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Abstract. We present an algorithm for the retrieval of gly-

oxal from backscattered solar radiation, and apply it to spec-

tra measured by the Ozone Monitoring Instrument (OMI).

The algorithm is based on direct spectrum fitting, and adopts

a two-step fitting routine to account for liquid water absorp-

tion. Previous studies have shown that glyoxal retrieval algo-

rithms are highly sensitive to the position of the spectral fit

window. This dependence was systematically tested on real

and simulated OMI spectra. We find that a combination of

errors resulting from uncertainties in reference cross sections

and spectral features associated with the Ring effect are con-

sistent with the fit-window dependence observed in real spec-

tra. This implies an optimal fitting window of 435–461 nm,

consistent with previous satellite glyoxal retrievals. The re-

sults from the retrieval of simulated spectra also support pre-

vious findings that have suggested that glyoxal is sensitive to

NO2 cross-section temperature. The retrieval window limits

of the liquid water retrieval are also tested. A retrieval win-

dow 385–470 nm reduces interference with strong spectral

features associated with sand. We show that cross-track de-

pendent offsets (stripes) present in OMI can be corrected us-

ing offsets derived from retrieved slant columns over the Sa-

hara, and apply the correction to OMI data. Average glyoxal

columns are on average lower than those of previous stud-

ies likely owing to the choice of reference sector for offset

correction. OMI VCDs (vertical column densities)are lower

compared to other satellites over the tropics and Asia during

the monsoon season, suggesting that the new retrieval is less

sensitive to water vapour abundance. Consequently we do not

see significant glyoxal enhancements over tropical oceans.

OMI-derived glyoxal-to-formaldehyde ratios over biogenic

and anthropogenic source regions are consistent with surface

observations.

1 Introduction

The oxidation of non-methane volatile organic compounds

(NMVOC)s is an important atmospheric process for both

air quality and climate (Lippmann, 1989; Kanakidou et al.,

2005; Lelieveld and Dentener, 2000; Forster et al., 2007).

NMVOC emissions inventories are subject to large uncer-

tainties associated with extrapolating limited data on activ-

ity rates and emission factors. Emission estimates for bio-

genic isoprene, the largest NMVOC source on a global scale

(Guenther et al., 2006) are uncertain by almost a factor of

2 (Pfister et al., 2008). Anthropogenic NMVOC emissions

are also highly uncertain (Borbon et al., 2013; Parrish et al.,

2012), especially in developing regions that rely on poten-

tially unrepresentative foreign emissions data (Klimont et al.,

2002; Streets et al., 2003; Wei et al., 2008).

Glyoxal (CHO-CHO) is a short-lived product of NMVOC

atmospheric oxidation observable from space (Wittrock

et al., 2006; Vrekoussis et al., 2010; Lerot et al., 2010;

Chance, 2006). Satellite observations of formaldehyde

(HCHO), another product of NMVOC atmospheric oxida-

tion, have proven to be a valuable constraint on NMVOC

emissions estimates (Abbot et al., 2003; Palmer et al., 2006;

Millet et al., 2008; Marais et al., 2012; Fu et al., 2007; Curci

et al., 2010). Glyoxal-to-HCHO ratios could provide infor-

mation on NMVOC speciation (Vrekoussis et al., 2010; Di-

Gangi et al., 2012; MacDonald et al., 2012). Satellite obser-

vations of glyoxal are made in a longer wavelength range
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(∼ 435–460 nm) than HCHO (∼ 330–360 nm) and are there-

fore less sensitive to molecular scattering that diminishes

sensitivity to the lower troposphere (Palmer et al., 2001).

Stavrakou et al. (2009) used both glyoxal and HCHO re-

trievals from SCIAMACHY to constrain global NMVOC

emissions, and estimated that current models underestimate

glyoxal by a factor of approximately 2. However glyoxal-

to-HCHO ratios differ between ground and satellite observa-

tions (DiGangi et al., 2012), a discrepancy that needs to be

resolved to interpret glyoxal observations from space.

Glyoxal optical depths are very weak (order of

10−4–10−3). This makes the retrieval highly sensitive to fit-

ting errors from stronger absorbers, as well as instrument

calibration errors and the spectral structure of surface re-

flectance. Recent studies have shown that glyoxal concen-

trations retrieved from satellite (Alvarado et al., 2014) and

from the surface (Sinreich et al., 2013) are highly sensitive

to the settings of the retrieval, in particular, the choice of fit

window.

Here we present a glyoxal retrieval for the Ozone Mon-

itoring Instrument (OMI) with optimised retrieval settings.

OMI offers superior spatial resolution and temporal cover-

age compared to existing satellite instruments (GOME-2 and

SCIAMACHY) used to retrieve glyoxal. However, retrieving

glyoxal from OMI spectra is more challenging compared to

the aforementioned instruments due to its lower spectral res-

olution and smaller signal-to-noise ratio. We use simulated

OMI spectra to test retrieval accuracy and apply a system-

atic approach (Vogel et al., 2013) to optimise the glyoxal fit

window. OMI uses a 2-D CCD (charged coupled device) ar-

ray in contrast to the linear photodiode array detectors used

in GOME-2 (Global Ozone Monitoring Experiment 2) and

SCIAMACHY (Scanning Imaging Absorption Spectrometer

for Atmospheric CHartographY). This makes retrieved slant

columns subject to cross-track biases. We present a simple

method to correct for these glyoxal offsets.

2 Methods

OMI was launched on the NASA Aura satellite in sun-

synchronous orbit in July 2004, with an equatorial cross-

ing time of 13:42 LT (local time). It is a CCD spectrometer

measuring backscattered solar radiation with a 13km×24km

nadir resolution and daily global coverage. It’s spectral range

is 270–500 nm divided over three channels, allowing for the

retrieval of both HCHO and glyoxal. Glyoxal is retrieved in

the visible channel (full spectral range 350–500 nm). The

visible channel CCD is divided into 60 across-track posi-

tions, with an average spectral sampling distance of 0.21 nm

and average spectral resolution of 0.63 nm (full width at half

maximum).

Glyoxal vertical column densities (VCDs, molecules

cm−2) are determined using a two-step approach widely

employed for optically thin trace gas retrievals in the

UV–visible spectral region. In the first step modelled spectra

are directly fitted to observed OMI radiances to determine

slant column densities (SCDs) that represent the integrated

glyoxal number density through the mean photon path from

the sun to the instrument. In the second step, the SCDs are

translated to VCDs using air mass factors (AMFs) computed

using a radiative transfer model (Palmer et al., 2001).

2.1 Fitting glyoxal slant columns

Glyoxal SCDs are determined using the direct spectrum fit-

ting approach described by Chance (1998). Here the state

vector x ∈ Rn, consisting of a set of variables impacting the

observed radiance (including the glyoxal SCD) is estimated

from a set of observed radiance values at a number of discrete

wavelengths (λ). Let y ∈ Rm be the vector of these discrete

radiance values. Assuming that the noise variance in the mea-

sured spectrum is the same for all wavelengths, the optimal

estimate for the state x̂ is found by the least squares differ-

ence between the observed radiance and a model spectrum

F (x,b), a function of the state vector and a set of unopti-

mised parameters b:

x̂ = arg min
x∈Rn

m∑
i=1

(yi −Fi(x,b))
2. (1)

The modelled spectrum (F(λ)) consists of a solar source

term I0(λ) that is then modified by trace gas absorption τ(λ),

a common mode spectrum R(λ) constructed by averaging

a set of spectrum fit residuals, and scaling and baseline poly-

nomials (Psc(λ) and Pbl(λ) respectively), intended to account

for broadband spectral features;

F(λ)=
[
I0(λ)exp(−τ(λ))+R(λ)

]
Psc(λ)+Pbl(λ). (2)

The source spectrum (I0(λ)) is derived from the monthly

running mean of a set of daily solar irradiance spectra mea-

sured by OMI during the end of its orbit (bsol(λ)). Due to

the satellite’s orbital motion relative to the sun, the solar ir-

radiance spectra are Doppler shifted relative to the earth ob-

servations. To account for this, both the solar and earthshine

grids are calibrated using a high-resolution solar reference

spectrum (Chance and Kurucz, 2010). Since the measured

spectra are not fully Nyquist sampled, direct interpolation of

the measured solar spectrum to the earthshine grid introduces

aliasing. To account for this, an additional term bu(λ) de-

rived from the difference in a fully sampled and under sam-

pled solar reference spectrum is included in the fit (Chance

et al., 2005). Finally, an inelastic Raman scattering source

term (br(λ)) to account for “filling in” of the solar lines from

O2 and N2 rotational transitions is included as described in

Chance and Spurr (1997).

I0(λ)= bsol(λ)+ xubu(λ)+ xrbr(λ). (3)
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Table 1. Reference cross sections used in this study.

Molecule Uncertaintya Reference

(%)

O3 (228 K) 2 Brion et al. (1998)

NO2 (231, 293 K) 1.1b Vandaele et al. (2003)

Glyoxal (296 K) 3 Volkamer et al. (2005)

H2O (280 K) 5 Rothman et al. (2009)

O2−O2 (293 K) 3.35 Thalman and Volkamer (2013)

H2O (liquid, 295 K) 6–14c Pope and Fry (1997)

a Relative uncertainties given in table are those reported in the literature references.
b Based on variance of the relative difference of two NO2 RCS measurements in Vandaele

et al. (2002).
c Reported uncertainty range is for 435–460 nm.

The source spectrum is attenuated by trace gas absorption.

The total optical depth (τ(λ)) is the sum of the contributions

from each absorber.

τ(λ)=
∑
j

xjbj (λ) (4)

Here, xj and bj (λ) are the SCD and reference cross sec-

tion (RCS) of species j respectively.

Table 1 summarises the RCSs included in the fitting pro-

cedure. The two strongest glyoxal absorption bands lie in

the 430–460 nm spectral region, as shown in Fig. 1. In ad-

dition to glyoxal, absorption due to ozone (O3), nitrogen

dioxide (NO2), water vapour (H2O) and the oxygen collision

complex (O2−O2) contribute significantly to the total opti-

cal depth, and are therefore included in the fitting process.

Previous work has shown that surface extinction from liq-

uid water is significant over clear surface waters, where the

mean photon path through the ocean is significant (Vrekous-

sis et al., 2009). Lerot et al. (2010) found that the cross cor-

relation between the glyoxal and liquid water RCSs within

the glyoxal fit region is too high for simultaneous fitting. Our

OMI retrieval adopts the Lerot et al. (2010) approach of in-

cluding prefitted optical depths from a separate liquid water

retrieval that takes advantage of the broad spectral features of

liquid water outside the glyoxal fit window. All RCSs are de-

graded to the OMI instrument resolution through convolution

(denoted ⊗) with the measured instrument transfer function

0(λ) (Dirksen et al., 2006), and then splined to the instru-

ment wavelength grid. As a measured solar spectrum is used

in the fitting process, the convolution to the source (I0) and

absorption (τ ) expressions is done separately. Thus if I hr
0 (λ)

and τ hr(λ) denote the solar spectrum and total optical depth

at infinitely high resolution, the first term of Eq. (3) is given

by

I0(λ)exp(−τ(λ))= I hr
0 (λ)⊗0(λ)exp

(
−τ hr(λ)⊗0(λ)

)
. (5)

However, in reality, the instrument distorts the spectrum

after trace gas absorption. Thus the convolution must be ap-

plied last in the true expression.

I0(λ)exp(−τ(λ))true =

[
I hr

0 (λ)exp(−τ hr(λ))
]
⊗0(λ) (6)

The difference between Eqs. (5) and (6) is referred to as

the solar I0 effect (Aliwell et al., 2002). For glyoxal, correct-

ing for the I0 effect is important, as the I0 effects of strongly

absorbing interfering species are comparable in magnitude to

observed glyoxal optical depths. For small optical depths the

RCS of species j can be corrected using a high-resolution so-

lar reference spectrum (Isol(λ)). Assuming a small reference

column density xref
j ,

bj (λ)=
1

xref
j

ln

 Isol(λ)⊗0(λ)

Isol(λ)exp
(
−xref

j b
hr
j (λ)⊗0(λ)

)
 . (7)

The above correction is insensitive to reference column

densities for all interfering species considered over ranges

typically observed in the atmosphere. Here, reference col-

umn densities for each species were chosen so that the optical

depth used in Eq. (7) is approximately 10−3. This magnitude

is small enough to be in the range where the exponential in

Eq. (7) is approximately linear, and thus should be a good ap-

proximation for the I0 effects for all shallow optical depths.

A common mode spectrum R(λ) constructed by averag-

ing the fit residuals of spectra between 30◦ N and 30◦ S is

included in the final spectrum fit. R(λ) is intended to ac-

count for systematic residuals uncorrelated with the RCSs.

It is included to improve the retrieval’s random error esti-

mate, which assumes fit residuals are due to random noise.

The scaling and baseline polynomials account for broad-

band spectral effects, including Rayleigh and Mie scattering,

wavelength dependent surface reflection and instrument off-

sets.

Psc(λ)=

nsc∑
k=0

xsc
k (λ− λ)

k (8)

Pbl(λ)=

nbl∑
k=0

xbl
k (λ− λ)

k (9)

Here λ is the mean wavelength over the fitting window.

The choice of the appropriate polynomial orders (nsc and nbl)

impacts retrieval accuracy. Lower-order polynomials may

not fully account for the broadband spectral features not

physically modelled, whereas a polynomial of too high an

order may increase error through overfitting. Here we set

nsc = 3 and nbl = 1. This choice was made by performing

a set of sensitivity tests systematically varying nsc and nbl

over a subset of OMI orbits. Polynomial degrees lower than

this order induced latitudinal dependent biases, and larger or-

ders resulted in similar SCDs to the orders selected.
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2.2 Determination of glyoxal vertical column densities

The spectrum fitting algorithm described in the previous

section returns a slant column measurement of glyoxal

(xglyoxal ≡�s). A more geophysically relevant quantity is the

vertical column density (�v), defined as the number density

per unit area integrated through the height of the atmosphere.

The ratio of these quantities is called the air mass factor (A).

A=
�s

�v

(10)

For optically thin absorbers including glyoxal, radiative

transfer simulations required to determine A can be decou-

pled from the profile of the trace gas being measured (Palmer

et al., 2001).

A=

∞∫
0

W(z)S(z)dz (11)

W(z) are called scattering weights, and represent the num-

ber of times the radiation reaching the satellite has traversed

the layer [z,z+ dz]. Here, W(z) for each OMI observation

is interpolated from a lookup table calculated with the VLI-

DORT v2.4 radiative transfer model, and taking into account

instrument viewing geometry, cloud fraction and height, sur-

face height, and reflectance (González Abad et al., 2014).

We use data from the OMI O2−O2 cloud retrieval algo-

rithm (Acarreta et al., 2004) and seasonally dependent OMI

Lambertian equivalent surface reflectances database from

Kleipool et al. (2008) as inputs for the lookup table.For

cloudy scenes,A is computed using the independent pixel ap-

proximation with an assumed Lambertian cloud albedo of 0.8

(González Abad et al., 2014). Although aerosols are not ex-

plicitly accounted for, their impact on the scattering weights

is partially accounted for through the cloud retrieval algo-

rithm.

S(z) in Eq. (11) is the vertical shape factor, representing

the normalised glyoxal profile (n(z)):

S(z)=
n(z)

�v

. (12)

Shape factors are computed from a monthly averaged gly-

oxal climatology for 2007 from the GEOS-Chem (Goddard

Earth Observing System) chemical transport model (v9-01-

03). The model is driven by GEOS-5 assimilated meteorol-

ogy with a resolution of 2◦× 2.5◦ and 47 vertical levels.

We use a modified version of the simulation described in

Fu et al. (2008), with significant updates to NMVOC chem-

istry (Miller et al., 2012). The updated simulation incor-

porates recent developments in NMVOC chemistry, includ-

ing an updated isoprene oxidation mechanism (Paulot et al.,

2009a, b), new glyoxal yields from aromatic species based

on recent chamber measurements (Nishino et al., 2010), up-

dated NMVOC emissions inventories (Pulles et al., 2007;

Ohara et al., 2007), and a glyoxal aerosol formation pa-

rameterisation based on in-cloud oxidation by OH (Lim

et al., 2010). The current simulation does not include any

significant oceanic source of glyoxal, which has been sug-

gested by recent field studies (Sinreich et al., 2010; Maha-

jan et al., 2014). Consequently AMFs computed over tropi-

cal oceans are subject to increased uncertainty. In the present

work AMF errors have yet to be estimated, as the uncer-

tainty in the glyoxal profile is not well known. Glyoxal

AMF errors have previously been characterised for GOME-

2 (Lerot et al., 2010). Taking into account uncertainties as-

sociated with surface albedo, cloud fraction, cloud pressure

and profile shape, AMF errors were estimated to be up to

3× 1014 molecules cm−2. At present we ascribe similar er-

rors to OMI due to the similar uncertainties in the data sets

used here for AMF computation.

2.3 Slant column error estimation

Errors in the retrieved glyoxal slant column density are esti-

mated following the methods of Rogers (2000). The differ-

ence between the retrieved (x̂) and true state (x) of the atmo-

sphere arises from a combination of parameter errors (b− b̂),

noise in the measured spectrum (ε) and forward model errors

(1f ).

x− x̂ =GyKb(b− b̂)+Gyε+Gy1f (x,b) (13)

Kb is the forward model Jacobian with respect to the

model parameters and Gy is the sensitivity of the retrieved

state to changes in the observed radiance. OMI spectra are

fitted with the Gauss–Newton based ELSUNC least squares

algorithm (Lindström and Wedin, 1988), which additionally

uses a truncated QR method far from the solution. Near fit

convergence, Gy is approximated by the sensitivity derived

from a Gauss–Newton iteration, which is the pseudoinverse

of the forward model Jacobian (Kx = ∂F/∂x):

Gy =
∂x̂

∂y
=

(
KT
x Kx

)−1

KT
x . (14)

Parameter errors arise from variables that are not opti-

mised in the fitting process. The main source of parameter er-

ror in the glyoxal retrieval is due to uncertainty in the RCSs.

Let bi ∈ Rm be the vector of RCS values for species i, as-

sembled on the same wavelength grid as the radiance values

y. If there are p RCSs included in the retrieval then the full

vector of parameters is

b =


b1

b2

...

bp

 . (15)
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Figure 1. Absorption cross sections for molecules listed in Table 1

degraded to the resolution of OMI. Values have been normalised to

order 1 for display purposes.

The Jacobian for bi is defined as Ki
b = ∂F/∂bi . The full

parameter Jacobian matrix corresponding to Eq. (15) is given

by

Kb =

(
K1
bK

2
b. . .K

p
b

)
, (16)

As each RCS used in the retrieval derives from indepen-

dent laboratory measurements, it is reasonable to assume that

the RCS error of one species is uncorrelated with the RCSs of

the others. Thus the expression for the full error covariance

matrix of the parameters has a block diagonal structure.

Sb =


S1
b 0 . . . 0

0 S2
b . . . 0

...
...

. . .
...

0 0 . . . S
p
b

 (17)

Here, Sib is the error covariance matrix corresponding to

the RCS of the ith species. Sib matrices are approximated as

diagonal, and are constructed using relative errors reported

in Table 1. The covariance matrix describing how parameter

errors impact errors in the fitted variables (Sbx) can now be

found by propagating the parameter errors in Eq. (13) using

Eqs. (14), (16) and (17).

Sbx =GyKbSb
(
GyKb

)T
=

p∑
i=1

GyKi
bS
i
b

(
GyKi

b

)T

(18)

The covariance matrix for the measurement error is esti-

mated from the root mean square of the fit residuals (εrms)

adjusted by the number of statistical degrees of freedom. No

correlation in noise signal between measurement pixels is as-

sumed leading to the following expression for the noise co-

variance matrix.

Sε = ε
2
rms

(
m

m− n

)
In×n (19)

Herem are the number of points in the spectrum and n the

number of fit variables. This leads to the following estimate

of the random error component of the fit variable covariance

matrix.

Sεx =GySεG
T
y

= ε2
rms

(
m

m− n

)
(KT

xKx)
−1 (20)

Inference of the forward model error term in Eq. (13) is

complicated by an incomplete knowledge of the true atmo-

spheric state, and by how the state maps to the observed spec-

tra. The polynomials included in the fitting process are only

approximations for the true physics (scattering, reflectance

and instrument effects that cause radiometric offsets). Al-

though no forward model error estimate is included in the

retrieval, the sensitivity to forward model error can be as-

sessed by testing the retrieval algorithm against model spec-

tra, where the true atmospheric state is known. This will be

done in the next section.

3 Retrieval optimisation

The choice of the retrieval spectral window is an important

determinant of retrieval accuracy. Figure 2 shows the mean

slant optical depths (τ ) averaged between 435 and 460 nm

for orbit number 10430 on 1 July 2006 (o10430) simulated

with VLIDORT using GEOS-Chem species profiles. There

is a glyoxal hotspot over central Africa from biogenic and

pyrogenic NMVOC emissions with optical depths reach-

ing a maximum of τ ≈ 1.8× 10−4 (slant column of 1.5×

1015 moleculescm−2). Coincident with the glyoxal hotspot

are much higher absorptions by H2O and NO2, reaching op-

tical depths as high as τ ≈ 1.2× 10−3 and τ ≈ 6× 10−3 re-

spectively. The simulated slant optical depths of NO2 and

O3 exhibit a strong dependence on solar/instrument view-

ing geometry, that can be attributed to strong stratospheric

absorption. In the following sections, we will use this case

study orbit to evaluate the sensitivity of our retrieval to the

settings of the forward model, and the position of the fit win-

dow. We start by using simulated spectra to guide the initial

design of the retrieval. We additionally test the sensitivity of

the retrieval algorithms for the prefitted liquid water absorp-

tion and glyoxal using real OMI spectra.

www.atmos-meas-tech.net/7/3891/2014/ Atmos. Meas. Tech., 7, 3891–3907, 2014
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Figure 2. Simulated optical depths of important species in the glyoxal fitting region for 1 July 2006. The values correspond to the mean

optical depths within the 430–460 nm spectral region. Results were simulated using the VLIDORT radiative transfer model run using the

viewing geometry of OMI combined with GEOS-Chem trace gas profiles.

3.1 Observing system simulation experiments

The model described in Eq. (2) is only a semi-physical ap-

proximation of the true spectrum. We therefore test its perfor-

mance relative to a model closer to the true physics through

an observing system simulation experiment (OSSE). The ap-

proach is summarised in Fig. 3. For each OMI track, GEOS-

Chem chemical and meteorological profiles were sampled

for the instrument viewing geometry and the results av-

eraged onto a 2◦ latitude grid for computational expedi-

ency. The version of GEOS-Chem used here does not sim-

ulate stratospheric chemistry, so zonal climatologies of O3

derived from the OMI total column ozone retrieval (Liu

et al., 2010) and NO2 from a stratospheric model (McLin-

den et al., 2000) were included above the model tropopause.

Clear sky synthetic spectra were modelled with VLIDORT

on a 0.01 nm grid (elastic scattering only), using the view-

ing geometry of OMI. The wavelength dependence of sur-

face reflectance was accounted for by interpolating the OMI-

derived coarse-resolution Kleipool et al. (2008) reflectance

database at 400–480 nm using a third-order polynomial. Ab-

sorption from glyoxal, O2−O2, water vapour, O3 and NO2

are included in the simulations. We account for the temper-

ature dependence of O3 and NO2 RCSs using the parame-

terisations of Liu et al. (2007) and Vandaele et al. (2003) re-

spectively. Simulated spectra are convolved with a 0.65 nm

FWHM (full width at half maximum) Gaussian distribution

function approximating the OMI instrument transfer func-

tion, and then sampled onto the OMI radiance wavelength

grid. The observed solar spectrum is simulated by convolv-

ing the high-resolution solar reference with the same Gaus-

sian distribution, followed by sampling to the OMI solar ir-

radiance grid. Finally, the retrieval algorithm is applied and

the results compared to the “true” state (i.e. GEOS-Chem).

The RCS of O3 and NO2 exhibit temperature dependen-

cies that could induce errors in the retrieval if not properly

accounted for. Alvarado et al. (2014) found significant im-

provements in their spectrum fit residuals over heavily pol-

luted regions by incorporating two independent NO2 RCSs

at different temperatures into their glyoxal retrievals. We first

tested the impact of four different RCS temperature choices

on the retrieval using a 435–460 nm window. Figure 4 shows

the difference between the retrieved and true slant column

densities. The preliminary version of the OMI glyoxal re-

trieval used a NO2 RCS temperature of 220 K (Chance,

2006). Figure 4 shows that using this RCS temperature in-

duces a significant positive global bias in the retrieval, as

well as a local bias between 0 and 15◦ S over the region

with strong pyrogenic emissions. We also tested a 240 K RCS

temperature which is closer to the average temperature of

the environment of photons absorbed by NO2. Although this

reduces the global bias, the pyrogenic hotspot remains. In-

cluding two independent NO2 RCSs at different temperatures

(230 and 290 K) removes the 0–15◦ S bias whilst slightly in-

creasing the overall bias, likely due to the added cross cor-

relation caused by fitting the second RCS. This is consistent

with the reductions observed by Alvarado et al. (2014). We

therefore include two NO2 RCSs at different temperatures in

the operational retrieval to avoid interferences from bound-

ary layer NO2. Including an additional O3 RCS (243 K) does

not improve the retrieval owing to the small temperature de-

pendence of O3 between 400 and 500 nm.

The sensitivity of the retrieval to window position was

tested following Vogel et al. (2013), by systematically quan-

tifying OSSE retrieval error as a function of lower and upper

wavelength limits. Figure 5 shows the mean bias between

the retrieved and true glyoxal slant columns, as well as the

slope of the linear regression of the retrieved vs. “true” slant

columns. Retrievals for most window choices have a mean

bias of less than 5× 1013, except when the window trun-

cates the strongest glyoxal band. The window region cen-

tred around 445–463 nm performs optimally, as shown by
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Figure 3. Schematic of the OSSE approach used to optimise the retrieval algorithm.

Figure 4. Differences between simulated and true glyoxal slant column densities (moleculescm−2) retrieved using NO2 and O3 RCSs at

different temperatures. Plot titles indicate temperatures of the RCSs used in the retrieval.

the lowest mean bias and regression slope closest to 1. This

corresponds to the strongest glyoxal absorption band. Ex-

tending the window down to 435 nm to include the second

strongest glyoxal band slightly increases the mean bias and

slope. Given the relatively low retrieval bias for most win-

dows, the results of the OSSE indicate that the spectrum

model (F(λ)) is capable of accounting for the physical ef-

fects simulated by the OSSE. These include

– the I0 effect

– the RCS temperature dependencies of O3 and NO2

– the broadband corrections for Rayleigh scattering and

surface reflectance

– the wavelength dependence of the slant column density

of interfering gases

– the undersampling correction of the solar spectrum.
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Figure 5. Sensitivity of glyoxal retrieval error to choice of fitting

window. Results are from the OSSE described in the text. The top

panel shows the mean bias between retrieved glyoxal columns and

the true values. The bottom panel shows the slope of the linear re-

gression of retrieved vs. true glyoxal columns.

3.2 Stripe correction

Trace gas retrievals from 2-D CCD instruments such as OMI

suffer from systematic cross-track biases, which appear as

stripes when viewed in the along-track direction. This has

been attributed to the cross-track variability of the measured

solar irradiances (Veihelmann and Kleipool, 2006). For OMI,

this variability arises due to a combination of noise in the

measured solar spectra, transient dark current signals and the

angular and wavelength dependence of the diffuser used for

irradiance measurements. The impact of these variations is

significant for glyoxal due to its relatively weak absorption.

We investigated how solar spectrum variation impacts the

OMI retrieval by adding noise to the solar spectra used in

the retrieval OSSE (Fig. 6). A different Gaussian noise re-

alisation was added to each across-track solar spectrum. We

chose a signal-to-noise ratio of 3000, to be roughly consistent

with the noise level expected for averaging a month of OMI

solar spectra. Striping is apparent in the slant columns re-

trieved from the synthetic spectra (Fig. 6b) with cross-track

biases reaching as high as 1.5× 1015 moleculescm−2. Fig-

ure 6b also shows that the magnitudes of the stripes are con-

stant with latitude. Thus, determining the stripe offsets at one

location should be sufficient for correcting the stripes at all

locations.

Figure 6. (a) SCD retrieved with true solar spectrum, (b) SCD re-

trieved with noisy solar spectra, (c) reference sector SCD offset, (d)

stripe corrected SCD.
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Figure 7. (a) Stripe offset (moleculescm−2) derived from a run-

ning 5-day mean of the slant columns retrieved over the Sahara

(20–30◦ N, 10◦W–30◦ E) for July 2006 as a function of cross-track

position. Lines are colour coded by day of the month. (b) Estimate

of random SCD error (moleculescm−2) for (a) induced from noise

in the measured radiances.

The Sahara is a convenient region to determine the cross-

track stripe offsets. Glyoxal concentrations in this region are

expected to be negligible, with VCDs simulated by GEOS-

Chem below 1.5×1013 moleculescm−2 all year. In addition,
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spectra over the Sahara have a high signal-to-noise ratio due

to high surface reflectivity. Figure 6c shows the mean gly-

oxal SCD retrieved in the Saharan region defined by the lim-

its 20–30◦ N, 10◦W–30◦ E. Since there is essentially no gly-

oxal, these represent the stripe offsets due to noise in the solar

spectrum employed in the retrieval. Subtracting these offsets

from Fig. 6a produces the stripe-corrected results in Fig. 6d.

For reference, the synthetic data retrieved with a noise-free

solar spectrum is shown in Fig. 6a. The stripe-corrected re-

trieval is virtually indistinguishable from the noise-free case.

We thus conclude that we can correct for stripes using this

simple background subtraction approach, provided that the

origin of the stripes is due purely to solar irradiance spec-

trum noise. This should generally be true, except for radi-

ance/irradiance spectra impacted by so-called random tele-

graph signals (RTS) caused by particle hits on the CCD.

These lead to prolonged changes in dark current, which man-

ifest as spikes in the observed spectra. To reduce the impact

of RTS, we remove pixels that have been flagged as RTS

in the level 1-B product (Kleipool, 2005). We identify ad-

ditional spikes by comparing the residual difference between

the modelled and measured spectra. Pixels in spectra whose

residuals are 3 standard deviations from the mean are flagged

as RTS. Spectra with these additionally flagged pixels are

then refitted upon removal of the flagged pixels.

A particular stripe offset correction should apply for all

spectra retrieved using the same OMI solar spectrum. Since

the operational retrieval uses a 30-day running mean, the

stripe patterns should vary smoothly in time. For the real

spectra, we must also consider how random noise in the

radiance spectra propagates to random error in the stripe

offsets. In principle this can be reduced by averaging re-

trievals over the normalisation region. We therefore create

a time-dependent offset for each track by taking a 5-day run-

ning mean of all retrieved slant columns for each track in

the Saharan normalisation region. The 5-day window was

chosen because this was the minimum window width re-

quired to reduce the uncertainty in the stripe offsets below

1× 1014 molecules cm−2. The associated stripe patterns for

the month of July 2006 and their uncertainties are shown in

Fig. 7. The magnitude of stripes determined from the real

spectra are comparable in magnitude to those in the OSSE.

We also see that the stripe pattern over the monthly time

frame is fairly constant. Thus the 5-day averaging window

appears small enough to capture the temporal variability of

the stripe offsets.

To correct the stripes for a particular orbit, the derived

stripe offset nearest in time is subtracted. Figure 8 shows

the SCDs retrieved with real spectra from o10430 and an or-

bit taken on the same day over India (o10427) before and

after the stripe correction is applied. Since the random un-

certainty of the fits for individual spectra are large (order

1015 molecules cm−2) a 30-point running mean is applied to

each track to aid visualisation of the stripe patterns. Figure 8

shows that the magnitudes of the stripes are significantly re-

Figure 8. Left: retrieved glyoxal slant column densities

(moleculescm−2) using OMI data from orbits o10430 and

o10427. Right: retrieved slant column density (moleculescm−2)

corrected for striping by subtracting the mean retrieved slant

column between 20 and 30◦ N for each cross-track position.

duced upon applying the stripe offset correction. The cor-

rection performs similarly for both orbits, further evidence

that the stripe patterns arise due to the common solar spectra

employed in the retrieval. Thus, the stripe correction offsets

derived over the Sahara should apply globally.

3.3 Liquid water prefit

Retrieved glyoxal slant columns over clear oceanic waters

are systematically negative when absorption from liquid wa-

ter is not considered, due to anticorrelation between glyoxal

and liquid water in the glyoxal fit window. Lerot et al. (2010)

designed a two-step retrieval procedure to correct for the im-

pact of liquid water absorption, whereby liquid water is first

derived in a larger fit window, and then held constant in the

smaller glyoxal fit window. We adopt the same approach for

the OMI retrieval. In the retrieval of liquid water absorption,

we additionally fit O3, NO2, and the O2−O2 collision com-

plex. The liquid water retrieval uses a first-order baseline and

fifth-order scaling polynomial. The higher-order polynomial

choice was needed to account for the impacts of surface re-

flectance over the broader fit window.

The sensitivity of the liquid water retrieval to window po-

sition was tested over two regions using real OMI spectra.

The region over the Sahara used for the stripe correction for

o10430 was selected for sensitivity tests to test a potential

interference between liquid water absorption and surface re-

flectance from sand (Richter et al., 2011), which could in-
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Figure 9. Retrieval window interval maps for spectra over the remote Pacific Ocean (top) and Sahara (bottom). The rms spectrum fit residuals

are adjusted for statistical degrees of freedom; cf. Eq. (19). Liquid water optical depths and associated parameter errors are those at 460 nm.

duce errors in deriving the glyoxal background from this re-

gion. Sensitivity tests were also performed on an orbit taken

on the same day (o10423), over the Pacific Ocean between

0 and 30◦ N. This region contained significant liquid water

absorption. Figure 9 shows the mean retrieved liquid wa-

ter optical depth, total parameter error due to RCS uncer-

tainty, and the spectrum fit residuals (adjusted for statistical

degrees of freedom) for the two regions. Above 480 nm, re-

trievals over the Sahara become strongly negative. This is

likely an artifact of the strong spectral dependence of re-

flectance from sandy surfaces, which contains a pronounced

feature at approximately 480 nm (Richter et al., 2011). Op-

tical depths over the clear ocean region are a maximum for

a window setting of 397.5–470 nm, whilst the retrieval that

minimises the spectrum root mean squared (rms) residual

fit is for 410–467.5 nm. However in both these regions, re-

trievals over land are strongly negative. These biases may be

explained by the large parameter uncertainty, mostly due the

high uncertainty in the liquid water cross section. Extension

of the lower window limit below 400 nm leads to a sharp re-

duction in parameter error, which occurs due to the strong in-

crease of liquid water absorption below this wavelength (see

Fig. 1). Retrieved liquid water optical depths over the Sahara

in this spectral region are close to zero, suggesting that incor-

poration of the strong shoulder of the liquid water RCS below

400 nm acts to significantly reduce the cross correlation with

the surface reflectance signal.

For the liquid water retrieval, we set the window interval

at 385–470 nm. The retrieval window choice for liquid water

was guided by not wanting to fit any unwanted surface re-

flectance signals that could be corrected by the polynomials

in the smaller glyoxal window. Since sand has a strong spec-
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Figure 10. Retrieved liquid water optical depth at 460 nm for

July 2006.

tral feature at 480 nm, we do not consider upper window lim-

its above this wavelength. In addition, the incorporation of

the water absorption shoulder below 400 nm reduced the neg-

ative retrieval bias over sandy surfaces. Figure 10 shows the

spatial distribution of liquid water absorption for July 2006

for the operational retrieval. Liquid water absorption peaks

at the centres of ocean gyres. These regions are areas of low

biological activity, and thus have very low turbidities, thus

allowing for long effective light paths through the ocean sur-

face layer.
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Figure 11. Mean glyoxal Slant column density retrieved as a func-

tion of window limits. Top: mean SCD retrieved for all retrievals

over land from o10430. Bottom: mean SCD retrieved from 0 to

30◦ N over the Pacific Ocean (o10423).

3.4 Glyoxal retrieval

In this section we test the sensitivity of the retrieval to fit

window selection using real OMI spectra. All retrievals were

performed using the prefitted liquid water optical depths de-

scribed in the previous section. For each retrieval window,

we also retrieved a set of orbits within a 5-day window of

o10430 to determine the stripe offsets. The resulting mean

SCDs as a function of window position are shown in Fig. 11.

We show the mean SCD for all retrievals over land in o10430,

as well as the Pacific Ocean region tested for the liquid wa-

ter retrieval. For the land case, the mean SCD is positive for

lower wavelength bounds between 428 and 436 nm. For the

Pacific Ocean sector, the region in fit window space contain-

ing positive SCD values shrinks, with negative mean SCDs

retrieved for upper wavelength limits above 461 nm. This dif-

ference relative to the o10430 case is likely due to interfer-

ence from liquid water absorption.

Significant differences exist between the SCD patterns

seen in the real OMI spectra compared with the biases

in the OSSE. The decrease in the mean SCD in the real

spectra when the lower wavelength limit is extended be-

low 435 nm encompasses a strong Fraunhofer line due to

hydrogen (434.047 nm), followed by two more lines asso-

ciated with iron and calcium (430.790 and 430.774 nm re-

spectively). The SCD decreases as the strong solar lines are
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Figure 12. Estimate of mean glyoxal SCD error (moleculescm−2)

for all o10430 land pixels due to RCS uncertainties in water vapour

(above) and NO2 (below).

included in the fit window that could be a result of imper-

fect corrections for inelastic scattering, which was not simu-

lated in the OSSE. The SCDs retrieved from OMI data are

strongly negative using the 445–460 nm window that was

optimal for the OSSE. This could be a result of RCS un-

certainties, which will have a larger impact on smaller fit

windows. Errors due to RCS uncertainty are estimated us-

ing the first term in Eq. (13). Figure 12 shows the mean error

on retrieved glyoxal induced by uncertainties in the RCSs of

NO2 and H2O vapour. Above 435 nm the mean estimated er-

ror from the NO2 RCS increases rapidly, providing evidence

that the negative SCDs retrieved for the shorter windows are

impacted by RCS uncertainties.

For the operational retrieval, glyoxal is retrieved using a fit

window set between 435 and 461 nm. The lower limit was se-

lected to avoid the potential interference with the Ring effect.

The upper wavelength limit was chosen as a balance between

avoiding interference from the liquid water spectrum (favour-

ing smaller windows) and reducing parameter error (favour-

ing larger windows). This wavelength region is similar to

previous studies (Lerot et al., 2010; Vrekoussis et al., 2010).

The resulting glyoxal SCDs for July 2006 using the opera-

tional fit window are shown in Fig. 13. Retrieved SCDs re-

main negative over areas with strong liquid water absorption,

even after the inclusion of the prefitted liquid water optical

depths. Figure 14 plots the gridded SCDs in Fig. 13 against

www.atmos-meas-tech.net/7/3891/2014/ Atmos. Meas. Tech., 7, 3891–3907, 2014
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Figure 13. Monthly mean glyoxal slant column densities retrieved

for July 2006 (moleculescm−2).

the liquid water optical depths in Fig. 10. There is a clear

negative trend in glyoxal with increasing optical depth, with

glyoxal columns scaling approximately linearly with liquid

water optical depth. This behaviour is consistent with how

errors in the liquid water RCS would impact the glyoxal SCD

in the retrieval. These are expected to be large due to the fact

that the reported uncertainties in the liquid water RCS are

large (6–14 %), and the resolution of the RCS is 5 nm, far

greater than the 0.65 FWHM of OMI.

4 Results and discussion

Figure 15 shows seasonally averaged glyoxal VCDs re-

trieved from OMI for 2007. Since the Saharan normalisa-

tion region represents background glyoxal levels, the vari-

ability of grid cells within the region provides a mea-

sure of the detection limit for the maps presented. The

standard deviation of all normalisation region grid cells

is 2.35× 1013 moleculescm−2. This is in agreement with

the retrieval’s random error estimate (individual pixels

have random uncertainties of ∼ 1× 1015 moleculescm−2

and there are ∼ 2500 observations per normalisation re-

gion grid cell, suggesting the standard deviation should be

∼ 2× 1013 moleculescm−2). Globally, pixels per grid cell

and pixel random error range between 500 and 2500 obser-

vations and 1–2×1015 moleculescm−2. For the maps in Fig-

ure 15 this corresponds to a 1σ detection limit of 0.2− 1×

1014 moleculescm−2.

The largest glyoxal VCDs are observed over regions

associated with biomass burning, similar to retrievals

from GOME-2 and SCIAMACHY (Vrekoussis et al.,

2009; Lerot et al., 2010; Vrekoussis et al., 2010). There is

also a large contribution from terrestrial biogenic sources,

apparent in high values of the southeastern US in summer

and over Africa outside the biomass burning season. Assum-

ing that all glyoxal lies within a well-mixed 2 km boundary
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Figure 14. Scatter plot of glyoxal slant column densities

(moleculescm−2) retrieved for July 2006 and liquid water optical

depth at 460 nm. Points are colour coded by the number of pixels

falling within the grid cell corresponding to the point in the figure.

layer, and an atmospheric scale height of 7.5 km, the south-

eastern US maximum corresponds to a surface mixing ra-

tio of ∼ 100 ppt (parts per trillion). This is consistent with

a mean glyoxal concentration of 83 ppt measured in Met-

ter, Georgia, during June 1992 (Lee et al., 1995). The OMI

retrievals are similarly broadly consistent with glyoxal con-

centrations measured from the ground in other areas of the

United States, including northern California (50–60 ppt for

OMI vs. 25–70 ppt during BEARPEX 2007; Huisman et al.,

2011) and Michigan (∼ 35–40 ppt for OMI vs. 25 ppt during

CABINEX 2009; Bryan et al., 2012).

Glyoxal columns over the boreal forest regions of North

America and Eurasia also show elevated values during sum-

mer, with VCDs in the range of 2–4× 1014 moleculescm−2.

These VCDs are slightly higher than those observed

by GOME-2 and SCIAMACHY, which tend to peak at

∼× 1014 moleculescm−2 (Vrekoussis et al., 2009; Lerot

et al., 2010). Since these regions are predominantly com-

posed of evergreen coniferous trees, these VCDs may be re-

lated to monoterpene emissions.

OMI shows persistently high glyoxal columns in the range

of 3–6×1014 moleculescm−2 over India and China. Elevated

glyoxal levels are also seen by GOME-2 and SCIAMACHY

over these regions, with significantly elevated VCDs ob-

served over most of Asia during summer (Vrekoussis et al.,

2009; Lerot et al., 2010). For OMI this seasonality is weaker

except over NE China. Here OMI columns tend to be lower

on average by ∼ 2× 1014 moleculescm−2 compared to the

other instruments. The VCDs from other retrievals may be

greater due to the interference associated with boundary layer

NO2, which will manifest more strongly in summer because

of higher surface temperatures and the retrieval’s increased

sensitivity to the surface due to lower solar zenith angles.

The spatial pattern and timing of the broad summer glyoxal

maximum over most of India and China follows observed
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Figure 15. Seasonally averaged glyoxal VCDs (moleculescm−2) retrieved from OMI for 2007.

water vapour patterns tied to the Indian and East Asia mon-

soons (Wang et al., 2014). Similarly, glyoxal columns are

higher in the GOME-2 and SCIAMACHY retrievals over

tropical ocean regions with elevated water vapour columns,

and thus could represent a possible interference. The lower

concentrations in the current retrieval are in better agreement

with a recently published global database of observations in

the marine boundary layer (Mahajan et al., 2014). Since all

retrievals use water vapour RCSs calculated from the HI-

TRAN (high-resolution transmission) database, differences

likely arise from the choice of temperature and pressure used

to derive the RCS (here 280 K and 0.9 atm). The sensitivity

of our retrieval to water vapour appears lower than the other

retrievals; however, further OSSE simulations accounting for

H2O temperature dependence are required to pinpoint the ap-

propriate RCS choice.

Average VCDs over the Sahara for GOME-2 and SCIA-

MACHY range between 1 and 2× 1014 moleculescm−2

(Vrekoussis et al., 2009; Lerot et al., 2010). OMI val-

ues are close to zero since the Sahara is used as a ref-

erence sector in the stripe-correction algorithm. Acetylene

represents the only known long-lived source of glyoxal

(Fu et al., 2008), with a global mean lifetime of 12 days

(Xiao et al., 2007). The resulting background glyoxal con-

centrations calculated in GEOS-Chem are of the order of

1013 moleculescm−2. GEOS-Chem acetylene fields in the

upper troposphere are in good agreement with observations

(González Abad et al., 2011; Xiao et al., 2007), suggesting
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Figure 16. Ratio of glyoxal to formaldehyde VCDs from OMI av-

eraged for June–August 2007.

that these low-background VCDs are reasonable. The high-

background values in SCIAMACHY and GOME-2 likely re-

flect the choice of offset correction region. In the case of

GOME-2, the retrieval background is corrected using a Pa-

cific Ocean reference sector (Lerot et al., 2010). Since inter-

ference from liquid water is likely not fully accounted for,

due to the large uncertainties in its RCS, determining offsets

in regions with significant liquid water absorption may posi-

tively bias the offset correction applied.

www.atmos-meas-tech.net/7/3891/2014/ Atmos. Meas. Tech., 7, 3891–3907, 2014



3904 C. Chan Miller et al.: OMI glyoxal retrieval

Figure 16 shows the ratio of glyoxal to HCHO VCDs

(RGF) computed from OMI for July to August 2007, using

OMI HCHO retrievals from González Abad et al. (2014).

The highest RGF values are observed in regions associ-

ated with biomass burning, and boreal areas associated

with monoterpene emissions. The higher RGF values are in

biomass burning and boreal forest regions. These reflect the

large emission of glyoxal from biomass burning and the high

yields of glyoxal from monoterpenes (Fu et al., 2008). In-

termediate RGF values (∼ 0.04) are observed in northeast-

ern China, where anthropogenic emissions are expected to

dominate. Regions associated with strong isoprene emis-

sions, such as the southeastern United States and northern

equatorial Africa tend to have lower RGF (< 0.04), in agree-

ment with ratios observed in forested environments in the

United States (DiGangi et al., 2012). The range of biogenic

and anthropogenic RGF values retrieved by Vrekoussis et al.

(2010) appear to be at odds with OMI and surface measure-

ments, however these were derived from multiyear averages.

It is therefore likely that the RGF values are representative

of multiple sources. For instance, the higher RGF observed

by Vrekoussis et al. (2010) attributed to biogenic regions in

Africa likely arises from a combination of pyrogenic and bio-

genic emissions. In the southeastern United States Vrekous-

sis et al. (2010) observe RGF < 0.04. This is consistent with

the other observations assuming that isoprene is the dominant

year-round source of glyoxal and HCHO in the southeastern

United States.

5 Conclusions

We have developed a glyoxal retrieval for the OMI aboard

the NASA Aura satellite. The new retrieval takes advantage

of the higher spatio-temporal resolution of OMI (13×24 km2

nadir pixels, daily global coverage) relative to previous satel-

lite sensors used to retrieve glyoxal.

We began by testing the retrieval algorithm against simu-

lated OMI spectra. The results show that retrievals that in-

clude only one (stratospheric) NO2 RCS cannot sufficiently

account for its temperature dependence. Not including a sec-

ond NO2 RCS at higher temperature leads to an overestima-

tion of glyoxal over regions with high levels of boundary

layer NOx. The OSSE results are consistent with those de-

rived from real spectra (Alvarado et al., 2014).

We then used the synthetic spectra to inform the design

of a new cross-track bias correction for OMI glyoxal. It was

shown that determining the cross-track bias over the Sahara

is sufficient for determining the correction for all orbits that

use the same solar spectrum. The method was applied to real

OMI spectra and significantly reduced the magnitude of the

cross-track biases.

The sensitivity of the liquid water retrieval to fit window

position was tested by systematically varying the lower and

upper wavelength limits of the retrieval window. We found

that upper window limits above 480 nm lead to strongly neg-

ative optical depths over desert regions. We attribute this to

a strong absorption feature near 480 nm from sandy surfaces.

We determined that the interference with sand could be min-

imised by using a fit window of 385–470 nm, which avoids

the sand spectral feature and incorporates a strong feature in

the liquid water spectrum below 400 nm.

The sensitivity of the glyoxal retrieval position was also

tested. It was found that retrieved SCDs systematically de-

crease for lower window limits below 435 nm, and speculate

that this is due to interferences from the Ring effect. We com-

pared SCDs retrieved over land and a remote ocean region

containing strong liquid water absorption to show that liq-

uid water interferes strongly for upper window limits above

461 nm. We estimated retrieval errors caused by errors in

the RCSs of H2O and NO2 to show that errors induced by

these cross sections increase significantly for lower window

limits of 435 nm. We determined the optimal window to be

435–461 nm, similar to previous windows used by satellite

retrieval algorithms.

We present a year (2007) of glyoxal VCDs retrieved from

OMI. The new results are broadly consistent with the few

surface observations available. The background of the OMI

retrieval is lower than previous studies, and the source over

tropical oceans is less significant than in previous work.

We present OMI glyoxal-to-HCHO ratios for the summer of

2007. The observed values over biogenic and anthropogenic

source regions are consistent with ground-based observations

(< 0.04 for biogenic areas and ≥ 0.04 for anthropogenic and

pyrogenic regions).
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