝜆𝑖 ,𝑁𝑠,𝑗 )−𝜏𝑠𝑠𝑚𝑜𝑜𝑡ℎ (𝜆𝑖 ,𝑐𝑝 ))
𝜀𝑖2

(4)

192

where the summation is made over the individual spectral pixels included in the selected wavelength range (k

193

is the number of spectral pixels in the fitting interval). 𝜀𝑖 is the statistical uncertainty on the measurement at

194

wavelength 𝜆𝑖 . Weighting the residuals by the instrumental errors 𝜀𝑖 is optional. When no measurement

195

uncertainties are used (or no error estimates are available), all uncertainties in Equation (4) are set to 𝜀𝑖 = 1,

196

giving all measurement points equal weight in the fit.

197

In order to optimize the fitting procedure, additional structured spectral effects have to be considered carefully

198

such as the Ring effect (Grainger and Ring, 1962). Furthermore, the linearity of Equation (3) may be broken

199

down by instrumental aspects such as small wavelength shifts between I and E0.

200

Fitting intervals, absorption cross-sections and spectral fitting settings

201

Despite the relatively large abundance of formaldehyde in the atmosphere (of the order of 10 16 molec.cm-2)

202

and its well-defined absorption bands, the fitting of HCHO slant columns in earthshine radiances is a challenge

203

because of the low optical density of HCHO compared to other UV-Vis absorbers. The typical HCHO optical

204

density is one order of magnitude smaller than that of NO 2 and three orders of magnitude smaller than that for

205

O3 (see Figure 4). Therefore, the detection of HCHO is limited by the signal to noise ratio of the measured

206

radiance spectra and by possible spectral interferences and misfits due to other molecules absorbing in the same

207

fitting interval, mainly ozone, BrO and O4. In general, the correlation between cross-sections decreases if the

208

wavelength interval is extended, but the assumption of a single effective light path defined for the entire

209

wavelength interval may not be fully satisfied, leading to systematic misfit effects that may also introduce

210

biases in the retrieved slant columns. To optimize DOAS retrieval settings, a trade-off has to be found

211

minimising these effects taking also into consideration the instrumental characteristics. A basic limitation of

212

the classical DOAS technique is the assumption that the atmosphere is optically thin in the wavelength region

213

of interest. At shorter wavelengths, the usable spectral range of DOAS is limited by rapidly increasing Rayleigh

214

scattering and O3 absorption. The DOAS assumptions start to fail for ozone slant columns larger than 1500 DU

215

(Van Roozendael et al., 2012). Historically, different wavelength intervals have been selected between 325 and
9
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216

360 nm for the retrieval of HCHO using previous satellite UV spectrometers (e.g: GOME, Chance et al., 2000;

217

SCIAMACHY, Wittrock et al., 2006, or GOME-2, Vrekoussis et al., 2010). The TEMIS dataset combines

218

HCHO observations from GOME, SCIAMACHY, GOME-2 and OMI measurements retrieved in the same

219

interval (De Smedt et al., 2008; 2012; 2015). The NASA operational and PCA OMI algorithm exploit a larger

220

interval (Kurosu, 2008; González Abad et al., 2015, Li et al., 2015). The latest QA4ECV product uses the

221

largest interval, thanks to the good quality of the OMI level 1 spectra. A summary of the different wavelength

222

intervals is provided in Table 3.

223
224
225
226
227
228
229

Figure 4: Typical optical densities of HCHO, O3, O2-O2, BrO, Ring effect, and NO2 in the near UV. The
slant columns have been taken as 1.3x1016 molec.cm-2 for HCHO, 1019 molec.cm-2 for O3, 0.4x1043
molec2.cm-5 for O2-O2, 1014 molec.cm-2 for BrO, and 1x1016 molec.cm-2 for NO2. High resolution
absorption cross-sections of Table 2 have been convolved with the TROPOMI ISFRs v1.0 (row 1 is shown
in red and row 225 in black, see also Figure 5). The two fitting intervals (-1 and -2) used to retrieve
HCHO slant columns are limited by grey areas.

230

Table 3: Wavelength intervals used in previous formaldehyde retrieval studies [nm].
GOME
Chance
et al., 2000

SCIAMACHY

GOME-2

337.5-359

Wittrock
et al., 2006

334-348

Vrekoussis et al., 2010

337-353

Hewson et al., 2012

328.5-346

González Abad et al., 2015; Li
et al., 2015
De Smedt et al., 2008 ; 2012 ;
2015
QA4ECV

OMI

328.5-356.5
328.5-346

328.5-346

328.5-346
(BrO in 328.5-359)

328.5-346
(BrO in 328.5-359)
328.5-359
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231

As for the TEMIS OMI HCHO product (De Smedt et al., 2015), the TROPOMI L2 HCHO retrieval algorithm

232

includes a two-step DOAS retrieval approach, based on two wavelength intervals:

233

1.

328.5-359 nm: This interval includes six BrO absorption bands and minimizes the correlation with

234

HCHO, allowing a significant reduction of the retrieved slant column noise. Note that this interval

235

includes part of a strong O4 absorption band around 360 nm, which may introduce geophysical

236

artefacts of HCHO columns over arid soils or high altitude regions.

237

2.

328.5-346 nm: in a second step, HCHO columns are retrieved in a shorter interval, but using the BrO

238

slant column values determined in the first step. This approach allows to efficiently de-correlate BrO

239

from HCHO absorption while, at the same time, the O4-related bias is avoided.

240

The use of a large fitting interval generally allows for a reduction of the noise on the retrieved slant columns.

241

However, a substantial gain can only be obtained if the level 1 spectra are of sufficiently homogeneous quality

242

over the full spectral range. Indeed, experience with past sensors not equipped with polarization scramblers

243

(e.g. GOME(-2) or SCIAMACHY) has shown that this gain can be partly or totally overruled due to the impact

244

of interfering spectral polarization structures (De Smedt et al., 2012; 2015). Assuming spectra free of spectral

245

features, the QA4ECV baseline option using one single large interval (fitting interval-1) will be applicable to

246

TROPOMI. Results of the retrievals from the two intervals applied to OMI are presented in Figure 3. In this

247

case, vertical column differences between the two intervals are generally lower than 10%. They can however

248

reach 20% in winter time.

249

In both intervals, the absorption cross-sections of O3 at 223K and 243K, NO2, BrO and O4 are included in the

250

fit. The correction for the Ring effect, defined as Irrs/Ielas, where Irrs and Ielas are the intensities for inelastic

251

(Rotational Raman Scattering; RRS) and elastic scattering processes, is based on the technique published by

252

Chance et al. (1997). Furthermore, in order to better cope with the strong ozone absorption at wavelengths

253

shorter than 336 nm, the method of Puķīte et al. (2010) is implemented. In this method, the variation of the

254

ozone slant column over the fitting window is taken into account. At the first order, the method consists in

255

adding two cross-sections to the fit: λσ_O3 and σ_O32 (Puķīte et al., 2010; De Smedt et al.; 2012), using the O3

256

cross-sections at 223K (close to the temperature at ozone maximum in the tropics). It allows a much better

257

treatment of optically thick ozone absorption in the retrieval and therefore to reduce the systematic

258

underestimation of the HCHO slant columns by 50 to 80%, for SZA from 50° to 70°.

259

To obtain the optical density (Equation (2)), the baseline option is to use the daily solar irradiance. A more

260

advanced option, implemented in QA4ECV, is to use daily averaged radiances, selected for each detector row,

261

in the equatorial Pacific (Lat: [-5° 5°], Long: [180° 240°]). The main advantages of this approach are (1) an

262

important reduction of the fit residuals (by up to 40%) mainly due to the cancellation of O3 absorption and

263

Ring effect present in both spectra; (2) the fitted slant columns are directly corrected for background offsets

264

present in both spectra; (3) possible row-dependent biases (stripes) are directly corrected owing to the use of

265

one reference per detector row; and (4) the sensitivity to instrument degradation is reduced because degradation

266

effects tend to cancel between the analyzed spectra and the references that are used. It must be noted however

267

that the last three effects can be mitigated when a solar irradiance is used as reference, by means of a post11
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268

processing treatment applied as part of the background correction of the slant columns (see section 2.2.3). The

269

option of using an equatorial radiance as reference will be activated in the operational processor after the launch

270

of TROPOMI, during the commissioning phase of the instrument.

271

Wavelength calibration and convolution to TROPOMI resolution

272

The quality of the DOAS fit critically depends on the accuracy of the wavelength alignment between the

273

earthshine radiance spectrum, the reference (solar irradiance) spectrum and the absorption cross sections. The

274

wavelength registration of the reference spectrum can be fine-tuned to an accuracy of a few hundredths of a

275

nanometer by means of a calibration procedure making use of the solar Fraunhofer lines. To this end, a

276

reference solar atlas 𝐸𝑠 accurate in wavelength to better than 0.01 nm (Chance and Kurucz, 2010) is degraded

277

to the resolution of the instrument, through convolution by the TROPOMI instrumental slit function (see Figure

278

5).

279

Using a non-linear least-squares approach, the shift (𝛥𝑖 ) between the TROPOMI irradiance and the reference

280

solar atlas is determined in a set of equally spaced sub-intervals covering a spectral range large enough to

281

encompass all relevant fitting intervals. The shift is derived according to the following equation:

E0 (λ) = Es (λ − Δi )

(5)

282

where 𝐸𝑠 is the reference solar spectrum convolved at the resolution of the TROPOMI instrument and 𝛥𝑖 is the

283

shift in sub-interval i. A polynomial is fitted through the individual points to reconstruct an accurate wavelength

284

calibration 𝛥(𝜆) over the complete analysis interval. Note that this approach allows compensating for stretch

285

and shift errors in the original wavelength assignment. In the case of TROPOMI (or OMI), the procedure is

286

complicated by the fact that such calibrations must be performed and stored for each separate spectral field on

287

the CCD detector array. Indeed due to the imperfect characteristics of the imaging optics, each row of the

288

instrument must be considered as a separate detector for analysis purposes.

289

In a subsequent step of the processing, the absorption cross-sections of the different trace gases must be

290

convolved with the instrumental slit functions. The baseline approach is to use slit functions determined as part

291

of the TROPOMI key data. Slit functions, or Instrument Spectral Response Functions (ISRF), are delivered for

292

each binned spectrum and as a function of the wavelength as illustrated in Figure 5. Note that an additional

293

feature of the prototype algorithm allows to dynamically fit for an effective slit function of known line shape.

294

This can be used for verification and monitoring purpose during commissioning and later on during the mission.

295

This option is used for the QA4ECV OMI HCHO product.

296

More specifically, wavelength calibrations are made for each orbit as follows:

297
298



The irradiances (one for each binned row of the CCD) are calibrated in wavelength over the 325-360
nm wavelength range, using 5 sub-windows.
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299



300
301

calibrated wavelength grid is assigned to those interpolated radiance values.


302
303

The earthshine radiances are first interpolated on the original L1 irradiance grid. The irradiance

The absorption cross-sections are interpolated (cubic spline interpolation) on the calibrated
wavelength grid, prior to the analysis.



In the case where averaged radiances are used as reference, an additional step must be performed: the

304

cross-sections are aligned to the reference spectrum by means of shift/stretch values derived from a

305

least-squares fit of the calibrated irradiance towards the averaged reference radiance.

306
307



During spectral fitting, shift and stretch parameters for the radiance are derived, to align each radiance
with cross sections and reference spectrum.

308
309
310
311

Figure 5: Right panel: Examples of TROPOMI slit functions around 340 nm, for row 1 and row 225.
Left panel: TROPOMI spectral resolution in channel 3, as a function of the row and the wavelength,
derived from the instrument key data ISFR v1.0.0.

312
313

Spike removal algorithm

314

A method to remove individual hot pixels or pixels affected by the South Atlantic Anomaly has been presented

315

for NO2 retrievals in Richter et al. (2011). Often only a few individual detector pixels are affected and in these

316

cases, it is possible to identify and remove the outliers from the fit. However, as the amplitude of the distortion

317

is usually only of the order of a few percent or less, it cannot always be found in the highly structured spectra

318

themselves. Higher sensitivity for spikes can be achieved by analysing the residual of the fit where the

319

contribution of the Fraunhofer lines, scattering, and absorption is already removed. When the residual for a

320

single pixel exceeds the average residual of all pixels by a chosen threshold ratio (the tolerance factor), the

321

pixel is excluded from the analysis, in an iterative process. This procedure is repeated until no further outliers

322

are identified, or until the maximum number of iterations is reached (here fixed to 3). Tests performed with

323

OMI spectra show that a tolerance factor of 5 improves the HCHO fits. This is especially important to handle

324

the sensitivity of 2-D detector arrays to high energy particles. However, this improvement of the algorithm has

325

a non-negligible impact on the time of processing (x 1.8). This option is activated in the QA4ECV algorithm,

326

and will be activated in the TROPOMI operational algorithm in the next update of the processor.
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327

2.2.2 Tropospheric air mass factor

328

In the DOAS approach, an optically thin atmosphere is assumed. The mean optical path of scattered photons

329

can therefore be considered as independent of the wavelength within the relatively small spectral interval

330

selected for the fit. One can therefore define a single effective air mass factor given by the ratio of the slant to

331

the vertical optical depth of a particular absorber j:
𝑀𝑗 =

𝜏𝑠,𝑗
𝜏𝑣,𝑗

.

(6)

332

In the troposphere, scattering by air molecules, clouds and aerosols leads to complex light paths and therefore

333

complex altitude-dependent air mass factors. Full multiple scattering calculations are required for the

334

determination of the air mass factors, and the vertical distribution of the absorber has to be assumed a priori.

335

For optically thin absorbers, the formulation of Palmer et al. (2001) is conveniently used. It decouples the

336

height-dependent measurement sensitivity from the vertical profile shape of the species of interest, so that the

337

tropospheric AMF (M) can be expressed as the average of the altitude dependent air mass factors (𝑚𝑙 ) weighted

338

by the partial columns (𝑛𝑎𝑙 ) of the a priori vertical profile in each vertical layer l, from the surface up to the

339

tropopause index (lt):

𝑀=

∑𝑙=𝑙𝑡
𝑙=1 𝑚𝑙 (𝜆,𝜃0 ,𝜃,𝜑,𝐴𝑠 ,𝑝𝑠 ,𝑓𝑐 ,𝐴𝑐𝑙𝑜𝑢𝑑 ,𝑝𝑐𝑙𝑜𝑢𝑑 )𝑛𝑎𝑙 (𝑙𝑎𝑡,𝑙𝑜𝑛𝑔,𝑡𝑖𝑚𝑒)
∑𝑙=𝑙𝑡
𝑙=1 𝑛𝑎𝑙 (𝑙𝑎𝑡,𝑙𝑜𝑛𝑔,𝑡𝑖𝑚𝑒)

,

(7)

340

where 𝐴𝑠 is the surface albedo, 𝑝𝑠 is the surface pressure, and 𝑓𝑐 , 𝐴𝑐𝑙𝑜𝑢𝑑 and 𝑝𝑐𝑙𝑜𝑢𝑑 are respectively the cloud

341

fraction, cloud albedo and cloud top pressure.

342

The altitude dependent air mass factors represent the sensitivity of the slant column to a change of the partial

343

columns 𝑁𝑣,𝑗 at a certain level. In a scattering atmosphere, 𝑚𝑙 depends on the wavelength, the viewing angles,

344

the surface albedo, and the surface pressure, but not on the partial column amounts or the vertical distribution

345

of the considered absorber (optically thin approximation).

346

LUT of altitude dependent air mass factors

347

Generally speaking, 𝑚 depends on the wavelength, as scattering and absorption processes vary with

348

wavelength. However, in the case of HCHO, the amplitude of the 𝑀 variation is found to be small (less than

349

5% for SZA lower than 70°) in the 328.5-346 nm fitting window and a single air mass factor representative for

350

the entire wavelength interval is used at 340 nm (Lorente et al., 2017).

351

Figure 6 illustrates the dependency of 𝑚 with the observation angles, i.e. θ0 (a), θ (b), and φ (c), and with scene

352

conditions like As (d) and ps for a weakly (e) or highly reflecting surface (f). The decrease of sensitivity in the

353

boundary layer is more important for large solar zenith angles and wide instrumental viewing zenith angles.

354

The relative azimuth angle does have relatively less impact on the measurement sensitivity (note however that

355

aerosols and BRDF effects are not included in those simulations). In the UV, surfaces not covered with snow

356

have an albedo lower than 0.1, while snow and clouds generally present larger albedos. For a weakly reflecting
14
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357

surface, the sensitivity decreases near the ground because photons are mainly scattered, and scattering can take

358

place at varying altitudes. Larger values of the surface albedo increase the fraction of reflected compared to

359

scattered photons, increasing measurement sensitivity to tropospheric absorbers near the surface. Over snow

360

or ice also multiple scattering can play an important role further increasing the sensitivity close to the surface.

361
362
363
364
365
366

Figure 6: Variation of the altitude dependent air mass factor with: (a) solar zenith angle, (b) viewing
zenith angle, (c) relative azimuth angle between the sun and the satellite, (d) surface albedo, (e) surface
pressure for a weakly reflecting surface, (f) surface pressure for a highly reflecting surface. Unless
specified, the parameters chosen for the radiative transfer simulations are: SZA=30°, VZA=0°,
RAA=0°, albedo=0.05, surface pressure=1063hPa, λ=340nm.

367

Altitude dependent air mass factors are calculated with the VLIDORT v2.6 radiative transfer model (Spurr,

368

2008), at 340 nm, using an US standard atmosphere, for a number of representative viewing geometries, surface

369

albedos and surface pressures (used both for ground and cloud surface pressures), and stored in a look-up table.

370

Altitude dependent air mass factors are then interpolated within the lookup table for each particular observation

371

condition and interpolated vertically on the pressure grid of the a priori profile, defined within the TM5-MP

372

model (Williams et al., 2017). Linear interpolations are performed in cos(𝜃0 ), cos(𝜃), relative azimuth angle

373

and surface albedo, while a nearest neighbour interpolation is performed in surface pressure. The parameter

374

values chosen for the look-up table are detailed in Table 4. In particular, the grid of surface pressure is very

375

thin near the ground, in order to minimise interpolation errors caused by the generally low albedo of ground

376

surfaces. Indeed, as illustrated by Figure 6 (e) and (f), the variation of the altitude dependent air mass factors

377

is more discontinuous with surface elevation (low reflectivity) than with cloud altitude (high reflectivity).

378

Furthermore, the LUT and model pressures are scaled to their respective surface pressures, in order to avoid

379

extrapolations outside the LUT range.
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380

Table 4: Parameters in the altitude dependent air mass factors lookup table
Parameter name

Nb. of grid
points

Solar zenith angle [°]
Line of sight zenith angle

17

Grid of values

Symbol

0, 10, 20, 30, 40, 45, 50, 55, 60, 65, 70, 72, 74, 76, 78,

𝜃0

80, 85

10

0, 10, 20, 30, 40, 50, 60, 65, 70, 75

𝜃

Relative azimuth angle [°]

5

0, 45, 90, 135, 180

𝜑

Surface albedo

14

[°]

0, 0.01, 0.025, 0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.3
0.4, 0.6, 0.8, 1.0

𝐴𝑠

1063.10, 1037.90, 1013.30, 989.28, 965.83, 920.58,
Surface pressure [hPa]

17

876.98, 834.99, 795.01, 701.21, 616.60, 540.48,

𝑝𝑠

411.05, 308.00, 226.99, 165.79, 121.11
1056.77, 1044.17,1031.72, 1019.41, 1007.26, 995.25,
983.38, 971.66, 960.07, 948.62, 937.31, 926.14,
915.09, 904.18, 887.87, 866.35, 845.39, 824.87,
804.88, 785.15, 765.68, 746.70, 728.18, 710.12,
Atmospheric pressure
[hPa]

64

692.31, 674.73, 657.60, 640.90, 624.63, 608.58,
592.75, 577.34, 562.32, 547.70, 522.83, 488.67,

𝑝𝑙

456.36, 425.80, 396.93, 369.66, 343.94, 319.68,
296.84, 275.34, 245.99, 210.49, 179.89, 153.74,
131.40, 104.80, 76.59, 55.98, 40.98, 30.08, 18.73,
8.86, 4.31, 2.18, 1.14, 0.51, 0.14, 0.03, 0.01, 0.001
-0.35, -0.25, -0.15, -0.05, 0.05, 0.15, 0.25, 0.35, 0.45,
0.55, 0.65, 0.75, 0.85, 0.95, 1.10, 1.30, 1.50, 1.70,

Altitude corresponding to

1.90, 2.10, 2.30, 2.50, 2.70, 2.90, 3.10, 3.30, 3.50,

the atmospheric pressure,
using an US standard
atmosphere [km] (for
information)

64

3.70, 3.90, 4.10, 4.30, 4.50, 4.70, 4.90, 5.25, 5.75,
6.25, 6.75, 7.25, 7.75, 8.25, 8.75, 9.25, 9.75, 10.50,

𝑧𝑙

11.50, 12.50, 13.50, 14.50, 16.00, 18.00, 20.00,
22.00, 24.00, 27.50, 32.50, 37.50, 42.50, 47.50,
55.00, 65.00, 75.00, 85.00, 95.00

381

Treatment of partly cloudy scenes

382

The AMF calculations for TROPOMI will use the cloud fraction (𝑓𝑐 ), cloud albedo (𝐴𝑐𝑙𝑜𝑢𝑑 ) and cloud pressure

383

(𝑝𝑐𝑙𝑜𝑢𝑑 ) from the S5P operational cloud retrieval, treating clouds as Lambertian reflectors (OCRA/ROCINN-

384

CRB, Loyola et al., 2017). The applied cloud correction is based on the independent pixel approximation

385

(Martin et al., 2002 and Boersma et al., 2004), in which a inhomogeneous satellite pixel is considered as a

386

linear combination of two independent homogeneous scenes, one completely clear and the other completely

387

cloudy. The intensity measured by the instrument for the entire scene is decomposed into the contributions

388

from the clear-sky and cloudy fractions. Accordingly, for each vertical layer, the altitude dependent air mass
16
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389

factor of a partly cloudy scene is a combination of two air mass factors, calculated respectively for the cloud-

390

free and cloudy fractions of the scene:
𝑚𝑙 = (1 − 𝑤𝑐 )𝑚𝑙_𝑐𝑙𝑒𝑎𝑟 (𝐴𝑠 , 𝑝𝑠 ) + 𝑤𝑐 𝑚𝑙_𝑐𝑙𝑜𝑢𝑑 (𝐴𝑐𝑙𝑜𝑢𝑑 , 𝑝𝑐𝑙𝑜𝑢𝑑 )

(8)

391

where 𝑚𝑙_𝑐𝑙𝑒𝑎𝑟 is the altitude dependent air mass factor for a completely cloud-free pixel, 𝑚𝑙_𝑐𝑙𝑜𝑢𝑑 is the altitude

392

dependent air mass factor for a completely cloudy scene, and the cloud radiance fraction 𝑤𝑐 is defined as:

𝑤𝑐 =

𝑓𝑐 𝐼𝑐𝑙𝑜𝑢𝑑 (𝐴𝑐𝑙𝑜𝑢𝑑 , 𝑝𝑐𝑙𝑜𝑢𝑑 )
(1 − 𝑓𝑐 )𝐼𝑐𝑙𝑒𝑎𝑟 (𝐴𝑠 , 𝑝𝑠 ) + 𝑓𝑐 𝐼𝑐𝑙𝑜𝑢𝑑 (𝐴𝑐𝑙𝑜𝑢𝑑 , 𝑝𝑐𝑙𝑜𝑢𝑑 )

(9)

393

𝐼𝑐𝑙𝑒𝑎𝑟 and 𝐼𝑐𝑙𝑜𝑢𝑑 are respectively the radiance intensities for clear-sky and cloudy scenes whose values are

394

calculated with VLIDORT at 340 nm and stored in look-up tables with the same grids as the altitude dependent

395

air mass factors. 𝑚𝑙_𝑐𝑙𝑒𝑎𝑟 and 𝐼𝑐𝑙𝑒𝑎𝑟 are evaluated for a surface albedo 𝐴𝑠 and a surface pressure 𝑝𝑠 , while

396

𝑚𝑙_𝑐𝑙𝑜𝑢𝑑 and 𝐼𝑐𝑙𝑜𝑢𝑑 are estimated for a cloud albedo 𝐴𝑐𝑙𝑜𝑢𝑑 and at the cloud pressure 𝑝𝑐𝑙𝑜𝑢𝑑 . Note that the

397

variations of the cloud albedo are directly related to the cloud optical thickness. Strictly speaking in a

398

Lambertian (reflective) cloud model approach, only thick clouds can be represented (one should keep in mind

399

that still the penetration of photons into the cloud is not covered by the Lambertian model). An effective cloud

400

fraction corresponding to an effective cloud albedo of 0.8 (𝑓𝑒𝑓𝑓 = 𝑓𝑐

401

optically thin clouds into equivalent optically thick clouds of reduced horizontal extent. In such altitude

402

dependent air mass factor calculations, a single cloud top pressure is assumed within a given viewing scene.

403

For low effective cloud fractions (𝑓𝑒𝑓𝑓 lower than 10%), the cloud top pressure retrieval is generally highly

404

unstable and it is therefore reasonable to consider the observation as a clear-sky pixel (i.e. the cloud fraction is

405

set to 0) in order to avoid unnecessary error propagation through the retrievals. This 10% threshold might be

406

adjusted according to the quality of the cloud product (Veefkind et al., 2016; Loyola et al., 2017).

407

It should be noted that this formulation of the altitude dependent air mass factor for a partly cloudy pixel

408

implicitly includes a correction for the HCHO column lying below the cloud and therefore not seen by the

409

satellite, the so-called “ghost column”. Indeed, the total AMF calculation as expressed by (7) and (8) assumes

410

the same a priori vertical profile in both cloudy and clear parts of the pixel and implies an integration of the

411

profile from the top of atmosphere to the ground, for each fraction of the scene. The ghost column information

412

is thus coming from the a priori profiles. For this reason, observations with cloud fractions 𝑓𝑒𝑓𝑓 larger than

413

30% are assigned with a poor quality flag and have to be used with caution.

𝐴𝑐
0.8

) can be defined, in order to transform

17
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414

Aerosols

415

The presence of aerosol in the observed scene may affect the quality of the retrieval. No explicit treatment of

416

aerosols (absorbing or not) is foreseen in the operational algorithm as there is no general and easy way to treat

417

the aerosols effect on the retrieval. At computing time, the aerosol parameters (extinction profile, single

418

scattering albedo, ...) are unknown. However, the information on the AAI (Stein Zweers et al., 2016) will be

419

included in the L2 HCHO files as it gives information to the user on the presence of absorbing aerosols and the

420

affected data should be used and interpreted with care.

421

A priori vertical profile shapes

422

Formaldehyde concentrations decrease with altitude as a result of the near-surface sources of short-lived

423

NMVOC precursors, the temperature dependence of CH4 oxidation, and the altitude dependence of photolysis.

424

The profile shape varies according to local NMHC sources, boundary layer depth, photochemical activity, and

425

other factors.

426

To resolve this variability in the TROPOMI near-real time HCHO product, daily forecasts calculated with the

427

TM5-MP chemical transport model (Huijnen et al., 2010, Williams et al., 2017) will be used to specify the

428

vertical profile shape of the HCHO distribution. TM5-MP will also provide a priori profile shapes for the NO2,

429

SO2, and CO retrievals. For the QA4ECV OMI products, high-resolution TM5-MP model runs were performed

430

for the period 2004-2016, and the model profiles from this run are used for both HCHO and NO2 retrievals.

431

TM5-MP is operated with a spatial resolution of 1°x1° in latitude and longitude, and with 34 sigma pressure

432

levels up to 0.1hPa in the vertical direction. TM5-MP uses 3-hourly meteorological fields from the European

433

Centre for Medium Range Weather Forecast (ECMWF) operational model (ERA-Interim reanalysis data for

434

reprocessing, and the operational archive for real time applications and forecasts). These fields include global

435

distributions of wind, temperature, surface pressure, humidity, and (liquid and ice) water content, and

436

precipitation.

437

For the calculation of the HCHO air mass factors, the profiles are linearly interpolated in space and time, at

438

pixel centre and local overpass time, through a model time step of 30 minutes. To reduce the errors associated

439

to topography and the lower spatial resolution of the model compared to the TROPOMI 3.5x7 km2 spatial

440

resolution, the a priori profiles need to be rescaled to effective surface elevation of the satellite pixel. Following

441

Zhou et al. (2009) and Boersma et al (2011), the TM5-MP surface pressure is converted by applying the

442

hypsometric equation and the assumption that the temperature changes linearly with height:

𝑝𝑠 = 𝑝𝑠,𝑇𝑀5 (

𝑔
𝑇𝑇𝑀5
)−𝑅Γ
(𝑇𝑇𝑀5 + Γ(𝑧𝑇𝑀5 − 𝑧𝑠 ))

(10)

443

Where 𝑝𝑠,𝑇𝑀5 and 𝑇𝑇𝑀5 are the TM5-MP surface pressure and temperature, Γ = 0.0065Km−1 the lapse rate,

444

𝑧𝑇𝑀5 the TM5-MP terrain height, and 𝑧𝑠 surface elevation for the satellite ground pixel from a digital elevation
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445

map at high resolution. R=287 J kg−1 K−1 is the gas constant for dry air, and g = 9.8ms−2 the gravitational

446

acceleration.

447

The pressure levels for the a priori HCHO profiles are based on the improved surface pressure level 𝑝𝑠 :

448

𝑝𝑙 = 𝑎𝑙 + 𝑏𝑙 𝑝𝑠 , 𝑎𝑙 and 𝑏𝑙 being the constants that effectively define the vertical coordinate (Table 13).

449

Yearly averaged air mass factors obtained using prior information summarized in Table 5, in particular TM5-

450

MP HCHO profiles, are presented in Figure 7, in order to give an overview of the tropospheric AMF values

451

and their global regional variations.

452
453

Table 5: Prior information datasets used in the air mass factor calculation in the S5P HCHO
operational algorithm and in the QA4ECV OMI algorithm.
Prior information

Origin of data set

Resolution

Surface Albedo

OMI-based monthly minimum
LER (update of Kleipool et al.,
2008)





Digital elevation map

GMTED2010 (Danielson et al.,
2011)

Average over the ground pixel area.

Cloud fraction
Cloud pressure
Cloud albedo

A priori HCHO profiles

Operational cloud product based on
a Lambertian cloud model (S5P:
Loyola et al., 2017; OMI: Veefkind
et al., 2016).
Forecast (NRT) or reanalysis from
TM5-MP CTM

month
0.5°x0.5° (lat x long)
342 nm

Symbol

𝐴𝑠

𝑧𝑠
𝑓𝑐

For each ground pixel.

𝑝𝑐𝑙𝑜𝑢𝑑
𝐴𝑐𝑙𝑜𝑢𝑑





Daily profiles at overpass time
1°x1° (lat x long)
34 sigma pressure levels up to
0.1hPa

𝑛𝑎
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454
455
456
457
458

Figure 7: Yearly averaged map of tropospheric air mass factors at 340 nm using the QA4ECV OMI
HCHO algorithm. A priori HCHO profiles from high-resolution TM5-MP model runs have been used.
The IPA cloud correction is applied for effective cloud fractions 𝒇𝒆𝒇𝒇 larger than 10%. Observations
with 𝒇𝒆𝒇𝒇 larger than 30% have been filtered out.

459

2.2.3 Across-track and zonal reference sector correction

460

Residual latitude-dependent biases in the columns, due to unresolved spectral interferences, are known to

461

remain a limiting factor for the retrieval of weak absorbers such as HCHO. Retrieved HCHO slant columns

462

can present large offsets depending on minor changes in the fit settings, and on minor instrumental spectral

463

inaccuracies. Resulting offsets are generally global but also show particular dependencies, mainly with detector

464

row (across-track) and with latitude (along-track). In the case of a 2D-detector array such as OMI or

465

TROPOMI, across-track striping can possibly arise, due to imperfect calibration and different dead/hot pixel

466

masks for the CCD detector regions. Offset corrections are also meant to handle some effects of the time-

467

dependent degradation of the instrument.

468

A large part of the resulting systematic HCHO slant column uncertainty is reduced by the application of a

469

background correction, which is based on the assumption that the background HCHO column observed over

470

remote oceanic regions (Pacific Ocean) is only due to methane oxidation. The natural background level of

471

HCHO is well estimated from chemistry model simulations of CH 4 oxidation (𝑁𝑣,0,𝐶𝑇𝑀 ). It is ranging from 2

472

to 4x1015 molec.cm-2, depending on the latitude and the season (De Smedt et al., 2008; 2015; González Abad

473

et al., 2015).
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474
475

For the HCHO retrieval algorithm, we use a 2-steps normalization of the slant columns (see Table 6):


Across-track: the mean HCHO slant column is determined for each row in the reference sector around

476

the equator [-5° 5°], [180° 240°]. Data selection is based on the slant column errors from the DOAS

477

fit and on the cloud fraction (threshold values are given in Table 6). Those mean HCHO values are

478

subtracted from all the slant columns of the same day, as a function of the row. The aim is to reduce

479

possible row-dependent offsets. In the case were solar irradiance are used as reference, those offsets

480

can exceed 2x1016 molec.cm-2. They are reduced below 1015 molec.cm-2 by this first step, or when

481

row averaged radiances are used as reference, as in the QA4ECV algorithm.

482



Along-track: the latitudinal dependency of the across-track corrected HCHO SCs is modelled by a

483

polynomial fit through their mean values, all rows combined, in 5° latitude bins in the reference sector

484

([-90° 90°], [180° 240°]). Again, data selection is based on the slant column errors from the DOAS

485

fit and on the cloud fraction.

486

These two corrections are applied to the global slant columns so that in the reference sector, the mean

487

background corrected slant columns (∆𝑁𝑠 = 𝑁𝑠 − 𝑁𝑠,0 ) are centered around zero.

488

Table 6: 2-steps normalization of the HCHO vertical columns
Correction

Region

Acrosstrack

Equatorial Pacific
Lat: [-5° 5°], Long:
[180° 240°]

Zonal
Alongtrack

Pacific
Lat: [-90° 90°],
Long: [180° 240°]

Time frame

NRT: 1-week
moving
window

Column correction

𝑑𝑁𝑠 (row) = 𝑁𝑠 (row) − 𝑁𝑠,0 (row)

Observation
selection
𝜎𝑁𝑠 ≤ 3𝜎
̅̅̅̅
𝑁𝑠
𝑓𝑐 ≤ 0.4

∆𝑁𝑠 (𝑙𝑎𝑡) = 𝑑𝑁𝑠 (𝑙𝑎𝑡) − 𝑑𝑁𝑠,0 (𝑙𝑎𝑡)
Offline: Daily
correction

𝑁𝑠,0,𝐶𝑇𝑀 (𝑙𝑎𝑡) = 𝑀0 (𝑙𝑎𝑡)𝑁𝑣,0,𝐶𝑇𝑀 (𝑙𝑎𝑡)

𝑑𝑁𝑠,0 (𝑙𝑎𝑡)
≤ 5𝑒16

489

To the corrected slant columns, the background HCHO values from a model have to be added. A latitude-

490

dependent polynomial is fitted daily through 5° latitude bin means of those modelled values in the reference

491

sector. Corresponding values are added to all the columns of the day. Strictly speaking, those background

492

values should be slant columns, derived as the product of air mass factors in the reference sector (𝑀0 ) with

493

HCHO vertical columns from the model (𝑁𝑠,0,𝐶𝑇𝑀 = 𝑀0 𝑁𝑣,0,𝐶𝑇𝑀 ) (González Abad et al., 2015). However, this

494

option requires the storage of the slant columns, the air mass factors, and their errors, in a separated database

495

(QA4ECV Algorithm and S5P option, see Equation (11)). An approximate solution is to add as background

496

the constant vertical column from the model (𝑁𝑣,0,𝐶𝑇𝑀 ), hence neglecting the variability of the M0/M ratio. This

497

is the current implementation in the S5P algorithm, which will be updated with equation (11) after launch. For

498

NRT purpose, the evaluation in the reference sector is made using a moving time window of 1 week. For offline

499

processing, the reference sector correction can be refined by using daily evaluations.

𝑁𝑣 =

𝑁𝑠 − 𝑁𝑠,0
∆𝑁𝑠 𝑀0
∆𝑁𝑠 + 𝑁𝑠,0,𝐶𝑇𝑀
+ 𝑁𝑣,0 =
+
𝑁
=
𝑀
𝑀
𝑀 𝑣,0,𝐶𝑇𝑀
𝑀

(11)
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500

Figure 3 presents some examples of monthly and regionally averaged vertical columns, together with the

501

contribution of 𝑁𝑣,0 . It should be realized that this contribution accounts for 20 to 50% of the vertical columns,

502

as expected from the large contribution of methane oxidation to the total HCHO column (Stavrakou et al.,

503

2015).

504

3. Uncertainty analyses

505

3.1 Uncertainty formulation by uncertainty propagation

506

The total uncertainty on the HCHO vertical column is composed of many sources of (random and systematic)

507

errors. In part those are related to the measuring instrument, such as errors due to noise or knowledge of the

508

slit function. In a DOAS-type algorithm, those instrumental errors propagate into the uncertainty of the slant

509

columns. Other types of error can be considered as model errors and are related to the representation of the

510

observation physical properties that are not measured. Examples of model errors are uncertainties on the trace

511

gas absorption cross-sections, the treatment of clouds and uncertainties of the a priori profiles. Model errors

512

can affect the slant columns, the air mass factors or the applied background corrections.

513

A formulation of the uncertainty can be derived analytically by error propagation, starting from the equation

514

of the vertical column (11) which directly results from the different retrieval steps. As the main algorithm steps

515

are performed independently, they are assumed to be uncorrelated. The total uncertainty on the tropospheric

516

vertical column can be expressed as (Boersma et al., 2004, De Smedt et al., 2008):
2

2
2
2
𝜕𝑁𝑣
𝜕𝑁𝑣
𝜕𝑁𝑣
𝜕𝑁𝑣
𝜎𝑁,𝑣 2 = (
𝜎𝑁,𝑠 ) + (
𝜎𝑀 ) + (
𝜎𝑁,𝑠,0 ) + (
𝜎𝑀,0 )
𝜕𝑁𝑠
𝜕𝑀
𝜕𝑁𝑠,0
𝜕𝑀0

+(

𝜎𝑁,𝑣 2 =

𝜕𝑁𝑣
𝜎
)
𝜕𝑁𝑣,0,𝐶𝑇𝑀 𝑁,𝑣,0,𝐶𝑇𝑀

(12)

2

1
(∆𝑁𝑆 + 𝑀0 𝑁𝑣,0,𝐶𝑇𝑀 )2 2
(𝜎 2 +
𝜎𝑀 + 𝜎𝑁,𝑠,0 2 + 𝑁𝑣,0,𝐶𝑇𝑀 2 𝜎𝑀,0 2
𝑀2 𝑁,𝑠
𝑀2

(13)

+ 𝑀0 2 𝜎𝑁,𝑣,0,𝐶𝑇𝑀 2 )

517

where 𝜎𝑁,𝑠 , 𝜎𝑀 , 𝜎𝑁,𝑠,0 , 𝜎𝑀,0 and 𝜎𝑁,𝑣,0,𝐶𝑇𝑀 are respectively the errors on the slant column, the air mass factor,

518

and the slant column correction, the air mass factor, and the model vertical column in the reference sector

519

(indicated by suffix 0). For each of these categories, the following sections provide more details on the

520

implementation of the uncertainty estimate in the HCHO algorithm. A discussion of the sources of uncertainties

521

and, where possible, their estimated size are presented, as well as their spatial and temporal patterns.

522

Note that in the current implementation of the operational processor, 𝑀0 = 𝑀, and the uncertainty formulation

523

therefore reduces to:
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𝜎𝑁,𝑣 2 =

1
∆𝑁𝑆 2 2
(𝜎𝑁,𝑠 2 +
𝜎 + 𝜎𝑁,𝑠,0 2 ) + 𝜎𝑁,𝑣,0,𝐶𝑇𝑀 2
2
𝑀
𝑀2 𝑀

(14)

524

Complementing this error propagation analysis, total column averaging kernels (A) based on the formulation

525

of Eskes and Boersma (2003) are estimated. Column averaging kernels provide essential information when

526

comparing measured columns with e.g. model simulations or correlative validation data sets, because they

527

allow removing the effect of the a-priori HCHO profile shape used in the retrieval (see APPENDIX C:

528

Averaging Kernel, Boersma et al., 2004; 2016).

529

Section 3.2 presents our current estimates of the precision (random uncertainty) and the trueness (systematic

530

uncertainty) that can be expected for the TROPOMI HCHO vertical columns. They are discussed along with

531

the product requirements (Section 2.1).

532

3.1.1 Errors on the slant columns

533

Error sources that contribute to the total uncertainty on the slant column originate both from instrument

534

characteristics and from uncertainties in the DOAS slant column fitting procedure itself.

535

The retrieval noise for individual observations is limited by the SNR of the spectrometer measurements. A

536

good estimate of the random variance of the reflectance (which results from the combined noise of radiance

537

and reference spectra) is given by the reduced χ2 of the fit, which is defined as the sum of squares (4) divided

538

by the number of degrees of freedom in the fit. The covariance matrix (Σ) of the linear least squares parameter

539

estimate is then given by:

Σ=

χ2
(𝑘−𝑛)

(𝐴𝑇 𝐴)−1

(15)

540

where k is the number of spectral pixels in the fitting interval, n is the number of parameters to fit and the

541

matrix 𝐴(𝑗 x 𝑘) is formed by the cross-sections. For each absorber j, the value 𝜎𝑁,𝑠,𝑗 is usually called the slant

542

column error (SCE or σN,s,rand ).

2
𝜎𝑁,𝑠,𝑗
=

χ2
(𝐴𝑇 𝐴)−1
𝑗,𝑗
(𝑘 − 𝑛)

(16)

543

Equation (16) does not take into account systematic errors, that are mainly dominated by slit function and

544

wavelength calibration uncertainties, absorption cross-section uncertainties, by interferences with other species

545

(O3, BrO or O4), or by uncorrected stray light effects. The choice of the retrieval interval can have a significant

546

impact on the retrieved HCHO slant columns. The systematic contributions to the slant column errors are

547

empirically estimated from sensitivity tests (see Table 7) and can be viewed as part of the structural uncertainty

548

(Lorente et al., 2017). However, remaining systematic offsets and zonal biases are greatly reduced by the

549

reference sector correction. All effects summed in quadrature, the various contributions are estimated to

550

account for an additional systematic error of 20% of the background-corrected slant column:
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𝜎𝑁,𝑠,𝑠𝑦𝑠𝑡 = 0.2∆𝑁𝑠
551

(17)

The total error on slant columns is then:
𝜎𝑁,𝑠 2 = 𝜎𝑁,𝑠,𝑟𝑎𝑛𝑑 2 + 𝜎𝑁,𝑠,𝑠𝑦𝑠𝑡 2

552
553

(18)

Table 7: Summary of the different error sources considered in the HCHO slant column uncertainty
budget.
Error source

Parameter
uncertainty

Estimated uncertainty
on HCHO SCD

Evaluation method - reference

Measurement noise

S/N=800-1000

1x1016 molec.cm-2
(random)

Value derived for individual
observations by error propagation;
De Smedt et al., 2015;

HCHO cross-section error

Based on alternative
cross-section
datasets, offset and
polynomial orders.

9%

Mean values derived from
sensitivity tests using GOME-2 and
OMI data.

O3 cross-section error

5%

BrO cross-section error

5%

NO2 cross-section error

3%

Ring correction error

5%

Choice of offset order

7%

Choice of polynomial
order

7%

De Smedt et al., 2008; 2015
Hewson et al., 2013
Pinardi et al., 2013

Instrumental slit function
and wavelength
calibration

Based on alternative
calibrations

10%

Mean value derived from sensitivity
tests using GOME-2 and OMI data.

Choice of wavelength
interval

Based on alternative
wavelength
intervals

10%

Mean value derived from sensitivity
tests using GOME-2 and OMI data.
Hewson et al., 2013

Temperature dependence
of the HCHO XS

0.05%/°K

2%

Mean value derived from sensitivity
tests based on Meller and Moorgat
(2000)

554

3.1.2 Errors on air mass factors

555

The errors on the air mass factor depend on input parameter uncertainties and on the sensitivity of the air mass

556

factor to each of them. This contribution is broken down into the squared sum (Boersma et al., 2004, De Smedt

557

et al., 2008):
2
2
2
2
𝜕𝑀
𝜕𝑀
𝜕𝑀
𝜕𝑀
2
𝜎𝑀 2 = (
∙ 𝜎𝐴,𝑠 ) + (
∙ 𝜎𝑓,𝑐 ) + (
∙ 𝜎𝑝,𝑐𝑙𝑜𝑢𝑑 ) + (
∙ 𝜎𝑠 ) +(0.2𝑀)
𝜕𝐴𝑠
𝜕𝑓𝑐
𝜕𝑝𝑐𝑙𝑜𝑢𝑑
𝜕𝑠

(19)

558

The contribution of each parameter to the total air mass factor error depends on the observation conditions.

559

The air mass factor sensitivities (𝑀’ =

560

different input parameters, can be derived for any particular condition of observation using the altitude-

561

dependent AMF LUT, and using the model profile shapes (see Figure 8). In practice, a LUT of AMF

562

sensitivities has been created using coarser grids than the AMF LUT, and one parameter describing the shape

𝜕𝑀
𝜕𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟

), i.e. the air mass factor derivatives with respect to the
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563

of the profile: the profile height, i.e. the altitude (pressure) below which resides 75% of the integrated HCHO

564

profile.

565

parameter have a strong impact on the total air mass factors, because altitude-resolved air mass factors decrease

566

quickly in the lower troposphere, where the HCHO profiles peak (Figure 6).

𝜕𝑀
𝜕𝑠

is approached by

𝜕𝑀
𝜕𝑠ℎ

where 𝑠ℎ is half of the profile height. Relatively small variations of this

567
568
569
570
571
572
573

Figure 8: First panel: TM5-MP HCHO profiles extracted in June over the equatorial Pacific ocean
(blue) and over Beijing (red). Those profiles have been used to calculated the tropospheric air mass
factors shown in the panels a to e, representing the AMF dependence on (a) the surface albedo, (b) the
cloud altitude, (c), (d), (e) the cloud fraction. In all cases, we consider a nadir view and a solar zenith
angle of 30°. In (a) the pixel is cloud free, in (b) the albedo is 0.02 and the effective cloud fraction is 0.5,
in (c), (d), (e) the ground albedo is 0.02 and the cloud pressure is respectively 966, 795 and 540 hPa.

574

The errors 𝜎𝐴,𝑠 , 𝜎𝑓,𝑐 , 𝜎𝑝,𝑐𝑙𝑜𝑢𝑑 , 𝜎𝑠,ℎ are typical uncertainties on the surface albedo, cloud fraction, cloud top

575

pressure and profile shape, respectively. They are estimated from the literature or derived from comparisons

576

with independent data (see Table 8). Together with the sensitivity coefficients, these give the first four

577

contributions on the right of equation (19). The fifth term on the right of equation (19) represents the uncertainty

578

contribution due to possible errors in the AMF model itself (Lorente et al., 2017). We estimate this contribution

579

to 20% of the air mass factor (see also section 3.2.2).

580

Estimates of the air mass factor uncertainties and of their impact on the vertical column uncertainties are listed

581

in Table 8 and represented in Figure 9. They are based on the application of equation (19) to HCHO columns

582

retrieved from OMI measurements. In expression (19), the impact of possible correlations between

583

uncertainties on parameters is not considered, like for example the surface albedo and the cloud top pressure.

584

Note also that errors on the solar angles, the viewing angles and the surface pressure are supposed to be

585

negligible, which is not totally true in practice, since equation (10) does not yield the true surface pressure but

586

only a good approximation.

25

Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-393
Manuscript under review for journal Atmos. Meas. Tech.
Discussion started: 27 November 2017
c Author(s) 2017. CC BY 4.0 License.

587

Table 8: Summary of the different error sources considered in the air mass factor uncertainty budget.
Input parameter error

Symbol

Parameter
Uncertainty

Source

Estimated
uncertainty on
HCHO VCD

Surface albedo

𝜎𝐴𝑠

0.02

Kleipool et al.,
2008

10-20%

Cloud fraction

𝜎𝑓,𝑐

0.05

𝜎𝑝,𝑐𝑙𝑜𝑢𝑑

50hPa

Veefkind et al.,
2016

05-15%

Cloud height
Profile shape height

𝜎𝑠

100hPa

Upper limit of
TM5-MP profile
height standard
deviation.

20-60%

AMF wavelength
dependency

Model / Structural
uncertainty

20%

Lorente et al., 2017

15-35%

10-20%

LUT interp. errors

Model atmosphere
Cloud model/cloud
correction/
No explicit aerosol
correction

588

589
590
591

Figure 9: AMF uncertainty related to profile shape, cloud pressure and surface albedo errors, as a
function of different observation conditions.

592
593

Surface albedo

594

A reasonable uncertainty on the albedo is 0.02 (Kleipool et al., 2008). This translates to an error on the air mass

595

factor using the slope of the air mass factor as a function of the albedo and can be evaluated for each satellite

596

pixel (equation (19)). As an illustration, Figure 8 (a) shows the air mass factor dependence on the ground albedo

597

for two typical HCHO profile shapes (in blue: remote profile, in red: emission profile). At 340nm, the AMF
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598

sensitivity (the slope), is almost constant with albedo, being only slightly higher for low albedo values. As

599

expected, the AMF sensitivity to albedo is higher for an emission profile peaking near the surface than for a

600

background profile more spread in altitude. More substantial errors can be introduced if the real albedo differs

601

considerably from what is expected, for example in the case of the sudden snowfall or ice cover. Snow/ice

602

cover map will therefore be used for flagging such cases.

603

Clouds and aerosols

604

An uncertainty on the cloud fraction of 0.05 is considered, while an uncertainty on the cloud top pressure of

605

50hPa is taken. Figure 8 (b) shows the air mass factor variation with cloud altitude. The AMF is very sensitive

606

to the cloud top pressure (the slope is steepest) when the cloud is located below or at the level of the

607

formaldehyde peak. For higher clouds, the sensitivity of the air mass factor to any change in cloud pressure is

608

very weak. As illustrated in Figure 8 (c), (d) and (e), for which a cloud top pressure of 966, 795 and 540 hPa

609

is respectively considered, the sensitivity to the cloud fraction is mostly significant when the cloud lies below

610

the HCHO layer.

611

The effect of aerosols on the air mass factors are not explicitly considered in the HCHO retrieval algorithm.

612

To a large extent, however, the effect of the non-absorbing part of the aerosol extinction is implicitly included

613

in the cloud correction (Boersma et al., 2011). Indeed, in the presence of aerosols, the cloud detection algorithm

614

is expected to overestimate the cloud fraction. Since non-absorbing aerosols and clouds have similar effects on

615

the radiation in the UV-visible range, the omission of aerosols is partly compensated by the overestimation of

616

the cloud fraction, and the resulting error on air mass factor is small, typically below 15% (Millet et al., 2006;

617

Boersma et al., 2011; Lin et al., 2014; Castellanos et al., 2015; Chimot et al. 2015). In some cases, however,

618

the effect of clouds and aerosols will be different. For example, when the cloud height is significantly above

619

the aerosol layer, clouds will have a shielding effect while the aerosol amplifies the signal through multiple

620

scattering. This will result in an underestimation of the AMF. Absorbing aerosols have also a different effect

621

on the air mass factors, since they tend to decrease the sensitivity to HCHO concentration. In this case, the

622

resulting error on the air mass factor can be as high as 30% (Palmer et al., 2001; Martin et al., 2002). This may,

623

for example, affect significantly the derivation of HCHO columns in regions dominated by biomass burning

624

as well as over heavily industrialized regions. Shielding and reflecting effect can thus occur, depending on the

625

observation, decreasing or increasing the sensitivity to trace gas absorption. It has been shown that uncertainties

626

related to aerosols is reduced by spatiotemporal averaging (Barkley et al., 2012; Lin et al., 2014; Castellanos

627

et al., 2015; Chimot et al. 2015). Furthermore, the applied cloud filtering effectively removes observations with

628

the largest aerosol optical depth. In the HCHO product, observations with an elevated absorbing aerosol index

629

will be flagged, to be used with caution.

630
631

Profile shape

632

This contribution to the total AMF error is the largest when considering monthly averaged observations. This

633

is supported by validation results using MAX-DOAS profiles measured around Beijing and Wuxi (see De

634

Smedt et al. 2015, Wang et al., 2016). Taking into account the averaging kernels allows removing from the
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635

comparison the error related to the a priori profiles, when validating the results against other modelled or

636

measured profiles (see the APPENDIX C: Averaging Kernel).

637

3.1.3 Errors on the reference sector correction

638
𝜎𝑁,𝑣,0 2 =

1
2
(𝜎
+ 𝑁𝑣,0,𝐶𝑇𝑀 2 𝜎𝑀,0 2 + 𝑀0 2 𝜎𝑁,𝑣,0,𝐶𝑇𝑀 2 )
𝑀2 𝑁,𝑠,0

(20)

639

This error includes contributions from the model background vertical column, from the error on the air mass

640

factor in the reference sector, and from the amplitude of the normalization applied to the HCHO columns. As

641

mentioned in 3.1.1, we consider that 𝜎𝑁,𝑠,0 is taken into account in Equation (17). The error on the air mass

642

factor in the reference sector 𝜎𝑀,0 is calculated as in Equation (20) and saved during the background correction

643

step. Uncertainty on the model background has been estimated as the monthly averaged differences between

644

two different CTM simulations in the reference sector: IMAGES (Stavrakou et al., 2009a) and TM5-MP

645

(Huijnen et al., 2010). The differences range between 0.5 and 1.5x1015 molec.cm-2.

646

Table 9: Estimated errors on the reference sector correction.
Error source

Uncertainty on HCHO VCD
15

-2

Evaluation method – reference

Model background

0.5 and 1.5x10 molec.cm

Difference between IMAGES and TM model

Amplitude of the column
normalisation (𝑁𝑠,0 )

0 to 4x1015 molec.cm-2

Sensitivity tests using GOME-2 and OMI data.

647

3.2 HCHO error estimates and product requirements

648

This section presents estimates of the precision (random error) and trueness (systematic error) that can be

649

expected for the TROPOMI HCHO vertical columns. These estimates are given in different NMVOC emission

650

regions. Precision and trueness of the HCHO product are discussed against the user requirements.

651

3.2.1 Precision

652

When considering individual pixels, the total uncertainty is dominated by the random error on the slant

653

columns. Our simulations and tests on real satellite measurements show that the precision by which the HCHO

654

can be measured is well defined by the instrument signal-to-noise level. For the nominal SNR level (1000), the

655

expected precision of single-pixel measurements is equivalent to the precision obtained with OMI HCHO

656

retrievals (De Smedt et al., 2015), but with a ground pixel size of about 3.5x7 km², i.e. one order of magnitude

657

smaller in surface. Absolute 𝜎𝑁,𝑠,𝑟𝑎𝑛𝑑 values typically range between 7 and 12x1015 molec.cm-2 for individual

658

pixels, showing an increase as a function of the surface altitude and of the solar zenith angle. Relative values

659

range between 100 and 300%, depending on the observation scene. In the case of HCHO retrievals, for

660

individual satellite ground pixels, the random uncertainty on the slant columns is the most important source of

661

uncertainty on the total vertical column. It can be reduced by averaging the observations, but of course at the

662

expense of a loss in time and/or spatial resolution.
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663

The precision of the vertical columns provided in the L2 files corresponds to the precision of the slant column

664

divided

by
𝜎𝑁,𝑠,𝑟𝑎𝑛𝑑

the

air

mass

factor

665

𝜎𝑁,𝑣,𝑟𝑎𝑛𝑑 =

666

conditions and on the cloud statistics. Figure 10 shows the vertical column precision that is expected for

667

TROPOMI, based on OMI observations in 2005. Results are shown in several regions, and at different spatial

668

and temporal scales (from individual pixels to monthly averaged column in 20x20km² grids). The product

669

requirements for HCHO measurements state a precision of 1.3x10 15 molec.cm-2. This particular requirement

670

cannot be achieved with individual observations at full spatial resolution. However, as represented in Figure

671

10, the requirement can be approached using daily observations at the spatial resolution of 20x20km2 (close to

672

the OMI resolution) or using monthly averaged columns at the TROPOMI resolution. The precision can be

673

brought below 1x1015 molec.cm-2 if a spatial resolution of 20x20km2 is considered for monthly averaged

674

columns.

𝑀

(see Table 13).

It is dependent on the air mass factors, and therefore on the observation

675
676
677
678
679

Figure 10: Estimated precision on the TROPOMI HCHO columns, in several NMVOC emission
regions, and at different spatial and temporal scales (from individual pixels to monthly averages in
20x20 km² grids). These estimated are based on OMI observations in 2005, using observations with an
effective cloud fraction lower than 40%.

680

3.2.2 Trueness

681

In this section, we present monthly averaged values of the systematic vertical columns uncertainties estimated

682

for OMI retrievals between 2005 and 2014. The contribution of the air mass factor uncertainties is the largest

683

contribution to the vertical column systematic uncertainties (see also Table 10). Figure 11 presents the VCD

684

uncertainties due to AMF errors, and the five considered contributions, over Equatorial Africa and Northern

685

China, as example of Tropical and mid-latitude sites. The largest contributions are from the a priori profile
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686

uncertainty and from the structural uncertainty (taken as 20% of the AMF). In the case where the satellite

687

averaging kernels are used for comparisons with external HCHO columns, the a priori profile contribution can

688

be removed from the comparison uncertainty budget, leading to a total uncertainty in the range of 25% to 50%.

689

Table 10 wraps up the estimated relative contributions to the HCHO vertical column uncertainty, in the case

690

of monthly averaged columns for typical low and high columns.

691

Considering these estimates of the HCHO column trueness, the requirements for HCHO product (30%) are

692

achievable in regions of high emissions and for certain times of the year. In any case, observations need to be

693

averaged to reduce random uncertainties at a level comparable or smaller than systematic uncertainties.

694
695
696
697
698

Figure 11: Regional and monthly average of the relative systematic vertical column AMF-related
uncertainties in several NMVOC emission regions, for the period 2005-2014. The 5 contributions to the
systematic air mass factor uncertainty are shown: structural (green), a priori profile (pink), albedo
(olive), cloud fraction (blue) and cloud altitude (cyan).

699
700
701

Table 10: Estimated HCHO vertical column uncertainty budget for monthly averaged low and
elevated columns (higher than 1x1016 molec.cm-2). Contributions from the three retrieval steps are
provided, as well as input parameter contributions.
HCHO vertical error uncertainty
Contribution from systematic slant
columns uncertainties
Contribution from air mass factors
uncertainties
 from a priori profile errors
 from model errors
 from albedo errors
 from cloud top pressure errors
 from cloud fraction errors
Contribution from background
correction uncertainties
Total
Total without smoothing error

Remote regions / low columns
25%

Elevated column regions / periods
15%

75%

30%






40%
90%
50%

60%
35%
20%
20%
15%






10%

20%
15%
10%
10%
05%

35%
25%
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703

4. Verification

704

In the framework of the TROPOMI L2 WG and QA4ECV projects, extensive comparisons of the prototype

705

(this paper), the verification (IUP-UB), and alternative scientific algorithms (MPIC, KNMI, WUR) have been

706

conducted. All follow a common DOAS approach. Prototype and verification algorithms have been applied to

707

both synthetic and OMI spectra. Here, we present a selection of OMI results. For a complete description of the

708

verification algorithm as well as results and discussion of the retrievals applied to synthetic spectra, please refer

709

to the TROPOMI verification report (Richter et al., 2015).

710

4.1 Harmonized DOAS fit settings using OMI test data

711

For this exercise, a common set of DOAS fit parameters has been agreed upon. The goal of the intercomparison

712

of harmonized fit settings was to ensure that the software implementation of the different algorithms behaves

713

as expected in a large range of realistic measurement scenarios. Another objective was to gain knowledge on

714

the level of agreement/disagreement of results from different groups when using the same settings, as well as

715

on the main drivers for differences. Common and simple fit parameters based on the operational and

716

verification algorithm were selected. They are summarized in Table 11.

717

Table 11: Common DOAS fit settings for HCHO using OMI data.
Parameter

Values

Fitting interval-1
Calibration
Molecular species
Ring effect

328.5-359 nm
1 interval (328-359 nm), using the SAO 2010 solar atlas (Chance and Kurucz, 2010).
HCHO, NO2, Ozone, BrO, O2-O2 : same cross-sections as in Table 4
Ring cross-section based on the technique outlined by Chance et al. (1997)
One slit function per binned spectrum as a function of wavelength (60 OMI ISRF,
Dirksen et al., 2006).
5th order

Slit function
Polynomial
Intensity offset
correction
Reference spectrum I0

Linear offset (1/I0)
Daily solar irradiance

718
719

The intercomparison of results using common settings allowed to identify and fix several issues in the different

720

codes leading to an overall consolidation of the algorithms. It has been found that minor changes in the fit

721

settings may lead to large offsets (± 10x1015 molec.cm-2) in the HCHO SCDs. However, an excellent level of

722

agreement (± 2x1015 molec.cm-2) between the different retrieval codes was obtained after several iterations of

723

the common settings. The main sources of discrepancies were found to be related to (1) the solar I0 correction

724

applied on the O3 cross-sections, (2) the intensity offset correction, (3) the details of the wavelength calibration

725

of the radiance and irradiance spectra, and (4) the OMI slit functions and their implementation in the

726

convolution tools (Boersma et al., 2015).
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727

An overview of the final SCD comparison is shown on Figure 12 for six test days at the beginning and the end

728

of the OMI time series, and for a particular OMI orbit on the left panel of Figure 13. The correlation coefficient,

729

slope and offset of linear regression fits performed on each comparison orbit are displayed. The correlation of

730

slant columns from BIRA and IUP-UB is extremely high in most cases. It is > 0.998 for all orbits. The slope

731

of the regression line between BIRA and IUP-UB results is close to 1.0. There is a constant offset of less than

732

1x1015 molec.cm-². The comparison between MPIC results and the two other algorithms gives somehow lower

733

correlations, but still larger than 0.98 from the beginning to the end of the OMI lifetime. Final deviations on

734

OMI HCHO SCD when using common settings were found to be of maximum +-2% (slope) and 2.5x1015

735

molec.cm-2. When relating the remaining differences in retrieved SCDs using common settings to the slant

736

column errors from the DOAS fit (𝜎𝑁,𝑠,𝑟𝑎𝑛𝑑 ), it can be concluded that the differences between the results are

737

significantly smaller than the uncertainties (from 10 to 20% of 𝜎𝑁,𝑠,𝑟𝑎𝑛𝑑 ). Moreover, remaining offsets in SCDs

738
739

are further reduced by the background correction procedure.

740
741
742
743

Figure 12: Correlation (left), slope (middle) and offset (right) from a linear regression performed for
the common fit settings (see Table 11) for each orbit of OMI test days. A correlation plot for an
example orbit is provided in the left panel of Figure 13Error! Reference source not found..

744

4.2 Verification of the operational implementation

745

A similar intercomparison exercise was performed with the operational algorithm UPAS, developed at DLR,

746

but using the exact settings of the prototype algorithm as detailed in Table 2. An example of resulting

747

correlation fit is shown in the right panel of Figure 13 for the same OMI orbit as for the comparison with the

748

IUP-UB results. The level of agreement between the prototype and operational results is found to be almost

749

perfect (correlation coefficient of 1, slope of 1.003 and offset of less than 0.2x1015 molec.cm-²), and very

750

satisfactory considering the sensitivity on small implementation changes.

751
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752
753
754
755

Figure 13: Correlation plots of HCHO slant columns retrieved with the BIRA prototype algorithm and
(left) the IUP-UB verification algorithm, (right) the operational processor, for OMI orbit number 2339
on 02/02/2005, including all pixels with SZA<80°.

756
757

5. Validation

758

Independent validation activities are proposed and planned by the S5P Validation Team (Fehr, 2016) and within

759

the ESA S5P Mission Performance Center (MPC). The backbone of the formaldehyde validation is the MAX-

760

DOAS and FTIR networks operated as part of the Network for the Detection of Atmospheric Composition

761

Change (NDACC, www.ndsc.ncep.noaa.gov/) complemented by PANDONIA (pandonia.net/) and national

762

activities. In addition, model datasets will be used for validation as well as independent satellite retrievals.

763

Finally, airborne campaigns are planned to support the formaldehyde and other trace gases validation.

764

5.1 Requirements for validation

765

To validate the TROPOMI formaldehyde data products, comparisons with independent sources of HCHO

766

measurements are required. This includes comparisons with ground-based measurements, aircraft observations

767

and satellite data sets from independent sensors and algorithms. Moreover, not only information on the total

768

(tropospheric) HCHO column is needed but also information on its vertical distribution, especially in the lowest

769

three kilometres where the bulk of formaldehyde generally resides. In this altitude range, the a-priori vertical

770

profile shapes have the largest systematic impact on the satellite column errors. HCHO and aerosol profile

771

measurements are therefore needed.

772

The diversity of the NMVOC species, lifetimes and sources (biogenic, biomass burning or anthropogenic) calls

773

for validation data in a large range of locations worldwide (tropical, temperate and boreal forests, urban and

774

sub-urban areas). Continuous measurements are needed to obtain good statistics (as well for ground-based

775

measurements as for satellite columns) and to capture the seasonal variations. Validation and assessment of

776

consistency with historical satellite datasets require additional information on the HCHO diurnal variation,

777

which depends on the precursor emissions and on the local chemical regime.
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778

The main emphasis is on quality assessment of retrieved HCHO column amounts on a global scale and over

779

long time periods. The validation exercise will establish whether HCHO data quality meets the requirements

780

of geophysical research applications like long term trend monitoring on the global scale, NMVOC source

781

inversion, and research on the budget of tropospheric ozone. In addition, the validation will investigate the

782

consistency between TROPOMI HCHO data and HCHO data records from other satellites.

783

5.2 Reference measurement techniques

784

Table 12 summarizes the type of data and measurements that can be used for the validation of the TROPOMI

785

HCHO columns. The advantages and limitations of each technique are discussed. It should be noted that, unlike

786

tropospheric O3 or NO2, the stratospheric contribution to the total HCHO column can be largely neglected

787

which simplifies the interpretation of both satellite and ground-based measurements.

788

Table 12: Data/Measurement types used for the validation of satellite HCHO columns. The

789

information content of each type of measurement is qualitatively represented by the number of crosses.
Type of
measurement

Sensitivity in the
boundary layer

Vertical profile
information

Diurnal
variation

Seasonal
Variation

Total
column

Earth
coverage

MAX-DOAS

xxx

xx (3)

xxx

xxx

xx

xx

FTIR

x

-

xxx

xx

xxx

x

Direct Sun

xxx

-

xxx

xxx

xxx

x

In situ (1)

xx

-

xxx

xxx

-

xx

Aircraft (2)

xx

xxx

x

-

xx (4)

x

Satellite
instruments

x

-

x

xxx

xx

xxx (5)

790
791

(1) Surface measurements that could be combined with regional modelling.

792

(2) Including ultra-light and unmanned airborne vehicles.

793

(3) Up to 2-3 km.

794

(4) Profiles generally need to be extrapolated.

795

(5) Different daily coverage and spatial resolutions.

796

The Multi-axis DOAS (MAX-DOAS) measurement technique has been developed to retrieve stratospheric and

797

tropospheric trace gas total columns and profiles. The most recent generation of MAX-DOAS instruments

798

allows for measurement of aerosols and a number of tropospheric pollutants, such as NO 2, HCHO, SO2, O4

799

and CHOCHO (e.g. Irie et al., 2011). With the development of operational networks such as Pandonia

800

(http://pandonia.net/), it is anticipated that many more MAX-DOAS instruments will become available in the

801

near future to extend validation activities in other areas where HCHO emissions are significant. The locations

802

where HCHO measurements are required are reviewed in the next section. Previous comparisons between

803

GOME-2 and OMI HCHO monthly averaged columns with MAX-DOAS measurements recorded by BIRA-

804

IASB in the Beijing city centre and in the sub-urban site of Xianghe showed that the systematic differences

805

between the satellite and ground-based HCHO columns (about 20 to 40%) are almost completely explained
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806

when taking into account the vertical averaging kernels of the satellite observations (De Smedt et al., 2015,

807

Wang et al., 2017), showing the importance of validating the a priori profiles as well.

808

HCHO columns can also be retrieved from the ground using FTIR spectrometers. In contrast to MAXDOAS

809

systems which essentially probe the first two kilometres of the atmosphere, FTIR instruments display a strong

810

sensitivity higher up in the free troposphere and are thus complementary to MAXDOAS (Vigouroux et al.,

811

2009). The deployment of FTIR instruments of relevance for HCHO is mostly taking place within the NDACC

812

network. Within the project NIDFORVal (S5P Nitrogen Dioxide and Formaldehyde Validation using NDACC

813

and complementary FTIR and UVVis networks), the number of FTIR stations providing HCHO time-series

814

has been raised from only 4 (Vigouroux et. al, 2009; Jones et al., 2009; Viatte et al., 2014; Franco et al., 2015)

815

to 21. These stations are covering a wide range of HCHO concentrations, from clean Arctic or oceanic sites to

816

sub-urban and urban polluted sites, as well as sites with large biogenic emissions such as Porto Velho (Brazil)

817

or Wollongong (Australia).

818

Although ground-based remote-sensing DOAS and FTIR instruments are naturally best suited for the validation

819

of column measurements from space, in-situ instruments can also bring useful information. This type of

820

instrument can only validate surface HCHO concentrations, and therefore additional information on the vertical

821

profile (e.g. from regional modelling) is required to make the link with the satellite retrieved column. However,

822

in-situ instruments (where available) have the advantage to be continuously operated for pollution monitoring

823

in populated areas, allowing for extended and long term comparisons with satellite data (see e.g. Dufour et al.,

824

2009). Although more expensive and with a limited time and space coverage, aircraft campaigns provide

825

unique information on the HCHO vertical distributions (Zhu et al., 2017).

826

5.3 Deployment of validation sites

827

Sites operating correlative measurement should preferably be deployed at locations where significant NMVOC

828

sources exist. This includes:

829



Tropical forests (Amazonian forest, Africa, Indonesia): The largest HCHO columns worldwide are

830

observed over these remote areas that are difficult to access. Biogenic and biomass burning emissions are

831

mixed. A complete year is needed to discriminate the various effects on the HCHO retrieval. Clouds tend

832

to have more systematic effects in tropical regions. Aircraft measurements are needed over biomass

833

burning areas.

834



Temperate forests (South-Eastern US, China, Eastern Europe): In summer time, HCHO columns are

835

dominated by biogenic emissions. Those locations are useful to validate particular a-priori assumptions

836

such as model isoprene chemistry and OH oxidation scheme. Measurements are mostly needed from April

837

to September.

838



Urban and sub-urban areas (Asian cities, California, European cities): Anthropogenic NMVOCs are more

839

diverse, and have a weaker contribution to the total HCHO column than biogenic NMVOCs. This type of

840

signal is therefore more difficult to validate. Continuous observations at mid-latitudes over a full year are

841

needed, to improve statistics.
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842

For adequate validation, the long-term monitoring should be complemented by dedicated campaigns. Ideally

843

such campaigns should be organised in appropriate locations such as e.g. South-Eastern US, Alabama where

844

biogenic NMVOCs and biogenic aerosols are emitted in large quantities during summer time, and should

845

include both aircraft and ground-based components.

846

5.4 Satellite-satellite intercomparisons

847

Satellite-satellite intercomparisons of HCHO columns are generally more straightforward than validation using

848

ground-based correlative measurements. Such comparisons are evaluated in a meaningful statistical sense

849

focusing on global patterns and regional averages, seasonality, scatter of values and consistency between

850

results and reported uncertainties. When intercomparing satellite measurements, special care has to be drawn

851

to:

852



853
854

differences in spatial resolutions, resulting in possible offsets between satellite observations (van
der A et al., 2008; De Smedt et al., 2010; Hilboll et al., 2013),



855

differences in overpass times, that holds valuable geophysical information about diurnal cycles
in emissions and chemistry (De Smedt et al., 2015; Stavrakou et al., 2015)

856



differences in a priori assumptions.

857



differences in the cloud algorithms and cloud correction schemes.

858

Assessing the consistency between successive satellite sensors is essential to allow for scientific studies making

859

use of the combination of several sensors. For example trends in NVMOC emissions have been successfully

860

derived from GOME(-2), SCIAMACHY, and OMI measurements (Figure 14). It is anticipated that TROPOMI,

861

the next GOME-2 instruments and the future Sentinel-4 and -5, will allow to extend these time series.

862
863

Figure 14: HCHO columns over Northern China as observed with GOME (in blue), SCIAMACHY (in

864

black), GOME-2 (in green), and OMI (in red) (De Smedt et al., 2008; 2010; 2015).
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865

6. Conclusions

866

The retrieval algorithm for the TROPOMI formaldehyde product generation is based on the heritage from

867

algorithms successfully developed for the GOME, SCIAMACHY, GOME-2 and OMI sensors. A double-

868

interval fitting approach is implemented, following an algorithm baseline demonstrated on the GOME-2 and

869

OMI sensors. The HCHO retrieval algorithm also includes a post-processing across‐track reference sector

870

correction to minimize OMI-type striping effects, if any. Additional features for future processor updates

871

include the use of daily earthshine radiance as reference selected in the remote Pacific spectral, outlier

872

screening during the fitting procedure (spike removal algorithm), and a more accurate background correction

873

scheme.

874

A detailed uncertainty budget is provided for every satellite observation. The precision of the HCHO

875

tropospheric column is expected to come close to the COPERNICUS product requirements in regions of high

876

emissions and, at mid-latitude, for summer (high sun) conditions. The trueness of the vertical columns is also

877

expected to be improved, owing to the use of daily forecasts for the estimation of HCHO vertical profile shapes,

878

that will be provided by a new version of the TM5-MP model, running at the spatial resolution of 1x1 degree

879

in latitude and longitude.

880

The validation of satellite retrievals in the lower troposphere is known to be challenging. Ground-based

881

measurements, where available, often sample the atmosphere at different spatial and temporal scales than the

882

satellite measurements, which leads to ambiguous comparisons. Additional correlative measurements are

883

needed over a variety of regions, in particular in the Tropics and at the sub-urban level in mid-latitudes. These

884

aspects are covered by a number of projects developed in the framework of the TROPOMI validation plan

885

(Fehr, 2016).

886
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APPENDIX A: Acronyms and abbreviations
A

Averaging Kernel

AMF

Air mass factor

AOD

Aerosol optical depth

AAI

Aerosol absorbing index

ATBD

Algorithm Theoretical Basis Document

BIRA-IASB

Royal Belgian Institute for Space Aeronomy

BrO

Bromine Monoxide

BRDF

Bidirectional reflectance distribution function

CH4

Methane

CO

Carbon Monoxide

CAPACITY

Composition of the Atmosphere: Progress to Applications in the user CommunITY

CCD

Charged Coupled Device

CF

Climate and Forecast metadata conventions

CRB

Clouds as Reflecting Boundaries

CTM

Chemical Transport Model

DOAS

Differential optical absorption spectroscopy

DU

Dobson Unit (1 DU = 2.6867x1016 molecules cm-2)

ECMWF

European Centre for Medium Range Weather Forecast

ESA

European Space Agency

FWHM

Full Width Half Maximum

GMES

Global Monitoring for Environment and Security

GOME

Global Ozone Monitoring Experiment

HCHO

Formaldehyde (or H2CO)

IPA

Independent Pixel Approximation

IR

Infrared

ISRF

Instrument Spectral Response Function

L2

Level-2

L2WG

Level-2 Working Group

LER

Lambertian Equivalent Reflector

VLIDORT

Vector LInearized Discrete Ordinate Radiative Transfer

LOS

Line-of-sight angle

LS

Lower stratosphere

LUT

Look-up table

MAX-DOAS

Multi-axis DOAS

MPC

Mission Performance Center

NDACC

Network for the Detection of Atmospheric Composition Change

NMVOC

Non-Methane Volatile Organic Compound

NO2

Nitrogen Dioxide
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NRT

Near-real time

OCRA

Optical Cloud Recognition Algorithm

OD

Optical Depth

O3

Ozone

OMI

Ozone Monitoring Instrument

OMPS

Ozone Mapping Profiler Suite

(P)BL

Planetary Boundary Layer

PCA

Principal Component Analysis

QA4ECV

Quality Assurance For Essential Climate Variables

RAA

Relative Azimuth Angle

ROCINN

Retrieval Of Cloud Information using Neural Networks

RRS

Rotational Raman Scattering

RTM

Radiative transfer model

S5P

Sentinel-5 Precursor

S5

Sentinel 5

SAA

Solar Azimuth Angle

SCIAMACHY

SCanning Imaging Absorption spectroMeter for Atmospheric ChartograpHY

SC(D)

Slant column density

SCDE

Slant column density error

SNR

Signal-to-noise ratio

SO2

Sulfur dioxide

SOW

Statement Of Work

SWIR

Short-wave infrared

SZA

Solar zenith angle

TM 4/5

Data assimilation / chemistry transport model (version 4 or 5)

TROPOMI

Tropospheric Monitoring Instrument

UPAS

Universal Processor for UV/VIS Atmospheric Spectrometers

UV

Ultraviolet

UVN

Ultraviolet/Visible/Near-infrared

VAA

Viewing Azimuth Angle

VZA
VC(D)

Viewing Zenith Angle
Vertical column density
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1201

APPENDIX B: High level L2 HCHO data product description

1202

In addition to the main product results, such as HCHO slant column, tropospheric vertical column and air mass

1203

factor, the level 2 data files contain a number of additional ancillary parameters and diagnostic information. A

1204

complete description of the level 2 data format is given in the Product User Manual (Pedergnana et al., 2017).

1205

A selection of important parameters is given in Table 13. A complete description of the level 2 data format is

1206

given in the Product User Manual (Pedergnana et al., 2017).

1207

Table 13: Selective list of output fields in the TROPOMI HCHO product. Scanline and ground_pixel

1208

are respectively the number of pixels in an orbit along track and across track. Layer is the number of

1209

vertical levels in the averaging kernels and the a-priori profiles.
Symbol

Unit*

Variable name

Number of entries

Nv

mol.m-2

formaldehyde_tropospheric_vertical_column

scanline x ground_pixel

Ns

mol.m-2

fitted_slant_columns

scanline x ground_pixel x
number_of_slant_columns

Ns - Ns,0

mol.m-2

formaldehyde_slant_column_corrected

scanline x ground_pixel

Nv,0

mol.m-2

formaldehyde_tropospheric_vertical_column_correction

scanline x ground_pixel

M

n.u.

formaldehyde_tropospheric_air_mass_factor

scanline x ground_pixel

𝑀𝑐𝑙𝑒𝑎𝑟

n.u.

formaldehyde_clear_air_mass_factor

scanline x ground_pixel

𝑓𝑐

n.u.

cloud_fraction_crb

scanline x ground_pixel

𝑤𝑐

n.u.

cloud_fraction_intensity_weighted

scanline x ground_pixel

𝑝𝑐𝑙𝑜𝑢𝑑

Pa

cloud_pressure_crb

scanline x ground_pixel

𝐴𝑐𝑙𝑜𝑢𝑑

n.u.

cloud_albedo_crb

scanline x ground_pixel

𝐴𝑠

n.u.

surface_albedo

scanline x ground_pixel

𝑧𝑠

m

surface_altitude

scanline x ground_pixel

𝜎𝑁,𝑣,𝑟𝑎𝑛𝑑

mol.m-2

formaldehyde_tropospheric_vertical_column_precision

scanline x ground_pixel

𝜎𝑁,𝑣,𝑠𝑦𝑠𝑡

mol.m-2

formaldehyde_tropospheric_vertical_column_trueness

scanline x ground_pixel

𝜎𝑁,𝑠,𝑟𝑎𝑛𝑑

mol.m-2

fitted_slant_columns_precision

scanline x ground_pixel x
number_of_slant_columns

𝜎𝑀,𝑟𝑎𝑛𝑑

n.u.

formaldehyde_tropospheric_air_mass_factor_precision

scanline x ground_pixel

𝜎𝑁,𝑠,0

mol.m-2

formaldehyde_slant_column_corrected_trueness

scanline x ground_pixel

A

n.u.

averaging_kernel

layer x scanline x ground_pixel

na

vmr

formaldehyde_profile_apriori

layer x scanline x ground_pixel

ps

Pa

surface_pressure

scanline x ground_pixel

al

Pa

tm5_constant_a

layer
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1210

Symbol

Unit*

Variable name

Number of entries

bl

n.u.

tm5_constant_b

layer

Ns,1

mol.m-2

fitted_slant_columns_win1

scanline x ground_pixel x
number_of_slant_columns_win1

𝜎𝑁,𝑠,1,𝑟𝑎𝑛𝑑

mol.m-2

fitted_slant_columns_precision_win1

scanline x ground_pixel x
number_of_slant_columns_win1

* multiplication factor to convert mol.m-2 to molec.cm-2: 6.022x1019
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1211

APPENDIX C: Averaging Kernel

1212

Retrieved satellite quantities always represent a weighted average over all parts of the atmosphere that

1213

contribute to the signal observed by the satellite instrument. The DOAS total column retrieval is implicitly

1214

dependant on the a priori trace gas profile 𝑛𝑎 . Radiative transfer calculations account for the sensitivity of the

1215

measurement to the HCHO concentrations at all altitudes and these sensitivities are weighted with the assumed

1216

a priori profile shape to produce the vertical column. The averaging kernel (A) is proportional to the

1217

measurement sensitivity profile, and provides the relation between the retrieved column 𝑁𝑣 and the true tracer

1218

profile x (Rodgers, 2000; Rodgers and Connor, 2002):
𝑝𝑐

𝑁𝑣 − 𝑁𝑣,𝑎 = 𝐴. (𝑥 𝑝𝑐 − 𝑛𝑎 )

(21)

1219

where the profiles are expressed in partial columns (pc). For total column observations of optically thin

1220

absorbers DOAS averaging kernels are calculated as follows (Eskes and Boersma, 2003): 𝐴(𝑝) =

1221

𝑚(𝑝) is the altitude-resolved air mass factor and 𝑀 is the tropospheric air mass factor. The air mass factor and

1222

therefore the retrieved vertical column, depends on the a priori profile shape, in contrast to the altitude-resolved

1223

air mass factor which describes the sensitivity of the slant column to changes in trace gas concentrations at a

1224

given altitude and does not depends on the a priori profile in an optically thin atmosphere. From the definition

1225

of 𝐴, we have 𝑁𝑣,𝑎 = 𝐴. 𝑛𝑎 and Equation (21) simplifies to:

𝑚(𝑝)
𝑀

, where

𝑝𝑐

𝑁𝑣 = 𝐴. 𝑥 𝑝𝑐

(22)

1226

The averaging kernel varies with the observation conditions. In the HCHO retrieval product, 𝐴 is provided

1227

together with the error budget for each individual pixel. The provided HCHO vertical columns can be used in

1228

two ways, each with its own associated error (Boersma et al., 2004):

1229

1.

For independent study and/or comparison with other independent measurements of total column amounts.

1230

In this case, the total error related to the column consists of slant column measurement errors, reference

1231

sector correction errors, and air mass factor errors. The latter consists of errors related to uncertainties in

1232

the assumed profile 𝑛𝑎 and errors related to the 𝑚 parameters.

1233

2.

For comparisons with chemistry transport models or validation with independent profile measurements,

1234

if the averaging kernel information is used, the a priori profile shape error no longer contributes to the

1235

total error. Indeed, the relative difference between the retrieved column 𝑁𝑣 and an independent profile 𝑥𝑖

1236

is:
𝑝𝑐

𝛿=

𝑁𝑣 − 𝐴. 𝑥𝑖
𝑁𝑣

(23)

1237
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1238

The total AMF 𝑀 cancels since it appears as the denominator of both 𝑁𝑣 and 𝐴. Because only the total

1239

AMF depends on the a priori tracer profile 𝑛𝑎 , the comparison using the averaging kernel is not influenced

1240

by the chosen a priori profile shape. The a priori profile error does not influence the comparison, but of

1241

course, it still does influence the error on the retrieved vertical column.
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