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Abstract. The Differential Optical Absorption Spectroscopy
(DOAS) method is used extensively to retrieve total column
amounts of trace gases based on UV-visible measurements
of satellite spectrometers, such as ERS-2 GOME. In prac-
tice the sensitivity of the instrument to the tracer density is
strongly height dependent, especially in the troposphere. The
resulting tracer profile dependence may introduce large sys-
tematic errors in the retrieved columns that are difficult to
quantify without proper additional information, as provided
by the averaging kernel (AK). In this paper we discuss the
DOAS retrieval method in the context of the general retrieval
theory as developed by Rodgers. An expression is derived
for the DOAS AK for optically thin absorbers. It is shown
that the comparison with 3D chemistry-transport models and
independent profile measurements, based on averaging ker-
nels, is no longer influenced by errors resulting from a pri-
ori profile assumptions. The availability of averaging ker-
nel information as part of the total column retrieval product
is important for the interpretation of the observations, and
for applications like chemical data assimilation and detailed
satellite validation studies.

1 Introduction

The Global Ozone Monitoring Experiment (GOME) spec-
trometer on ESA ERS-2 (Burrows et al., 1999) has demon-
strated the unique ability to observe trace gases in the tropo-
sphere, including the boundary layer. GOME observes sev-
eral key species of tropospheric chemistry, such as O3 (Von
Bargen and Thomas, 1999; Valks et al., 2002), NO2 (Leue
et al., 2001; Richter and Burrows, 2002), HCHO (Chance
et al., 2000), BrO (Hegels et al., 1998; Wagner and Platt,
1998; Richter et al., 1998; Van Roozendael et al., 1999) and
SO2 (Eisinger and Burrows, 1998). Column amounts of
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these tracers have been retrieved using the DOAS technique
(Platt, 1994). These data sets contain important information
on aspects like fossil fuel burning emissions, natural hydro-
carbon emission, biomass burning, NOx produced by light-
ning, and volcano emissions.

The derivation of quantitative tropospheric column
amounts for these species is complicated and remains a ma-
jor challenge. The retrieval depends strongly on aspects like
clouds, the assumed profile shape, surface albedo, the pres-
ence of a stratospheric background and aerosols. All these
aspects can give rise to large errors in the retrieved vertical
column for individual measurements.

The DOAS total column retrieval is implicitly dependent
on an a priori tracer profile. The radiative transfer calcula-
tion in DOAS accounts for the sensitivity of the measure-
ment to tracer concentrations at all altitudes. These sensitiv-
ities are implicitly weighted with the assumed tracer profile
to produce the retrieved column. The averaging kernel (AK)
is proportional to this measurement sensitivity profile, and
provides the relation between the retrieved quantities and the
true tracer profile. The kernel therefore provides important
information needed for a quantitative analysis of the satellite
data (Rodgers, 2000; Rodgers and Connor, 2003).

The averaging kernel concept is by now well established in
remote sensing. Applications are for instance the retrieval of
profiles of atmospheric quantities like temperature and trac-
ers like ozone from satellite measurements. Retrieval groups
are increasingly including the kernel information in the pro-
file data products disseminated to users. This is in contrast
to the retrieval of total column data such as the DOAS prod-
ucts mentioned above, or for instance Total Ozone Mapping
Spectrometer (TOMS) total ozone. It is well known for all
these retrievals that the sensitivity of the satellite instrument
is (strongly) height dependent (e.g. Hudson et al., 1995; Mar-
tin et al., 2002b; Lamarque et al., 2002, and the references
given above). This profile dependence implies that kernel
information is needed to make optimal use of the retrieved
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tracer columns. However, AKs have not been defined in the
literature on DOAS, and they are not included in DOAS total
column data products.

Recently an improved approach has been introduced
(Palmer et al., 2001; Martin et al., 2002a) to address the pro-
file dependence of the retrieval. This consists of a direct cou-
pling of the retrieval with the output of a chemistry-transport
model, in which the a priori profile used in the air-mass fac-
tor calculation is replaced by a more realistic model-derived
time and space dependent profile. In fact, the results de-
scribed in these papers can also be obtained when averaging
kernels are used in the model/satellite inter-comparisons and
vertical column reconstructions.

The paper consists of three topics. First, the DOAS ap-
proach will be discussed based on the general retrieval for-
malism developed by Rodgers. In this alternative approach
to DOAS averaging kernels arise naturally. Second, for opti-
cally thin absorbers an explicit expression of the DOAS AK
is derived in terms of the familiar DOAS air-mass factors.
Third, in Sect. 4 the application of the AK will be discussed.

2 Retrieval and averaging kernels

There is an important difference between in situ and remote
sensing (e.g. satellite) observations. The former can nor-
mally be interpreted as true point measurements, while re-
trieved satellite quantities always represent a weighted av-
erage over all parts of the atmosphere that contribute to the
signal observed by the satellite instrument. The averaging
kernel matrix defines the relation between the retrieved quan-
tities and the true atmospheric state. In the derivation below
we will closely follow the discussion in the book of Rodgers
(Rodgers, 2000), but concentrating on column observations
of atmospheric trace gases.

An observation vectory, e.g. a spectrum of reflectivities in
the UV-visible, can be related to the true distribution of the
trace gasx by a forward modelF,

y=F(x, b̂) + 1F +
∂F
∂b

(b − b̂) + ε. (1)

The forward model accounts for the radiative transfer in the
atmosphere, and instrument effects. The vector of param-
etersb is a subset of all quantities – apart from the trace
gas under consideration – that influence the measurement,
and b̂ is the best estimate of these forward model parame-
ters. Examples ofb are the satellite observation geometry
(solar zenith angle, viewing angle), properties of clouds, sur-
face properties, the presence of other tracers and aerosols,
Ring effect, spectral line strengths and instrument aspects.
The right-hand side includes three sources of errors:ε is the
measurement noise,1F is the (often systematic) error in the
forward model, and∂F/∂b(b−b̂) describes the errors result-
ing from uncertainties in the model parametersb.

For (weakly) non-linear forward models (moderately op-
tically thin absorbers), Eq. (1) can be expanded around an a
priori trace gas distributionxa whenx ≈ xa ,

y=F(xa, b̂) + Kx(x − xa) + error terms. (2)

The termKx=∂F/∂x is the weighting function or Jacobian
matrix, evaluated atx=xa

A retrieval methodR computes a vector (or scalar) of esti-
mated trace gas quantitiesx̂ based on the measured valuesy,
the a priori information and forward model parameters,

x̂=R(y, xa, b̂) (3)

Note that the number of elements of the retrieved statex̂
may differ from that of thex. A matrix equation is obtained
when this expression is linearised around the a priori state
ya=F(xa, b̂),

x̂=R[F(xa, b̂), xa, b̂] + Gy[Kx(x − xa) + error terms]. (4)

Here we have used Eq. (2), andGy=∂R/∂y. Subtract the a
priori x̂a on both sides (A=GyKx),

x̂ − x̂a=A(x − xa) + Gy[1F + ∂F/∂b(b − b̂) + ε]

+R[F(xa, b̂), xa, b̂] − x̂a . (5)

x̂a is related toxa by, for instance, a summation over subsets
of vertical layers (see remarks below). For total column
retrievals, the a priori column̂xa=

∑
l xa,l , wherexa,l is the

a priori sub-column in layerl.

Remarks

1. The first term on the right in Eq. (5) describes the re-
lation between the retrieved quantities and the true dis-
tribution of the tracer through the matrixA, called the
averaging kernel. For column retrievals the AK is a vec-
tor. In the framework of data assimilation the AK is part
of the observation operator: a recipe to calculate a fore-
cast of the retrieved observations based on the model
state.

2. The other terms describe sources of error related to the
forward model and knowledge of the model parameters.
The second term on the right describes errors related to
the forward model. The last term on the right describes
how well the retrieval is able to reproduce the a priori.
Normally the retrieval method is constructed in such a
way that this is the case, and this last term=0. Note
that this is not automatically guaranteed for the DOAS
retrieval (e.g. forxa=0).

3. A discussion of the error sources can be based on
Eq. (5), but is beyond the scope of this note (Boersma
et al., 2003).
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4. Equation (5) is a generalisation of the discussion by
Rodgers (2000). In our derivation the trace gas state
vectorx and the vector of retrieved quantitiesx̂ may be
of different dimension. In his book, Rodgers discusses
profile retrieval problems with the forward model and
retrieval method both defined for the same set of verti-
cal levels, and̂xa=xa . In practice it will often be natural
to choose different sets of vertical layers for the forward
model and the retrieval method (this general extension is
discussed in Rodgers and Connor, 2003). The total col-
umn retrieval is an extreme example of this. A forward
model often requires a large number of vertical layers
to achieve a good accuracy. In the retrieval the number
of levels may reflect the degrees of freedom of signal.
One example of this are the ozone profiles provided on
“Umkehr” layers in the case of the Solar Backscatter
UltraViolet (SBUV) satellite instruments.

3 DOAS total column retrieval

In the DOAS approach it is assumed that the reflectivity spec-
trum can be well approximated by the following equation
(Platt, 1994; Burrows et al., 1999),

ln R(λ) ∼

∑
t

σt (λ)S t + polynomial. (6)

The sum overt is over all tracers that influence the measure-
ment in a predefined spectral window, and may also contain
a correction for the Ring effect (inelastic Raman scattering).
The remaining spectrum is assumed to be smooth and is ap-
proximated by a low-order polynomial of the wavelengthλ.
Especially this polynomial is characteristic: the information
is obtained from the differential structures and the smooth
background is not used in the retrieval.

Based on this approximation, DOAS becomes a two step
retrieval approach. The first step is a fit of the differen-
tial spectral features with the absorption cross section of the
tracerσλ to be retrieved. This results in a slant columnS: the
effective total column of the tracer along the mean path the
light has followed through the atmosphere. Next, an air-mass
factorM is computed that relates the slant column to the ver-
tical column amountV=S/M, expressed in Dobson units
(ozone) or in molecules cm−2. The slant column fit does not
depend directly on a priori information.M accounts for the
atmospheric aspects, and is calculated with a radiative trans-
fer model, based on an a priori profilexa .

In the literature several modifications have been intro-
duced to improve the simple DOAS approximation as dis-
cussed above. For instance one may introduce corrections
for non-linear effects in the ozone retrieval, the temperature
(and therefore height) dependence of the cross sections, the
dependence of the air-mass factor on wavelength, Ring ef-
fect, and/or inaccuracies resulting from the polynomial. A
discussion of such modified DOAS approaches is beyond the

scope of this paper. One should be aware that such modifi-
cations of DOAS may also introduce changes in the derived
expression for the averaging kernel.

In this section we specialise on weak absorbers (trace
gases with an absorption optical thickness less than 1). This
is a good approximation for the trace gases of interest (NO2,
HCHO, BrO, OClO, SO2) retrieved in the UV and visible
spectral range. For instance NO2 has a cross section in the
order of 5×10−19 cm2 in the 400–450 nm range, resulting in
a typical absorption optical thickness of the order of 0.005.
Also ozone has an absorption optical thickness<1 for the
wavelengths at which DOAS is applied (larger than about
320 nm).

The DOAS approach is based on the Beer-Bouguer-
Lambert law for the transmission of light over a distances

through an absorbing gas of densityρ,

Iλ(s)=Iλ(0) exp

[
−

∫ s

0
σ(λ)ρds

]
(7)

WhereI is the intensity of the light. For a small optical thick-
ness this exponential form can be approximated by

Iλ(s)=Iλ(0)[1 −

∫ s

0
σ(λ)ρds] (8)

The intensity of the light in the atmosphere in this small ab-
sorption optical thickness limit is linear in the amount of
tracer, and the effect of tracer densities at different altitudes
on the radiation is additive.

For weak absorbers (such as NO2) the forward model can
be linearised aroundxa=0.

y=F(0, b̂) + Kxx + error terms, (9)

wherex is an array of tracer partial columns in the layers
defined by the forward model.F(0, b̂) and Kx no longer
depend onx. They do, however, strongly depend on the for-
ward model parameterŝb. The termF(0, b̂) is dominated
by scattering terms (Rayleigh, surface) and absorption by
other gases like ozone. The termKx describes the differ-
ential spectral structure, roughly proportional to the absorp-
tion cross-section of the trace gas. It specifies the height-
dependence of the sensitivity of the spectrum to changes in
the tracer concentration.

Similarly, the retrieval methodR can be linearised around
F(0, b̂). Note that the retrieval still depends on the a pri-
ori tracer profile shape because of the profile dependence of
the air-mass factor. We can writexa= limδ→0 δx0

a , wherex0
a

represents a non-zero a priori profile that determines the air-
mass factorM andδ is a small number,

V=x̂=R[F(0, b̂), x0
a, b̂] + GyKxx + error terms. (10)

With the definition of the averaging kernel, and because
R[F(0, b̂), x0

a, b̂] ≈ 0,

V=Ax + error terms. (11)
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Fig. 1. Example of DOAS averaging kernels at 437 nm:(a) clear
pixel with a surface albedo of 0.02;(b) clear pixel with a surface
albedo of 0.15;(c) pixel with an optically thick cloud and cloud top
at 800 hPa.

In terms of the two DOAS steps,

V=R(y, b̂, x0
a)=S/M(x0

a, b̃),

Gy=∂R/∂y=1/M(x0
a, b̃) ∂S/∂y. (12)

Hereb̃ is the subset of the parametersb̂ that describe atmo-
spheric aspects. In a similar way the forward model may be
approximated,

y=F(x, b̂) ≈ Y[S(x, b̃), b̂], Kx=∂Y/∂S ∂S/∂x. (13)

The operatorS(x, b̃) in Eq. (13) (to be distinguished from
the retrievedS) computes a slant column based on the tracer
profile, andY computes a spectrum based onS.

The two-step approximation assumes that the dependence
of the spectrum on the tracer distribution can be described
by a single quantity, namely the slant column. One impor-
tant exception to this is the temperature-dependence of the
cross section. This introduces an indirect profile dependence.
Equation (13) assumes that this dependence is small and can
be neglected (or that an efficient a posteriori correction can
be applied).

Normally one will assume that the DOAS fit of the re-
trieval method accurately reproduces the slant column in the
forward model, then∂S/∂y ∂Y/∂S ≈ 1. In this case the
averaging kernel can be directly expressed in terms of the
air-mass factor. For an ideal DOAS retrieval this equation
will hold. In reality there will be many reasons which will
cause this relation to hold only approximately. Sources of er-
rors are inaccuracies in the modelled reflectivities, inaccurate
instrument slit function, non-orthogonality of the cross sec-
tion with other trace gas cross sections and the polynomial,
Ring effect, assumptions about the mean temperature of the
trace gas and others. If for some reason this relation does not
hold, one may want to improve the DOAS approach, instead
of introducing a correction factor in the averaging kernel.

As mentioned above, for optically thin absorbers the re-
flectivities and the slant column are linear with respect
to the tracer amounts and can be expressed as a sum of
the contributions of each of the layers. One may gen-
erally write S=

∑
l Clxl , with yet unspecified coefficients

Cl . The air mass factor is computed with the relation
M=S/V =S/

∑
l xl . When the tracer is confined to layerl,

this becomesM=S/xl≈∂S/∂xl .

∂S

∂xl

=Cl=M(εel, b̃). (14)

ThereforeCl is identified as the air-mass factorM for layerl
computed with the radiative transfer model. This is obtained
in the same way as the total air-mass factor, but for an opti-
cally thin amountε of tracer confined to layerl only (the unit
vectorel is =1 for indexl, and=0 elsewhere).

The elements of the averaging kernel vectorAl are the ra-
tio of the air-mass factor of layerl and the total air-mass fac-
tor computed from the a priori profile,

Al=
[
GyKx

]
l
=

M(εel, b̃)

M(x0
a, b̃)

. (15)

The air-mass factor of layerl can be identified as the Jacobian
of the forward model∂S/∂x. This term determines the height
dependence of the averaging kernel and is independent of the
tracer distribution for optically thin absorbers. For stronger
absorbers the forward model will become non-linear and the
Jacobian will depend onx. In this case the appropriate start-
ing point is Eq. (5) which describes the retrieval in terms of
departures from the a priorixa .

Figure 1 shows examples of the AK computed for the NO2
retrieval. The actual shape of the kernel changes from one
ground pixel to the next, depending in particular on the pres-
ence of clouds, aerosols and on the surface albedo of the
scene. For this illustration a simplified a priori profilex0

a is
used which peaks in the middle/upper stratosphere, where the
air-mass factor approaches the simple geometrical expres-
sion A=1/ cos(θ sza) + 1/ cos(θv). The solar zenith angle
θ sza is 45 degree and the viewing angleθv is zero (nadir
view) in the examples. The air-mass factor is calculated at
437 nm.

For curve c we have approximated the cloud top of an op-
tically thick cloud by a Lambertian reflector. This descrip-
tion of clouds is crude, but it is consistent with assump-
tions that are often used in cloud retrieval algorithms (e.g.
the Fresco algorithm, Koelemeijer et al., 2001) that are used
in the DOAS retrieval. These cloud algorithms will retrieve
an effective, light path derived, cloud top, which can be ex-
pected to be somewhat lower than the actual cloud top.

The figure demonstrates the large range of sensitivities be-
tween 200 hPa and 1000 hPa, and the low sensitivity in the
lower troposphere for cloud free pixels with a dark surface.
Because of the large variability of the short-lived NO2 com-
pound in the (lower) troposphere, and because of the pres-
ence of NO2 in the stratosphere, NO2 profile shapes show a
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similar large variability. Generally there is a large difference
between the sensitivities of the retrieval in the stratosphere as
compared to the lower troposphere. For instance, curve (a) in
the figure shows roughly a factor 3 difference of the air-mass
factor between boundary layer and stratospheric NO2. Since
the retrieved vertical column is directly proportional to the
air-mass factor, this profile variability implies a large profile
dependence of the vertical column retrieved. As a result, er-
rors of the order of 100% can be expected in the retrieved
total column for individual pixels for simplified a priori pro-
file assumptions.

4 Use of averaging kernel information

There is one important aspect related to averaging kernels as
discussed above. As mentioned, the retrieved total column
V depends on the a priori profile shape. In contrast, a com-
parison of the DOAS retrievedV with profile informationx
from models or other measurements, based on the averag-
ing kernels (Eq. 11), is independent of the a priori-profile for
optically thin absorbers. The air-mass factor in the retrieval
of the vertical column, Eq. (12) cancels against the air-mass
factor in the denominator of Eq. (15). The averaging kernel
describes the sensitivity of the depth of the absorption fea-
tures in the measured spectra (the slant column) to changes
in tracer concentrations at a given altitude (givenb̂ is known
accurately). It contains the information needed to understand
the relation between the retrieved vertical column and the
DOAS slant column.

This aspect also influences the error estimation (Boersma
et al., 2003). Two observation errors are to be distinguished
[related to the smoothing error concept (Rodgers, 2000)]: the
observation error for the columnV and the total observation
error related to Eq. (11):

1. The total error related to the estimate of the column
V=S/M consists of slant column measurement errors
and air-mass factor errors. The latter consists of errors
related to uncertainties in the assumed profilex0

a and er-
rors related to the parametersb̃.

2. When the retrieval is compared with independent data
using Eq. (11), the total observation error consists of a
contribution due to the error inV and a ”representative-
ness” error contribution due to errors in the computation
of the kernel. Because the total air-mass factor enters as
a denominator in bothV andA there is a cancellation
andM does not contribute to the error.

The total observation error (e.g. as in data assimilation)
for the comparison based on averaging kernels now has
contributions related to slant column errors and contributions
related to parameter errors (errors in the kernelA). The
a priori-profile error does not influence the comparison,
and the total observation error for the comparison based

on kernels is smaller than the total observation error in the
retrieved columnV.

There are two ways to use the DOAS retrievals. Firstly,
when the user does not have independent information on the
tracer profile, the retrievedV can be used as the best estimate
of the tracer column. The user should be aware of the depen-
dence of this total column on the a priori-profile used in the
air-mass factor calculation. Secondly, when profile informa-
tion is available equation 11 should be used which specifies
the relation betweenV and the true profilexa of the tracer:

1. Data assimilation.A successful assimilation of satellite
measurements requires accurate observation operators.
The relation̂x− x̂a=A(x−xa) describes how the model
statex (e.g. a model NO2 profile) should be related to
the retrieved quantitieŝx (the retrieved DOAS NO2 col-
umn).

2. Comparisons with model simulations.The averaging
kernels allow for a direct comparison between model re-
sults and the observations. When the averaging kernels
are used, this comparison is no longer complicated by
systematic biases caused by unrealistic a priori assump-
tions (as was shown above). Effectively the GOME
slant column is then directly compared with a modelled
slant column.

3. Interpretation of the retrieved columns.The averaging
kernels describe the sensitivity of the satellite observa-
tions to the trace gas profile. This is valuable additional
information to understand the measurements. An exam-
ple is an area with large boundary layer concentrations
related to local emissions: despite the large vertical col-
umn, the satellite retrieval may show small values ofV
at such locations. This may be related to a small sensi-
tivity near the surface in combination with unrealistic a
priori profile information.

4. Detailed validation of the satellite retrievals.If addi-
tional profile information is available from independent
(ground-based) measurements, the averaging kernel re-
lates this local profile to collocated satellite column ob-
servations (Rodgers and Connor, 2003).

The derivatives of the forward model with respect to the
state or the retrieval parameters (the Jacobians) play a cen-
tral role in all retrievals. Because of this, most modern radia-
tive transfer codes contain efficient subroutines to compute
these Jacobians. For operational use these Jacobians can for
instance be stored in look-up tables. The extra effort of pro-
viding the averaging kernel information will therefore often
be small. For DOAS the averaging kernel is the ratio of two
air-mass factors, Eq. (15), and can be computed with the ex-
isting DOAS software.

www.atmos-chem-phys.org/acp/3/1285/ Atmos. Chem. Phys., 3, 1285–1291, 2003
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5 Conclusions

The averaging kernel provides a direct interpretation of the
satellite retrieval to users. In particular, the AK quantifies the
contribution of the stratosphere, troposphere and boundary
layer to the observation, depending on aspects like clouds,
surface albedo, viewing and solar zenith angle. It also pro-
vides an interpretation of the value of the air-mass factor. The
use of the AK together with the retrieved column removes the
(often large) dependence of the inter-comparison with inde-
pendent data on a priori assumptions about the profile shape.

The AK provides an alternative way of implementing the
combined retrieval/modelling approach described by Palmer
et al. (2001); Martin et al. (2002a) The AK is proportional
to the height-dependent sensitivity of the satellite observa-
tion to changes in the tracer concentration. This is the cen-
tral information needed to combine model output with the
observations. There are two reasons why providing averag-
ing kernels may be preferred. First, the averaging kernel is
a well established concept in the retrieval of remote sens-
ing observations, as the link between the retrieved quantities
and reality. Secondly, kernels can be provided by retrieval
and instrument teams without the direct involvement of 3D
chemistry-transport models. The retrieval depends on a de-
tailed knowledge of the instrument aspects, (time-dependent)
calibration procedure and knowledge of the radiative trans-
fer, and therefore instrument teams in general are in the best
position to perform these retrievals.

The inclusion of kernels (vectors) in the data product will
increase the data volume. This is a point of concern: future
instruments like for instance Ozone Monitoring Instrument
(OMI) will generate large amounts of data. However, in our
retrieval product the kernel related data fields are about 40%
of the total data volume which is not unacceptable.

With this paper we hope to stimulate retrieval groups to
routinely include averaging kernel information in the data
products of GOME and new satellite instruments like SCIA-
MACHY on Envisat and OMI on EOS-Aura. The above dis-
cussion is more general than the application to DOAS only.
Averaging kernel information (related to the Jacobians) can
be provided for alternative column retrieval approaches such
as, for instance, the TOMS total ozone algorithm. The ad-
ditional kernel information is important for remote sensing
retrievals in general, and for tropospheric trace gas retrievals
in particular.
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