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Abstract. A novel experimental procedure to measure the surface-near distribution of 

atmospheric trace gases using passive Multi-Axis-Differential Absorption Optical 

Spectroscopy (MAX-DOAS) is proposed. The idea consists of pointing the receiving 

telescope of the spectrometer to non-reflecting surfaces or to ‘bright’ targets placed at known 

distances from the measuring device, which are illuminated by sunlight. We show that the 

partial trace gas absorptions between the top of the atmosphere and the target can be easily 

removed from the measured total absorption. Thus it is possible to derive the average 

concentration of trace gases like e.g. NO2, HCHO, SO2, H2O, Glyoxal, BrO and others along 

the line of sight between the instrument and the target like for the well-known long-path 

DOAS observations (but with much less expense). If tomographic arrangements are used, 

even two- or three-dimensional trace gas distributions can be retrieved. The basic assumptions 

of the proposed method are confirmed by test measurements across the city of Heidelberg.  
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1. Introduction 

One important issue in the field of air quality monitoring and the study of atmosphere processes 

is the possibility of mapping the temporal and spatial trace gas distribution with good resolution. 

Some techniques have been developed to measure the trace gas concentrations over cities or 

regions. Tomographic Long-Path Differential Optical Absorption Spectroscopy (DOAS) systems 

are one of the novel instruments developed in recent years and are successfully used for the 

determination of a variety of trace gases in the visible and the UV region.1-3  

Another important technique that allows tomographic measurements is the Light 

Detection And Ranging (LIDAR). In this case the light source is a laser and the information is 

obtained by means of the measured back scattered light as a function of time.4-6 Both techniques 

are well established and have been successfully applied but suffer from the drawback that their 

operation is very expensive and require extensive personpower for operation. Another drawback 

of LIDAR measurements is that they are usually limited in their coverage of multiple species. 

Multi-AXis-DOAS (MAX-DOAS) is a further development combining features of the well-

known zenith-scattered light DOAS7-11 and Long-Path DOAS.12-14 It is a novel technique, which 

allows quantitative measurements of atmospheric trace gases like e.g. NO2, HCHO, BrO, 

Glyoxal, SO2, and aerosol properties.15-24 It combines the inherent advantage of spectroscopic 

techniques like real time measurements and absolute calibration through molecular parameters 

with a simple set-up and cost-effective operation. 

The calculation of path-average trace gas concentration from active long-path DOAS 

observations is straightforward. In the case of zenith-scattered light DOAS or MAX-DOAS 

measurements using scattered sunlight, where the radiation travels along multiple paths, a 

detailed modeling of the radiation transfer in the atmosphere is required.8, 9, 22, 23, 25  
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Here we propose the use of MAX-DOAS observations of targets which are illuminated 

by sunlight. Two general possibilities exist: either bright targets can be used; then a substantial 

(or even the major) fraction of the received light is reflected by the target. Alternatively, black 

targets can be used; then the received light is solely scattered within the air volume between the 

instrument and target. In either case, the novel technique combines the advantages of both, 

passive and active systems: no artificial light sources involving relatively complicated optical 

set-ups are needed. In addition, the interpretation of the observations can be referred to well-

defined light paths and even allows tomographic inversions.26  

The main limitations of the method are the restriction to wavelengths >300 nm and to 

daytime. In particular, most aromatic compounds and night-time chemistry cannot be 

investigated. However, there is a large class of species including NO2, HCHO, SO2, H2O, 

Glyoxal, BrO and others that can be detected.  

The paper is organized as follows: In the next Section we introduce the proposed measurement 

technique, describe the composition and information content of the measured light, and the 

specific requirements and subsequent steps of the spectral analysis. In the following Section the 

various measurements strategies and possible results (including tomographic techniques) are 

described. In Section 4 first measurement examples are presented. Finally, we summarize our 

findings and give recommendations for basic and advanced measurements strategies and for the 

specific design of advantageous experimental set-ups.  

2. MAX-DOAS observations of illuminated targets 

In many aspects, tomographic MAX-DOAS observations can be treated very similarly to 

tomographic DOAS measurements using artificial light sources and well-defined light paths.1-3, 27 

In particular, we will show in this study, that tomographic MAX-DOAS eventually yields an 
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intermediate product very similar to active long-path DOAS: the path-integrated (or average) 

trace gas concentration between the instrument and the target. However, there are also two 

fundamental differences: first, MAX-DOAS observations use the sun, which is an extraterrestrial 

light source. Second, atmospheric scattering processes between the instrument and the target can 

also contribute to the measured signal. In the following Sections the resulting effects and their 

correction are described in detail. 

2.A Tomographic MAX-DOAS measurements 

MAX-DOAS observations directed to targets illuminated by sunlight receive photons which 

have traversed two basic sections in the atmosphere: the distance between the top of the 

atmosphere and the target, and the distance between the target and the instrument (see Fig. 1).  

Depending on the investigated problem, the properties of the measuring site and the 

number of instruments and targets, a large variety of measurement geometries can be developed. 

In the simplest case one instrument is directed to one target; then the average concentration 

between the instrument and the target can be derived. Targets at different distances or altitudes 

allow the retrieval of horizontal or vertical gradients (see Fig. 1). More-dimensional tomographic 

set-ups can even yield the spatial trace gas distribution. 

Irrespective of the final inversion strategy, the basic quantity which is derived from the 

spectral DOAS analysis is the (differential) optical depth τ of a selected trace gas, from which 

the so-called slant column density (SCD) S, the trace gas concentration integrated along the light 

path L, can be derived by dividing it by the respective absorption cross section at the same 

wavelength: 
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It should be noted that for the DOAS analysis usually the so-called differential optical 

depth is analyzed, which - in the simplest case - is the difference of the optical depth at different 

wavelengths.14,28 In analogy, also a differential cross section can be defined, which then has to be 

applied in Equation 1. They might e.g. indicate the difference of the absorption cross section (or 

optical depth) inside and outside an absorption band. For these differential quantities we will use 

the term τ’ and σ’ in the following.  

The analyzed total SCD can be expressed as the sum of the partial SCDs of both sections 

introduced above (see Fig. 1): 

 Stot = STarget + SAtm  (2) 

Here STarget is the trace gas concentration integrated between the instrument and the 

target; SAtm is the trace gas concentration integrated between the target and top of the atmosphere. 

For many trace gases like NO2, BrO, or O3 a substantial or major fraction of the total 

atmospheric column is located in the stratosphere; for such trace gases, SAtm will be independent 

from the MAX-DOAS viewing direction, because the absorption paths through the stratosphere 

are determined by the solar zenith angle. Even for trace gases located in the free or upper 

troposphere this assumption is valid with only small restrictions.  

It should be noted that the sensitivity of the measurement for the trace gases between the 

instrument and the target strongly depends on the brightness of the target and the atmospheric 

conditions. Only for white targets, the measured SCD is almost similar to the true SCD STarget 

(see below).  
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As we are interested in STarget, we have to remove SAtm from the total signal. This can be 

easily achieved and will be explained in Section 2.B. Another fundamental question is to 

determine the sensitivity of the measurement for the trace gas between the instrument and the 

target, in particular the dependence of the sensitivity as a function of the distance from the 

instrument. For an ideal measurement the sensitivity would be constant along the light path 

between the instrument and the target like e.g. for traditional long-path DOAS observations. We 

will show below that indeed for many cases the sensitivity can be expressed as a simple 

functional expression of the distance from instrument. For bright targets, for example, the 

sensitivity becomes similar to that for long-path DOAS observations. Nevertheless, in general, 

this sensitivity decreases with distance from the detector, because additional sunlight is scattered 

into the line of sight of the instrument (see Fig. 1). For the correct interpretation of the 

measurement, this sensitivity has to be characterized (see Section 2.C) and corrected. If no 

simple correction is possible, radiative transfer modeling has to be applied (see Section 2.D). 

2.B Removal of the signal from the region between the target and top of the 

atmosphere (SAtm) 

The correction of the partial SCD between target and the top of the atmosphere (SAtm) can be 

easily (and quasi automatically) achieved by two procedures. The main aspect of both methods is 

that for the DOAS analysis of scattered sunlight a so-called Fraunhofer spectrum has to be 

included for the correction of the strong solar Fraunhofer lines.8,9,11,23 For this purpose usually a 

measurement taken with the same instrument but under different measurement conditions (e.g. at 

low solar zenith angle) is used. Since this Fraunhofer spectrum contains not only the solar 

Fraunhofer lines but also atmospheric absorptions, the result of the spectral DOAS analysis is the 

difference between the SCDs of the measurement and the Fraunhofer spectrum. The trick for the 
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correction of signal from between the target and the top of the atmosphere (SAtm) is to select a 

Fraunhofer spectrum, which only contains SAtm. This can easily be achieved by two simple 

approaches. The first approach is to point the telescope of the instrument toward the zenith. It 

then receives photons which have traversed almost similar paths as those between the target and 

the top of the atmosphere. Especially for trace gases which (in addition to the boundary layer) 

are only located in the stratosphere, a zenith-scattered spectrum is already sufficient for the 

correction of SAtm. If trace gases are also located in the free troposphere it might be, however, 

better to choose a refined approach. For the measurement of the Fraunhofer spectrum the 

telescope should then be directed to a target close to the instrument, which has similar properties 

compared to the real targets. Especially the orientation (angle of the reflecting surface with 

respect to the instrument and the sun) and the reflectivity (albedo) of the nearby target should be 

similar to the target at far distance. This procedure ensures that the photon paths in the lower free 

troposphere (and thus the SAtm) of both, the actual measurement and the Fraunhofer spectrum, are 

almost identical. 

In some cases it might be already sufficient to use a measurement from one (far) target 

(e.g. measurement D in Fig. 1) as the Fraunhofer spectrum for the analysis of a measurement 

from another (far) target which is placed in the same direction, but at a different distance (e.g. 

measurement C in Fig. 1). Then the resulting STarget is the integrated trace gas concentration 

along the path between both targets.  

2.C Sensitivity of the measurement for trace gases between the instrument 

and the target 

For the correct interpretation of the trace gas absorption determined by the DOAS analysis the 

sensitivity of the MAX-DOAS observation for the trace gas between the instrument and the 
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target (e.g. as a function of the distance from the instrument) has to be known. We will show 

below that for many cases simple functional expressions for this dependence can be found.  

The light received by the telescope ),( LI λ contains two parts (see Fig. 2):  

 ( ) ( )( , ) , ,Atmos TargetI L I L I Lλ λ λ= +   (3) 

where ( ),TargetI Lλ  is the measured radiance caused by the reflected sunlight by the target, and 

( )LI Atmos ,λ  the  radiance caused by the scattered sunlight into the line of sight of the telescope 

between the target and the instrument. 

The light scattered or reflected into the line of sight of the instrument will be attenuated 

by scattering and absorption (on molecules and aerosols) between the point of reflection or 

scattering and the instrument. Since we are interested in the differential trace gas absorptions, we 

will in the following use the term absorption only for the high frequency part of the trace gas 

absorption. Other extinction processes which vary only slowly with wavelength we will refer to 

as extinction processes. While these processes contain also any broadband absorption of trace 

gases, for most measurements, extinction by aerosols and molecules between the target and the 

instrument will contribute the dominant part. For simplicity and without restriction of the general 

case, we will reduce all considerations to one absorbing trace gas. With these assumptions the 

measured radiance depends on the following quantities:  

 ( ) ( ) ( ) ( ) ( ) ( )LL
refl

L
ll

scatt
extabsextabs eeAIdleeliLI ,,'

0

,,' ,,),( λτλτλτλτ λλλ −−−− ⋅⋅+⋅⋅= ∫ , (4) 

where iscatt(λ,l) is the radiance per unit length (in units: Wm-3sr-1) due the photons scattered into 

the field of view at the distance l and wavelength λ.,  and Irefl(λ,A) is the due to the photons 
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reflected from the target into the field of view, with A being the albedo of the target. ( )lext ,λτ  is 

the optical depth of the extinction between the instrument and distance l: 

( ) ( )∫=
l

extext dllkl
0

,, λλτ with kext(λ,l) the extinction coefficient for Rayleigh and aerosol scattering 

(and all additional broad band extinction processes) at the distance l and wavelength λ. 

( )labs ,' λτ  is the differential optical depth of the trace gas absorption between the instrument and 

distance l: ( ) ( ) ( )∫ ⋅=
l

abs dlll
0

',' ρλσλτ  with σ’(λ) the differential absorption cross section of the 

trace gas of interest at wavelength λ and ρ(l) the trace gas density at the distance l. 

 

In general, most of the quantities in Equation 4 vary with the distance from the 

instrument. Usually, e.g. the trace gas concentration and the aerosol scattering are not constant 

along the line of sight. In addition, usually also the solar radiation scattered into the field of view 

will depend on the distance from the instrument because of several reasons: first, the incoming 

solar radiation can vary because of shielding by heterogeneous clouds or aerosols. Second, the 

scattering coefficient can vary due to changing aerosol concentrations and/or aerosol properties. 

Third, changes in the ground albedo can lead to variations of the solar radiation scattered into the 

field of view of the instrument. 

Because of these variations, usually there is no simple solution of Equation 4 and 

radiative transfer modeling has to be applied. Nevertheless, for many cases the above-mentioned 

quantities vary only slightly or can be assumed to be constant over the line of sight between the 

instrument and the target. For example, the sky might be clear or covered by a homogeneous 

cloud cover, and the ground albedo and the aerosol properties might not change substantially 
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between the instrument and target. Then, the scattered radiance will not vary as a function of 

distance between the instrument and the target, and iscatt can be put in front of the integral. If also 

the aerosol extinction and the trace gas absorption are constant over the line of sight, their optical 

depths become linear functions of the distance: 

( ) ( ) lkl extext ⋅= λλτ ,  

( ) ( ) ( ) lkll absabs ⋅=⋅⋅= λρλσλτ '','  

Then Equation 4 reduces to: 

 ( ) ( ) ( ) ( ) ( ) ( ) LkLk
refl

L
lklk

scatt
absextabsext eeAIdleeiLI ⋅−⋅−⋅−⋅− ⋅⋅+⋅= ∫ λλλλ λλλ '

0

' ,),(  (5) 

and finally to: 
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In the following we will use the general form for the optical depth (of extinction and trace 

gas absorption) for variable concentration fields of trace gases and aerosols. 

Our goal is to determine the differential optical depth of the absorbing trace gas. For that 

purpose within the DOAS analysis the negative logarithm of the ratio of the measured radiance 

with and without trace gas absorption has to be formed in order to invert the Beer Lambert law 

(see Equation 1). We will call the differential optical depth calculated in this way the “measured 

differential optical depth” ( ( )Lmeas ,' λτ ): 
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It is important to note here that in the DOAS analysis the term in the denominator 

(without the (differential) trace gas absorption) is approximated by a) the Fraunhofer spectrum 

(representing the Fraunhofer lines, see Section 2.B.)) and a low order polynomial (representing 

the broad-band effects of atmospheric scattering and absorption).11  

In the case of a strong absorber ( ( ) )0,' >>labs λτ  there appears to be no simple solution 

possible for Equation 7 (a strong absorber of interest might be e.g. water vapour). However, for 

weak absorbers ( ( ) )1,' <<labs λτ Equation 7 can be linearized by expanding the logarithmic and 

exponential functions: 
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It follows that the differential optical depth of the trace gas absorption is the average of the 

differential optical densities of the total (infinite) number of contributing light paths weighted by 

their respective radiances.25 From radiative transfer simulations we could estimate the error for 

values of ( ) .0,' >>labs λτ  For ( )Labs ,' λτ  = 1 the relative error of the observed differential 

optical depth from the intensity weighted average is still < 10% (this is true only if the 

differential absorption structure can be resolved by the instrument).  
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If also the extinction due to scattering can be neglected ( ( ) )1, <<lext λτ then also the exponential 

function for the extinction can be expanded and Equation 8 becomes: 

 ( )
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absrefl
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From radiative transfer simulations we could also estimate the error if ( ) .0, >>lext λτ  

For ( )Lext ,λτ  = 1 the relative error of the observed differential optical depth from the intensity 

weighted average is still < 20%.  

Now several simple cases can be distinguished depending e.g. on the chosen wavelength 

range, the atmospheric conditions, and the brightness of the target (see following sub-Sections).  

One important question is, how sensitive the observation is for trace gases between the 

instrument and the target. For an ‘ideal’ observation the sensitivity would be constant along the 

line of sight. That means that an air mass with a given concentration of a trace gas would cause 

the same measured differential optical depth ( )Lmeas ,' λτ  independent from the position between 

the instrument and the target. The measured differential optical depth ( )Lmeas ,' λτ  is similar to 

the (true) differential optical depth ( )Labs ,' λτ  integrated over the path segment L between the 

target and the receiving telescope (see Fig. 2).  

To gain more direct insight, we can especially construct the ratio between the observed 

differential optical depth ( )Lmeas ,' λτ  and the true differential optical depth ( )Labs ,' λτ , which 

defines what we will call the “sensitivity” (R) of the measurement: 
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with ( )LSmeas ,λ  derived from ( )Lmeas ,' λτ using Equation 1.  

After the sensitivity R is determined (either from Equation 9, if the absorption and 

extinction is weak, or from radiative transfer calculations, see Section 2.D.), the measured SCD 

( )LSmeas ,λ  can be transformed into the desired true SCD ( ( ) ( )
( )λσ
λτλ
'

,', LLSTarget = ), which can then 

be used for the subsequent (tomographic) inversion steps. 

The sensitivity can be determined for the whole path between the instrument and the 

target or for any subdivided path segments. For an ‘ideal’ observation (like e.g. for the traditional 

long-path DOAS measurements) the sensitivity will be unity.  

In the following we discuss three limiting cases for topographic targets of high and low 

reflectivity (‘white and black’ targets), respectively. The corresponding contributions of the 

measured radiance and sensitivity as a function of distance from the instrument are summarized 

in Fig. 3. 

2.C.1 ‘White targets’: ITarget >> IAtmos  

For many cases the radiance reflected by the target will be much higher than that due to 

scattering between the instrument and the target. This might be the case for an optically thin 

atmosphere ( ( ) 1, <<lext λτ ), e.g. for a short horizontal light path, low aerosol load, long 

wavelength) and bright targets (e.g. white painted walls). Then almost all of the received light is 

reflected from the target and has thus traversed the full distance between detector and target (see 

Fig. 3a). Equation 9 reduces to  

 ( ) ( ) ( )[ ]
( ) ( )L

AI
LAI

L abs
refl

absrefl
meas ,'

,
,',

,' λτ
λ

λτλ
λτ =

⋅
≈   (11) 
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It follows that the sensitivity R is unity like that for ‘traditional’ long-path DOAS 

observations; furthermore it is not dependent on the distance of the trace gas from the detector. 

The analyzed Smeas can be directly used for any subsequent inversion processes. In the simplest 

case the average trace gas concentration between the instrument and the target can be derived as 

( )
( ) L

Labs

⋅
=

λσ
λτρ

'
,' .  

2.C.2  ‘Black targets’: ITarget << IAtmos 

If the target is perfectly black, only light scattered between the instrument and the target is 

received. Equation 9 reduces to 

 ( )
( ) ( )

( ) ( )∫
∫
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⋅
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Now, the sensitivity for any subdivided path segments decreases linearly from 1 at the 

instrument to zero at the target (see Fig. 3b). If the trace gas concentration is uniform along the 

line of sight ( ) ( )
2

,',' LL abs
meas

λτλτ ≈  and the sensitivity R for the total path between the 

instrument and the target is 0.5.  

2.C.3 Mixed cases: ITarget ≈ IAtmos 

For many cases the radiance reflected by the target and scattered towards the instrument from 

between the instrument and the target will be of similar magnitude. If the trace gas concentration 

is uniform between the instrument and the target, Equation 9 reduces to: 
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and the sensitivity 
( ) ( )
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reflscatt

reflscatt

,
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λλ

λλ

+⋅

+⋅⋅
=  will be between 0.5 and unity, depending on 

the relative contributions of iscatt ⋅ L and Irefl. 

2.C.4 Hazy Conditions: ( ) 0, >>lext λτ  

In the case of an optically thick atmosphere with respect to Rayleigh and aerosol scattering (e.g. 

long horizontal light path, high aerosol load, small wavelength) the received light is mainly 

scattered from distances not far away from the detector (see Fig. 3c). If the extinction coefficient 

of the aerosol scattering is known, Equation 8 can be solved. While the Rayleigh scattering 

coefficient can be directly derived from the air pressure, that for aerosol scattering is, 

unfortunately, usually unknown. However, an elegant procedure for the determination of the 

aerosol scattering properties is to directly investigate the MAX-DOAS measurements 

themselves.29,22-24 Since the atmospheric concentration of the oxygen molecule (O2) and dimer 

((O2)2) is known, the deviation of the measured O2 and O4 absorptions from those of a pure 

Rayleigh atmosphere can be directly attributed to the additional scattering by aerosols and 

accordingly the necessary aerosol scattering properties can be determined; additional information 

can be derived from the observed relative radiance and the strength of the Ring effect.23 For very 

strong aerosol extinction (e.g. for foggy conditions) the instrument cannot ‘see’ the target 

anymore. The sensitivity of such observations is then limited to trace gases very close to the 

detector. Equation 8 reduces to:  
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2.D Radiative transfer modeling 

As shown in Section 2.C., the sensitivity of MAX-DOAS observations using illuminated targets 

can for many cases be determined and corrected in very simple ways (see especially Sections 

2.C.1. and 2.C.2.). For the set-up of MAX-DOAS observation geometries it should thus be the 

aim to ensure that these conditions are actually met. One general recommendation is to use either 

an almost black or a bright target.  

Nevertheless, in general, no simple solution of Equation 8 might be possible and it has to 

be solved by numerical simulation of the atmospheric radiative transfer.9,25 Even, if the 

requirements of an almost black or bright target are met, radiative transfer modeling might still 

be needed because of the following reasons: 

a) The trace gas absorption ( )labs ,' λτ is strong (>>0) like e.g. for H2O or O2 

b) The optical depth of Rayleigh- and aerosol scattering ( )lext ,λτ  is large (>>0). This can be the 

case for measurements at small wavelengths where the probability of Rayleigh-scattering is 

large, or for high aerosol concentrations (haze or fog) 

c) The radiance scattered into the line of sight between the instrument and the target varies with 

distance from the instrument. This might be e.g. the case if the incoming solar radiation is non-

uniform due to a varying cloud cover above the line of sight. In addition, a changing ground 

albedo or changing aerosol properties between the instrument and the target might also cause 

such variations. 
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d) The above effects might become even more important if the trace gas distribution itself is not 

constant along the line of sight.  

In analogy to the well-known calculation of air mass factors9,25, the numerical simulation 

of the sensitivity R can be performed in the following way: 

a) In a first step a model scenario including the detector properties (field of view, viewing 

direction, wavelength, etc.), the geometrical situation (topography, distance and orientation of 

the target, solar zenith and azimuth angle, etc.), the spatial distributions of the trace gas and 

aerosol properties (concentration, extinction coefficient, phase function, etc.) as well as surface 

properties (albedo, bidirectional reflection function, etc.) is set up. A suitable discretization has 

to be chosen. 

b) A geometrical path segment (e.g. the whole path between the instrument and the target) is 

selected. STarget is calculated by integrating the trace gas concentration along this path segment. 

c) The radiance received at the instrument with and without the trace gas of interest is calculated 

(this represents the radiances of the numerator and denominator of Equation 7). Taking the 

negative logarithm of the ratio of both quantities (Equation 7) yields the differential optical depth 

of the trace gas of interest ( )Lmeas ,' λτ . 

d) From STarget and ( )Lmeas ,' λτ  the sensitivity is calculated using Equations 1 and 10: 

 ( ) ( )
( ) ( )λσ

λτ
'

,'
⋅

=
LS

LLR
Target

meas   (15) 

It should be noted that in general not all input parameters for the correct simulation of the 

atmospheric radiative transfer (step a) are known. In particular, the aerosol scattering might be 

unknown. The great advantage of MAX-DOAS measurements is that such information on the 

aerosol scattering (and additional parameters) can be directly retrieved from the simultaneously 
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measured absorptions of the oxygen molecule O2 and the dimer O4 and additional measurement 

quantities.23, 29  

It might be also interesting to note that for some cases the sensitivity as defined in Eq. 10 

exceeds unity (in contrast to long-path DOAS observations). This will in particular be the case if 

multiple scattering (e.g. for high aerosol load and over bright surfaces) leads to a path length 

enhancement compared to the geometrical length.29-32  

Especially for tomographic inversion strategies it will be important to subdivide the total 

path between the instrument and the target into partial segments within the selected discretization 

scheme.2, 27 Accordingly, the sensitivity Ri for these sub segments can be determined using the 

same modeling approach as outlined above. For the partial SCDs and the sensitivities the 

following relations are valid: 

 ∑=
i

imeasmeas SS ,   (16)  

 ∑=
i

iTargetTarget SS ,   (17) 

 
i

imeas
iTarget R

S
S ,

, =   (18) 

3. Experimental requirements and inversion strategies 

The practical implementation of the measurements described above is rather straightforward, 

especially if based on the now widespread Mini–MAX-DOAS instruments.18, 33 Here some notes 

will be made. First, a 'natural' white target may be snow cover, a glacier, or a brightly painted 

wall of a building. In addition, 'artificial' white targets may be created by painting surfaces or 

adding white (plastic) sheets like e.g. spectralon. It should be kept in mind that high reflectivity 
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in the visible may not guarantee high reflectivity in the near UV or infrared spectral ranges. 

Second, 'natural' black surfaces may be low reflectance surfaces like vegetation or – more 

importantly – cavities of any kind. In urban environments this might be open windows or other 

structures opening relatively small apertures to large cavities. These cavities ('hohlraum') form 

almost perfect black objects, since radiation entering the cavity is reflected from the inner 

surfaces many times before leaving again. 

Another point to watch is the field of view of the instrument. Customary Mini-MAX-

DOAS spectrometer telescope combinations have fields of view of the order of 1 degree. For 

instance a fiber (connecting telescope to spectrometer) of d = 0.3mm diameter and a F/4 

telescope (10 mm aperture, f = 40 mm) would result in a field of view of d/f = 0.0075 radian or 

0.43 degrees. A target at e.g. 4 km distance would have to have a diameter of 30 m. Thus in 

general, Mini-MAX-DOAS instruments are not ideally suited for the applications described here. 

Fortunately, however, passive instruments can easily be modified to fulfill the requirements by 

adding a somewhat larger telescope. In the above example a still quite compact optics with 

100mm aperture and f = 400 mm would require a target diameter of only 3 m at 4 km distance. 

Because of their simple experimental requirements, MAX-DOAS observations can be performed 

in very flexible geometries. In particular, it is very easy to point one instrument towards several 

well suited targets. Moreover, because the instruments are small and can be operated 

automatically, several instruments can be used simultaneously, making e.g. more dimensional 

tomographic geometries possible. Depending on the number of instruments and targets, results of 

largely varying complexity can be derived. A description of the basic set-ups is given in this 

Section.  

3.A Determination of the average concentration along the light path 
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In the simplest case, only one instrument and a single target is used. This simple set-up is very 

similar to the well-known long-path DOAS and it allows the retrieval of the average trace gas 

concentration along the line of sight between the instrument and the target. It should be noted, 

that in cases of low visibility such measurements are only sensitive to the trace gas concentration 

close to the instrument. However, under such conditions, the weak signal received from long-

path observations usually does not allow a reasonable data analysis anymore. 

3.B One-dimensional gradients 

There are two basic possibilities for the retrieval of one-dimensional gradients from MAX-

DOAS observations of sun-illuminated targets. Either targets at the same location but with 

different reflectivities are observed, or the instrument is pointed to several targets placed in the 

same direction, but at different distances. 

3.B.1 Alternating view at ‘white’ and ‘black’ target at the same distance 

As shown in Sections 2.C.1. and 2.C.2. the sensitivity close to the target strongly depends on the 

brightness of the target. It is almost unity for a bright target and almost zero for a black target. 

Thus from alternating observations of a bright and black target at the same location, information 

on the horizontal trace gas distribution can be derived. This possibility can be illustrated with 

some simple examples: if e.g. the Smeas is the same for the observation of the black and the bright 

target, then substantial concentrations of the trace gas must be located only very close to the 

instrument. If  Smeas for the observation of the black target is half that of the bright target, then the 

trace gas concentration should be almost constant along the line of sight. If the Smeas for the 

observation of the black target is zero and that of the bright target is >0, then the trace gas must 
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be located very close to the target. Observations of alternating view on a bright and black target 

can be easily achieved observing e.g. a black open window or the white wall of a building. 

3.B.2 Determination of horizontal gradients using targets at different 

distances  

If one instrument is pointed to different targets placed in the same direction but at different 

distances (see Fig. 1), the analyzed Smeas represent the integrated trace gas concentrations of the 

different sub-sections. From a simple linear inversion a one-dimensional gradient can be derived. 

3.B.3 Determination of vertical gradients using targets at different altitudes  

One could think that a similar strategy as shown in Section 3.B.2. could also be applied to derive 

one dimensional gradients in vertical direction. For example, an instrument placed at the bottom 

of a high tower or a steep hill slope could be pointed at targets at different altitudes. 

Unfortunately, for such arrangements, SAtm will in general also depend on the altitude of the 

respective target. In general, STarget will increase in the same way as SAtm decreases if targets at 

increasing altitude are observed. Thus, Stot (Equation 2) will be the same for all measurements 

and no altitude information can be extracted from this simple setup. Fortunately, there are two 

basic alternatives to overcome this problem: First, instead of putting the instrument at the 

ground, it could be placed on top of the tower or the hill and directed to targets located below. 

Then, both SAtm and STarget will increase if the altitude of the target decreases and it is possible to 

retrieve information on the vertical profile. 

A second possibility is to place the instrument at the bottom, but at a substantial distance 

apart from the location of the tower or hill (see Fig. 1). Then, the light path through a given 

height layer between the instrument and the target will be enhanced because of the slant 
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geometry and STarget and SAtm will change in a different way if targets at different altitudes are 

observed. Again, it will be possible to extract information on the vertical trace gas distribution. 

Nevertheless, it should be noted that this procedure can only be applied correctly if the horizontal 

gradients are small compared to the vertical ones.  

3.C  Higher-dimensional (tomographic) inversion  

With several instruments pointed to various targets, a multitude of (at least partly) crossing light 

paths can be created. Such set-ups can be arranged in two or even three dimensions. For such 

arrangements, it will be of greatest benefit if the instrumental expense of tomographic MAX-

DOAS observations is very low compared to active long-path DOAS observations, because no 

artificial light sources have to be operated and no mirrors have to be set up. Thus the acquisition 

and operation of tomographic MAX-DOAS observations will be much cheaper compared to 

conventional long-path DOAS observations. Because of these advantages, it will be much easier 

to set up a larger number of instruments and to create a significantly higher number of light 

paths. This will allow enhancement of the spatial resolution of such tomographic measurements 

and will in particular reduce the necessity of appropriate a-priori information.  

Tomographic inversion schemes first require the setup of a suitable inversion grid. Then, 

the sensitivities of the various light paths crossing the boxes of this grid have to be calculated. If 

bright targets are observed it will be indeed possible for many cases (with bright targets, see 

Section 2.C.1.) to achieve sensitivities close to one; it follows that the problem can be treated 

simply in a geometrical way. In the general case, the observed Smeas for a given instrument and 

target will be composed of the partial STarget,i of the boxes through which the line–of-sight passes, 

weighted by the respective sensitivities. From Equations 16 to 18 it follows: 
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 ∑ ⋅=
i

iiTargetmeas RSS ,   (19) 

If the trace gas concentration within a given box is assumed to be constant, any partial STarget,i 

will be the product of the trace gas concentration and the length of the line-of-sight crossing the 

respective box (see Fig. 4). Accordingly, it is possible to create a linear system of Equations 

which can be represented by a matrix equation: 

  = M *   (20) 

with  representing the measurement vector consisting of the Smeas of all combinations of light 

paths between the various instruments and targets,  representing the state vector consisting of 

the concentrations of all boxes of the model grid which were crossed by any line of sight. The 

matrix M consists of the partial path lengths and the respective sensitivities for a given segment 

of a line of sight through a grid box.  

The matrix has then to be inverted and Equation 20 to be solved to derive the trace gas 

concentrations in the boxes of the model grid. Depending on whether the problem is over- or 

underdetermined, also a-priori information might be used. The different methods to solve such 

inversion problems will not be discussed in more detail here. Appropriate methods can be found 

in existing literature.2, 27, 34, 35 

4. Test measurements at Heidelberg 

During the 21st of March 2005 measurements with a Mini-MAX-DOAS instrument were carried 

out on the roof of the Environmental Physics Department of the University of Heidelberg as a 

first case study. The Miniaturized Multi Axis Differential Optical Absorption Spectroscopy 

(Mini-MAX-DOAS) instrument used here, consists of an entrance optic (quartz lens, f = 40 mm, 
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d = 20 mm, field of view approximately 0.6°) coupled to a quartz fibre bundle, which transmits 

the light into a commercial miniature fibre optic spectrometer (OceanOptics Inc., USB2000) with 

a spectral resolution of 0.7 nm. This unit is placed inside a metal box which can be mounted on a 

tripod and can therefore be moved to point at different elevation angles between 0 and 180 

degrees (from horizon to horizon). For a detailed description see Ref 36.  

In order to reduce the dark current of the CCD and to stabilize the optical bench the complete 

USB2000 spectrograph was cooled to a temperature of +10 °C during the measurements. 

Stabilizing the temperature of the spectrometer and detector readout electronics also reduces the 

temperature drift of the electronic offset signal. To avoid water condensation the whole unit was 

made airtight and silica gel was added to keep the interior dry in case of leakage. The entire 

system (computer, cooling system, spectrometer and stepper motor) was operated with a car 

battery and controlled by a notebook. Data acquisition was performed by the software package 

DOASIS (see www.iup.uni-heidelberg.de/bugtracker/projects/doasis/).  

It should be noted that these measurements are by far not sufficient to test all scenarios described 

in the preceding Sections. This should be the subject of subsequent detailed investigations. Here 

our aim was to test two basic assumptions of our new technique: first, can the trace gas 

absorption between the target and top of the atmosphere be removed from the measured total 

absorption with sufficient accuracy? Second, can spectra measured by pointing on targets be 

analyzed with standard analysis tools, like e.g. for the well known DOAS measurements of 

zenith scattered sunlight11? We tested these aspects by the analysis of the atmospheric NO2, 

which in polluted regions is usually present in the troposphere and stratosphere. 

Our instrument was pointed towards the hills of the nearby Odenwald, which are covered by 

green forest. Measurements were taken for two azimuth angles for which the telescopes were 
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directed to hill targets at different distances (see Fig. 5 and 6). For the first azimuth angle the 

hills were about 1.9 km away (we will refer to these observations as short path, sp); for the 

second azimuth angle they were about 3.3 km apart (we will refer to these observations as long 

path, lp, see Fig. 5 and 6). In addition, zenith-sky observations were performed to derive 

appropriate Fraunhofer spectra for the correction of SAtm. The following measurement sequence 

was applied: 3 times short path (church), 2 times long path (castle), 3 times zenith sky, 3 times 

long path (castle), 3 times short-path (church) and 3 times zenith sky. 

From the measured radiances and O4 absorptions (see below), we conclude that our observations 

constitute a ‘mixed case’ as described in Section 2.C.3. 

We performed two basic spectral analyses: First the spectra in the two directions were 

analyzed using a zenith-sky observation as Fraunhofer spectrum. For this case the analyzed NO2 

absorption represents the integrated NO2 concentration between the instrument and the hill 

targets. According to the chosen directions we will refer to these SCDs as Ssp and Slp. The details 

of the spectral DOAS analyses of NO2 and O4 are described in Table 1. 

In a second analysis, the spectra of the long path were analyzed using the observations of 

the short path as a Fraunhofer spectrum. For this case the analyzed NO2 absorption represents the 

difference between Ssp and Slp. Since both targets are located in a similar direction, this 

difference can be seen as an approximation for the integrated NO2 concentration along the ‘line’ 

between both targets. Results of the spectral NO2 analysis are shown in Fig. 7 (see Ref. 42). The 

NO2 SCDs for the different paths are presented in Fig. 8. 

Two findings are important to note: first, both spectral analyses were possible using the 

standard DOAS technique for scattered sunlight observations.11, 29, 43 Second, the resulting NO2 

absorptions of the second analysis were indeed the difference between the respective values of 
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the first analysis (as expected). From our investigation we conclude that spectra from different 

viewing direction may be well suited as Fraunhofer spectra. Although our simple test cases are 

by far not representative for the large variety of possible observational conditions, we see no 

obvious restriction against the free choice of appropriate Fraunhofer spectra, which is of great 

importance e.g. for the optimization of tomographic inversion schemes.  

For the determination of the sensitivity R (Eq. 10) of our observations we investigated the 

measured radiance and the analyzed O4 absorption. The observed radiance from the longer light 

path is about 30% larger than that measured at the shorter path. Thus we can conclude that the 

light reflected from the targets and that scattered from the atmosphere are of the same order of 

magnitude and our observation constitutes a ‘mixed case’ (see Section 2.C.3.). In order to 

determine the sensitivity R for our observations, we assume that the NO2 concentration is 

constant along the light paths. This is of course an oversimplification, but here our main purpose 

is to show the applicability of our methods developed in Section 2.C. If we assume that iscatt is 

constant throughout the observed area, and that the albedo of both targets is similar, we can 

determine the relative radiances of both the scattered and reflected light using the simple system 

of equations:  

 Ilp = iscatt ⋅ 3.3 km + Irefl,           Isp = iscatt ⋅ 1.9 km + Irefl (21) 

With Ilp = 1.3 ⋅ Isp we find iscatt = 0.36 ⋅ Irefl ⋅ 1/km.  

Thus for the short and the long light path, the relative contributions of the scattered and 

reflected light are 40% and 54%, respectively. According to Equation 13, we calculate 

sensitivities of Rsp = 0.8 and Rlp = 0.73 for the short and the long light path, respectively. The 

results are also confirmed by the measured O4 absorption (analyzed for the absorption bands at 
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360 nm and 380nm38). The measured difference between the O4 SCDs of the two light paths was 

found to be between 1.5 × 1042 molec2/cm5 and 2.7 ×1042 molec2/cm5 (the units refer to the fact 

that the O4 concentration is expressed with respect to the square of the O2 concentration44), in 

good agreement with the value calculated for the conditions of our measurements 

(2.4 × 1042 molec2/cm5).  

The true STarget can now be calculated according to Equation 18. If they are subsequently 

divided by the path lengths, the average NO2 concentration is derived. The results of these 

different steps are summarized in Table 2.  

5. Conclusions and Outlook 

We have introduced a novel technique to measure the near-surface distribution of atmospheric 

trace gases using a Multi-Axis-Differential Absorption Optical Spectroscopy (MAX-DOAS) 

pointed to non-reflecting surfaces or bright targets placed at known distances from the measuring 

device, which are illuminated by sunlight. From such observations it is possible to extract the 

partial absorption which took place along a well-defined absorption path between the instrument 

and the target and it is possible to retrieve the concentration of trace gases like e.g. NO2, HCHO, 

SO2, H2O, BrO, like the well-known long-path DOAS observations (but with much less 

expense). Depending on the number of instruments and targets, results of different complexity 

can be derived: the use of one instrument and one target allows the derivation of the average 

trace gas concentration. If tomographic arrangements are used, more dimensional gradients can 

be retrieved. The proposed method is very simple, since it needs no artificial light source or 

mirrors, has low power requirements, and can be operated automatically. Besides these 

fundamental possibilities of the new method we also investigated several important details of the 

data analysis. We proposed two simple ways to remove the trace gas absorption between the 
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target and the top of the atmosphere from the total signal which is the prerequisite for the 

extraction of the signal for the path between the instrument and the target. In addition, we 

investigated the composition and information content of the measured light and we determined 

the sensitivity as a function of various measurement conditions like brightness of the target or 

atmospheric visibility. We showed that for selected measurement conditions (e.g. bright target 

and high visibility) a very simple (geometric) interpretation (like for the well-known long-path 

DOAS observations) is possible. For more complex situations (e.g. low visibility and spatial 

gradients of aerosol scattering) radiative transport modeling has to be applied. We presented a 

general procedure describing how this can be successfully applied. Of special importance here is 

that from the measurement itself (from simultaneously observed O2 and O4 absorptions as well as 

radiance and Ring effect) information on important quantities like aerosol scattering can be 

derived. We presented possible standard set-ups and inversion strategies for the retrieval of one 

and more-dimensional trace gas distributions. 

Because tomographic MAX-DOAS observations need no artificial light sources and can be 

operated automatically they can be set up and operated with low expense. Thus very flexible and 

complex arrangements using several instruments and targets can be realized. Finally we 

presented prototype MAX-DOAS measurements at Heidelberg pointed to illuminated targets at 

nearby hills, which confirmed all basic assumptions of the method.  

One major limitation of tomographic MAX-DOAS observations is that sunlight will be 

restricted to hours of daylight and to wavelengths >300 nm. Thus it will not be possible to 

investigate the night-time chemistry. In addition, many species of interest, like e.g. many 

aromatic compounds, can not be observed.  
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From our theoretical and practical investigations we can give the following 

recommendations for the application of the novel method: 

-It is advantageous to aim for situations with high visibility and either bright or completely black 

targets. Such set-ups largely simplify the interpretation of the measurements. 

-If more than one target is used, it is advantageous that all targets have similar orientation and 

albedo. 

-The spectral range of the measurements should be chosen such that it contains at least one 

absorption band of O4 or O2. From these measurements (together with the radiance and the Ring 

effect) e.g. the influence of aerosol scattering can be analyzed and corrected. 

-For species with very strong absorptions (like e.g. H2O) a wavelength range with rather weak 

absorption bands should be chosen in order to minimize any non-linearities of the inversion 

procedure. Alternatively, such species could be observed over short absorption paths.  

-If small targets (e.g. open windows at large distance) are observed, the field of view of the 

instrument has to be small. To ensure a high signal to noise ratio, relatively large telescope will 

be required. 

-Besides the more obvious geometrical setups as discussed in Section 3, it might be important to 

propose some additional interesting geometries. One possibility is to install an instrument on top 

of a tower and systematically ‘scan’ the area of a city or factory below. Another possibility 

would be to arrange lines of sight over cities or other sources which are located in a deep valley 

or basin. It might then be possible to estimate the total emission from the basin. Another 

interesting option would be to place an instrument on a high mountain and to observe a target on 

a neighboring mountain. Depending on the altitude of the mountains, even measurements within 

the free troposphere could be realized. Because of the low air pressure at high altitudes such 
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measurements could be made over very large distances and will thus be very sensitive even to 

small trace gas concentrations (like e.g. for BrO in the free troposphere).  

-Recently it has been shown that also in the near IR spectral range atmospheric species could be 

analyzed by absorption spectroscopy.45-47 Because of the low probability of Rayleigh scattering 

in this spectral range, the light paths could extend over very long distances. It will be in 

particular possible to retrieve atmospheric CO and CH4 from such observations. 
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FIGURE CAPTIONS 
 

Fig. 1. – Experimental set-up for tomographic MAX-DOAS observations. In contrast to 

conventional MAX-DOAS observations the telescope is directed towards targets, which are 

illuminated by the sun. The total signal contains the trace gas absorptions of two sections of the 

total light path: between the targets and the top of the atmosphere (paths A1, A2, A3) and between 

the instrument and the targets (paths B, C, D). After correction for the absorption from the 

section between the targets and the top of the atmosphere (see Section 2.B.) the average trace gas 

concentration between the instrument and the target can be analyzed. If several targets are used, 

even more-dimensional trace gas distributions can be retrieved. 

Fig. 2. – Composition of the light received by the telescope: Sunlight can be reflected by the 

target or scattered by molecules and aerosols between the target and the instrument. 

Fig. 3. – Dependence of the measured radiance (top) and the sensitivity R (bottom) as a function 

of the distance from the instrument for different measurement conditions. For an optically 

thin atmosphere and a bright target (case 1) most of the received light originates from the 

target and the sensitivity does not depend on the distance from the instrument. For an 

optically thin atmosphere and a black target (case 2) the light originates only from 

atmospheric scattering and the received radiance is constant over the line of sight. The 

sensitivity decreases linearly with distance from the instrument. For an optically thick 

atmosphere (case 3) all light from distant paths is almost completely extinguished and the 

scattered light originates only from air masses close to the instrument. The sensitivity of the 

measurement is restricted only to air masses very close to the instrument. 
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Fig. 4 – Possible two-dimensional tomographic set-up using two instruments and three targets. 

The different lines of sight (‘rays’) cross different boxes of the discretized concentration 

field. Ray AA is sensitive to the trace gas concentration in boxes 11, 21, and 31; ray BB is 

sensitive to the concentrations in boxes 21 and 22, etc. Please note that additional rays 

between instrument A and targets B and C are possible. 

Fig. 5 – Viewing directions of the telescope: The hills behind the left viewing direction (short 

path, sp) are about 1.9 km distant. The hills behind the right viewing direction (long path, lp) 

is about 3.3 km distant and the path crosses the old part of Heidelberg (see Fig. 6) 

Fig. 6 – Map of Heidelberg with the horizontal light paths between the instrument and the hills. 

Fig. 7 – Spectral analysis of the measured NO2 absorption for a measurement in the afternoon 

(temporal resolution about 3 min). One measurement from the longer light path is analyzed 

using a zenith spectrum (at 15: 06) as Fraunhofer spectrum. The same spectra analyzed using 

a shorter light path (taken at 15:26) as Fraunhofer spectrum is displayed in the lower panel. 

In the spectral analysis the cross section of NO2 (for 294 K)42, a Ring spectrum and a second 

order polynomial were included.11 

Fig. 8 – Comparison of the resulting NO2 SCDs using the zenith-sky observations (taken at 

15:06) as reference (left) or using the spectra of the short light path as reference (taken at 

15:27)  for the spectra of the long light path (right). The latter are almost the same as the 

difference between the results for both directions. Only the one sigma fitting errors are 

accounted for the error bars. The measurement sequence is described in the text. 
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TABLE CAPTION 

 

Table 1. To derive the SCDs of NO2 and O4 the spectra were analyzed using the Software 

WinDOAS V2.10 from IASB (Belgium Institute for Space Aeronomy 38, which applies a 

nonlinear least squares method.28 The Ring spectrum was calculated from the measured zenith 

sky spectrum (taken at 15: 06) by using the DOASIS software.37 

 

Table 2. Measured and true SCDs as well as average concentrations and mixing ratios of NO2 for 

the measurement taken at 15:16 (see Fig. 7). (For the evaluation were used the short light path 

reference spectrum at 15:26 and  the zenith sky spectrum taken at 15:06.) 
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Analysed 

Trace gas 

Used cross section polynomial Spectral range 

NO2 NO2(294K)40 2nd order 399 - 415 nm 

O4 NO2(294K) 40, O4
41,  

O3(223K) 39, O3(246K) 39 

3rd order  352 – 387 nm 

 

TABLE 1 
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Path Analysed 

NO2 SCD 

(Smeas) 

True NO2 

SCD (Starget) 

Path 

length 

Average NO2 

concentration 

Average NO2 

mixing ratio 

Long path - 

short path 

1.0×1016 

molec/cm² 

1.25×1016 

molec/cm² 

1.9 km 6.6×1010 

molec/cm³ 

2.5 ppb 

long path 2.3×1016 

molec/cm² 

3.15×1016 

molec/cm² 

3.3 km 9.6×1010 

molec/cm³ 

3.7 ppb 

 

 

TABLE 2 

 

 

 

 

 

 

 


