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Anonymous Referee #1

Received and published: 7 January 2014

The manuscript contains genuinely new information relevant to aerosol vertical infor-
mation retrieval from moderate to high spectral resolution spaceborne measurements
of the O2 A band. The main conclusions are clear, however the writing is unclear in
many instances, and several important points are hard to understand. The manuscript
fits well in the scope of AMT. I recommend publication after the issues specified below
have been addressed.

Main points:
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Andre Hollstein
Dear Referee,

thank you very much for your very much appreciated feed back and your effort when reviewing this paper. Your input helped us to improve the quality of this paper. 

Please find our responses to your specific points in the comments of this document.

We also attached a difference document where changes of the manuscript are highlighted. 

Kind Regards,

André Hollstein
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1. Please improve readability of Section 2. Please highlight more clearly which ap-
proach has been selected in the present study (as opposed to previous and alternative
approaches).

2. It is stated (p. 10518 l. 14-18) that convolution of high spectral resolution radi-
ance with an instrument response function (also taking into account spectral shifts) is
numerically cheap. Accurate forward modelling of instrument responses in the O2 A
band requires either sophisticated spectral sampling techniques or a spectral sampling
that is so high that convolution is not numerically cheap any more. Please clarify.

3. The caption to Table 2 suggests that a spectral sampling distance equal to the
spectral resolution has been assumed. Please clarify upfront that this assumption has
been made and justify it, in view of the fact that most spectrometers offer spectral
oversampling. It is stated in abstract and conclusions that spectral sampling (next to
spectral resolution) was a study parameter. How do the results depend on the spectral
oversampling ratio?

4. Figure 11 suggests that the surface pressure has been retrieved. Is this really the
case? Please introduce in the text upfront. It is expected that surface pressure would
be very strongly correlated with aerosol layer height. Please clarify. Maybe an figure
similar to Fig 6 and 7 is needed to illustrate this.

Minor:

1. The definition of ‘inversion success’ is unclear. What is meant by ‘absolute residual’?
.. a residual reflectance? .. the deviation of a fitted value of a state vector element from
the true value (as the caption of Fig 11 suggests)?

2. P. 10517 l. 22: please state if you are referring to the computation time needed for
building the LUT

3. Typo’s: p. 10514 plan(N)ed, particulate ma(T)ter

4. ‘with respect to’ is used often where it does not seem to fit. It is assumed that ‘as a
C3909
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Andre Hollstein
We clarified this in the last paragraphs of section one. The fast forward operator can be used in any of the presented other approaches to speed up their computational efficiency. In the presented paper we are using a curve fitting technique as a generic retrieval algortim. 

We also improved the readabitily of Section 2 in many instances, please also refer to the difference document.

Andre Hollstein
We refined our statement so that is more clear now. We write "adequate" spectral resolution which includes "high enough", right sampling and so on.

Andre Hollstein
You are right - we restricted the study to cases without oversampling. We think it would make the analysis and presentation even more complicated as it basically should help to beat down the effects of truly random noise. We now state this more explicit in our text.


Andre Hollstein
This is stated in table 1 and the first section of the section "synthetic study setup". We made this more clear in the text. We included this in the figure since the retrieval of surface pressure should be an easy problem – at least in theory and with sufficient spectral resolution.


Andre Hollstein
Right. We made this more clear in the text.

Andre Hollstein
Yes, this was missing in the text. We added this in the text.

Andre Hollstein
Thanks! All further typos are changed.

Andre Hollstein
We changed this for several instances.
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function of’ or alike is meant.

5. P. 10516 l. 11: please clarify why it is important that the members are randomly
selected.

6. P. 10516 l. 14: you state that the reconstruction accuracy is a function of the
randomly selected subset of spectra. I would assume that if the subset is sufficiently
large, the reconstruction accuracy is independent from the actual subset. What is the
main message here?

7. P. 10517 l. 21: please report typically achieved compression factors.

8. P. 10519: The reference to k-distribution should include Kondratyev, K. Y. (1969),
Radiation in the Atmosphere, Academic Press, San Diego, Calif.

9. P. 10520 l. 5: please clarify if the 4501 channels are spectral channels.

10. P. 10520 l. 6: Phrase unclear. Please rephrase.

11. P. 10519 and 10520: what is meant with ‘fully simulated’?

12. P. 10521: the MODIS models have been chosen amongst others based on what
can be distinguished by MODIS, which limits the variety. Please discuss if this set of
models is sufficiently various.

13. P. 10521: rephrase: ‘real world’

14. Please clarify what is shown in Fig 6 and 7. What is the ensemble represented by
the scatter plot? (Each dot one wavelength?)

15. P. 10521: Please clarify scaling. (5000m seems not to be a power of ten. What
does ‘rescaled with corresponding unit’ mean?)

16. P. 10522 l. 19: Can you say which prior accuracy would be needed?

17. P. 10522: please clarify definition of the SNR model: is the mean(y) the SPECTRAL
average across the O2 A band?

C3910
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Andre Hollstein
It is not here, we removed this statement from the text. The procedure works better if the states are representative for the whole data set. In the referred paper, the randomness was one way of achieving  this propertiy. Here it is sufficient to say that the reconstruction accuracy is a function of the selected subset of the data.


Andre Hollstein
Right, but the speedup is a function of the selected sample (larger sample -> smaller sppedup) and the lookup table size (larger speedup for larger tables). This is discussed in detail in the cited paper and left out here for clarity. Our main point is that computing such large lookup tables is actually no so costly.

Andre Hollstein
It really depends on the application and a simple formula was given. We think it is not straigt forward to give typical values since it is unclear what a typical case is. For us it might be very different than for you.


Andre Hollstein
Right, the older literature was missing there. We now cite the appropriate journal articles.

Andre Hollstein
Yes, spectral, also changes in the text.

Andre Hollstein
Right, it now reads:

The uncompressed lookup table consists of 2.496.000 spectra with a spectral resolution of 4501 channels. Such an large amount of data makes the computation of the principal components for the complete dataset numerically challenging.

Andre Hollstein
The word "fully" is removed as it was not needed here.

Andre Hollstein
We commented on that. It was beyond the scope of this paper to develop a model which makes use of all the information content in the Oxygen A band. We argue, that this set of models is still a good choice since we later assess which of these models can be discriminated with the discussed type of measurements and how a retrieval is affected by these models.

Andre Hollstein
Yes, the text is better without this term. We rephrased it in several instances.

Andre Hollstein
Yes, spectral data is shown. We made this more clear in the text.

Andre Hollstein
We made this more clear in the text. The scaling factor has the unit of the differentiated quantity (e.g. meter for height) such that the rescaled quantity has the unit radiance.


Andre Hollstein
We havent studied this here, but this is an interesting question for follow up research.

Andre Hollstein
Yes, the full band was meant there. We made this more clear in the text.
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18. P. 10522: please justify the choice of the SNR model: the stochastic operator r_-1,1
seems to generate data with a box-car shaped probability density distribution function
(PDF). Is that correct? In practice, such a PDF shape seems unrealistic for both shot
noise or readout noise.

19. P. 10522: please state clearly if iterative retrievals have been applied (using lmder).

20. P. 10524: what is meant by ‘resulting synthetic SNR’? maybe a fit residual?

21. P. 10524: please clarify what is the ‘mean inversion signal to noise ratio’, and what
its increase with increasing spectral resolution means.

22. P. 10524: please state the SNR assumed for the calculations shown in Fig 9.

23. P. 10524: it has been stated that iterative fitting has been applied using the lmder
tool. What is meant with ’purely ‘Monte Carlo like’?

24. P. 10528: ‘benchmarked’ sound like jargon.

25. Table 2: please clarify that computational speed is reported.

Interactive comment on Atmos. Meas. Tech. Discuss., 6, 10511, 2013.
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Andre Hollstein
We added some additional discussion of that choice. We argue that for this kind of study, we need a simple and generic noise model to be very general - and by being very general we have of course many shortcoming for any specific type of instrument.
 
Also, this model has the advantage of being simple and being controlled by one parameter alone - which makes the discussion simpler.


Andre Hollstein
Right, this information was missing there.

Andre Hollstein
Yes, we changed the text.

Andre Hollstein
The fit error was meant here - the text is more clear now.

Andre Hollstein
500, now mentioned in the text and figure caption.

Andre Hollstein
The word "purely" was not necessary here.

Andre Hollstein
According to our dictionary, it is ok to use  the term.

Andre Hollstein
There was a misprint in the manuscript, the reported values were simulated spectra per second.

Andre Hollstein
Thanks again, for your much appreciated feedback.

Kind Regard, André Hollstein and Jürgen Fischer
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Hyperspectral radiance measurements in the Oxygen A
band are sensitive to the vertical distribution of atmospheric
scatterers, which in principle allows to retrieve aerosol height
from future instruments like TROPOMI, OCO2, FLEX, and5

CarbonSat. Discussed in this paper is a fast and flexible for-
ward operator for the simulation of hyperspectral radiances
in the Oxygen A band and, based on this scheme, a sensitivity
study about the inversion quality of aerosol optical thickness,
aerosol mean height, and aerosol type. The forward opera-10

tor is based on a lookup table with efficient data compres-
sion based on principal component analysis. Linear interpo-
lation and computation of partial derivatives is performed in
the much smaller space of expansion coefficients rather then

:::
than

:
wavelength. Thus, this approach is computationally fast15

and at the same time memory efficient. The sensitivity study
explores the impact of instrument design on the retrieval of
aerosol optical thickness and aerosol height. Considered are
signal to noise ratio, spectral resolution, and spectral sam-
pling. Also taken into account are surface inhomogeneities20

and variations of the aerosol type.
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Retrieving Aerosol Height from the Oxygen A Band: A Fast
Forward Operator and Sensitivity Study Concerning Spectral
Resolution, Instrumental Noise, and Surface Inhomogeneity
André Hollstein1 and Jürgen Fischer1

1Institute for Space Sciences, Freie Universität Berlin, Department of Earth Sciences, Germany

Correspondence to: André Hollstein
andre.hollstein@fu-berlin.de

1 Introduction

Multiple fields of research can benefit from an accurate and
reliable aerosol height product. Among others are atmo-25

spheric sciences, where aerosol vertical distribution and in-
teraction with clouds and radiation is discussed (e.g. Chin
et al., 2009; Lohmann and Feichter, 2005) as well as long
range aerosol transport (e.g. Betzer et al., 1988; ANDREAE,
1983) and source attribution (e.g. McConnell et al., 2007;30

Clarke and Noone, 1985), human health (e.g. Nel, 2005; Har-
rison and Yin, 2000; Seaton et al., 1995) and pollution stud-
ies McMichael et al. (2003); Pöschl (2005), and in remote
sensing of the atmosphere, where its effect on the retrieval
of total aerosol optical thickness is discussed (e.g. Quijano35

et al., 2000; Duforêt et al., 2007; McClain, 2009; Muller
et al., 2007).

LIDAR measurements (e.g. using EARLINET Amodeo
et al. (2007)), airborne experiments (e.g. Zieger et al., 2007),
or balloon ascends

::::::
ascents

:
(e.g. Rosen et al., 1975) can40

be used to derive aerosol vertical profiles on local scales,
while the backscatter LIDAR CALIOP onboard the satel-
lite CALIPSO (Winker et al., 2009) is currently the only in-
strument which provides information on a global scale. A
limitation of CALIPSO measurements is their sparse spa-45

cial and temporal resolution (Winker et al., 2010; Amiridis
et al., 2013), which could be improved drastically by deriv-
ing aerosol height directly from passive imaging instruments.

Attempts to use the Oxygen absorption bands for an
aerosol height retrieval

::
the

:::::::
retrieval

:::
of

::::::
aerosol

::::::
height

:
(e.g.50

Gabella et al., 1999; KOPPERS et al., 1997; Corradini and
Cervino, 2006; Pelletier et al., 2008; Sanghavi et al., 2012;
Frankenberg et al., 2012; Kokhanovsky and Rozanov, 2010)
or cloud top height retrieval (e.g. Heidinger and Stephens,
2000; Preusker and Lindstrot, 2009; Fischer and Grassl,55

1991; Rozanov and Kokhanovsky, 2004) have been pub-
lished in the past. For a case study, Dubuisson et al. (2009);
Duforêt et al. (2007) exploited MERIS and POLDER data to
derive aerosol height over oceans from reflectance ratios of
channels inside and outside the O2A band. Sanghavi et al.60

(2012) discussed to use the O2A and O2B band to derive
aerosol vertical distribution from SCIAMACHY data and
applied the technique to a scene for Kanpur (India). How-
ever, for aerosols over land no operational data product ex-
ists to our knowledge, although hyperspectral measurements65

within the Oxygen A band were and are performed by oper-
ational instruments such as SCIAMACHY, GOSAT, GOME,
and GOME2. However, it is possible to derive the absorbing
aerosol index (Torres et al., 1998; De Graaf et al., 2005) from
such type of instruments, which is among other aerosol pa-70

rameters also sensitive to aerosol height, but does not retrieve
quantitative aerosol vertical distribution parameters.

In the near and not too distant future, hyperspectral mea-
surements within the Oxygen A band will become widely
available from instruments such as OCO2 (Haring et al.,75

2004; Crisp and Johnson, 2005), TROPOMI (Veefkind et al.,
2012), Sentinel-4 (ESA, 2012), Sentinel-5 (ESA, 2012), or if
selected, ESA Earth Explorer (Bézy et al., 2008; Meijer et al.,
2012) missions like FLEX (Clissold, 2008; Rascher et al.,
2008; Stoll, 2003) or CarbonSat (Velazco et al., 2011). Op-80

erational aerosol height products are at least planed
::::::
planned

for TROPOMI onboard the Sentinel 5 precursor (Veefkind
et al., 2012; Sanders and de Haan, 2013) and for the Sen-
tinels 4 and 5 (ESA, 2012). The aim of these products is to
distinguish between aerosols in the planetary boundary layer85

and the free troposphere with desirably estimation of aerosol
type, e.g. to constrain surface concentrations of particulate
mater

:::::
matter

:
(ESA, 2012). The specifications of these instru-
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ments vary widely with respect to spectral resolution, spa-
tial resolution, temporal resolution, and signal to noise ratio90

(SNR) ; and all mission design parameters
:::
and

::::
each

:::
of

::::
those

::::::
mission

::::::
design

::::::::
parameter

:
might have an impact on a possible

retrieval of aerosol height.
Sanders and de Haan (2013) discussed the possible re-

trieval accuracy of aerosol height by propagating measure-95

ment and a priori errors trough a locally linearized radiative
transfer model using the framework of optimal estimation by
Rodgers (2000). From the perspective of an operational re-
trieval, a positive result for the retrieval error with respect to
given user requirements fulfills only a necessary condition. A100

real world
::
An

::::::
actual retrieval must in addition converge ro-

bustly, treat multiple minima in the used cost function, deal
with deviation of the real and the model atmosphere, and
needs to be computationally fast enough to process and pos-
sibly reprocess large amounts of hyperspectral radiance data.105

Aim of this paper is to propose and present
::
the

::::::
design

:::
and

::::::
present

:::
an

::::::::::::::
implementation

::
of

:
a fast and efficient for-

ward operator
::
for

:::
the

::::::::::
simulation

::
of

::::::::::::
hyperspectral

::::
top

::
of

:::::::::
atmosphere

::::::::
radiances

::
in
:::
the

:::::::
Oxygen

::
A

:::::
band,

:::::
which

::
is
:
based

on accurate radiative transfer simulations. It was applied in a110

simple inversion scheme, which can represent a generic real
world retrieval algorithm. The forward operator is based on

::::
upon

:::::
linear

:::::::::::
interpolation

::::::
within

:
a lookup table

:::::
which

:::
was

:::::::
produced

:
with efficient data compression based on a

::::
using

principal component analysis. Linear interpolation and com-115

putation of partial derivatives is
:::::
within

::::
this

::::::
lookup

::::
table

:::
can

:::
then

:::
be

:
performed in the much smaller space of expansion

coefficients, which makes this approach computationally fast
and at the same time memory efficient.

The
::::::::
generality

::
of

:::::
such

:
a
:

fast forward operator is
:::::
allows120

::
to

::::::
employ

::::::::::::
sophisticated

:::::::
optimal

:::::::::
estimation

::::::::::
techniques,

::
as

:::
well

:::
as

::::::
simple

:::::
curve

::::::
fitting

:::::::::
techniques

:::
for

::::
the

:::::::
retrieval

::
of

::::::
forward

::::::::
operator

:::::::::
parameters

:::::
from

::::::::::::
measurements.

:::::
Since

:::
the

:::::::
approach

::
is
::::::::::::
computational

::::
very

::::::::
efficient,

:
it
::::
can

::
be

::::::
applied

::
to

:::::::::
operational

::::::::
retrievals,

::::::
where

::
in

::::::
general

::::
huge

:::::::
amounts

:::
of

:::
data125

::::
have

::
to

::
be

::::::::
processed

::::
with

:::::
strict

:::::::::
constraints

::
on

::::::::::::
computational

::::
time.

:::::
Here,

:::
the

::::
fast

:::::::
forward

:::::::
operator

::
is

:::::::
applied

::
in

:
a
::::::

simple

:::::::
inversion

:::::::
scheme

::::::
using

::
a
:::::
curve

::::::
fitting

:::::::::
technique,

::::::
which

::::
could

::::::::
represent

::
a
::::::
generic

:::::::
retrieval

::::::::
algorithm

:::
for

:::
the

:::::::
retrieval

::
of

::::::
aerosol

::::::
height.130

:::
The

::::
fast

:::::::
forward

:::::::
operator

::
is

:
described in Section 2while

Section 3 and 5 cover
:
,
::::::
Section

:
3
::::::
covers the setup of the sensi-

tivity studyand the inversion scheme. The applied instrument
error model

:
,
:::
and

:::
the

:::::::::
generation

::
of
::::::::

synthetic
::::::::::::
measurements

:
is
:::::::::
introduced

::
in

:::::::
Section

::
4.

:::
The

::::::::
inversion

::::::
scheme

:
is described135

in Section 4 and the
:
5
::::
and

:::
the

:::
the

:
results of the sensitivity

study are discussed in Section 6.

2 Fast Forward Operator

The following discussion is based on the assumption, that
the inversion of radiative transfer simulations for a complex140

atmosphere is the most suitable path
:::::::
approach

:
to retrieve

aerosol height. Radiative transfer simulations numerically
map an atmospheric state, which includes

::::::
among

:::::
others

:
the

quantities of interest, with simulated measurements. An in-
version operator, which could include additional prior knowl-145

edge is then
:::
can

::::
then

:::
be used as retrieval

:::::::
operator. This as-

sumption is emphasized, since this approach requires in gen-
eral complex modeling, is prone to errors, requires precise
knowledge about the optical properties of the atmosphere, the
surface, and the aerosols, and can be computationally very150

demanding. To our best knowledge, no simpler approach
::
for

::
the

::::::::
retrieval

::
of

:::::::
aerosol

::::::
height

:
exists up to now, as it was

found e.g. for fluorescence emitted by vegetation, which can
be retrieved using Fraunhofer lines without relying on ra-
diative transfer (e.g. Frankenberg et al., 2011; Joiner et al.,155

2011).
The design of the fast forward operator was

mainly driven by considerations about computational
speed on standard computer hardware and simula-
tion accuracy. This leads either to the use of the160

radiative transfer model directly as forward model
(e.g. compare the OCO2 retrieval by Bösch et al., 2006)

::::
(e.g.

:::::::
compare

::::
the

:::::::
OCO2

::::::::
retrieval

:::
by

:::::::::::::::::::
Bösch et al. (2006) or

::
the

::::::::
retrieval

:::
of

:::::::
aerosol

:::::::
height

:::::
from

:::::::::::::
SCIAMACHY

:::
by

:::::::::::::::::::
Sanghavi et al. (2012) ), or to use the classical approach of165

a forward operator based on interpolation within a lookup
table populated by radiative transfer calculations. The fol-
lowing discussion could also be based on neural networks,
but the interpolation approach was chosen since its behavior
is easier to understand and does not depend on tuned neural170

network parameters.
Using a full scale radiative transfer model as forward op-

erator entails some inherent advantages, as one does not rely
on (linear) interpolation, which can introduce errors due to
the locally nonlinear behavior of solutions of the radiative175

transfer equation. However, this approach will always be
much more demanding computationally as

:::::::::::::
computationally

:::::::::
demanding

::::
than a simple lookup table interpolation and thus

might be unsuitable for application on standard computer
hardware systems. A possible solution is to speed up the ra-180

diative transfer, which in general sacrifices simulation accu-
racy, which could cancel

:::::
repeal

:
some of the advantages of

this approach. On the other hand, populating a high dimen-
sional lookup table with hyperspectral radiative transfer sim-
ulations is computationally expensive

:::
also

::::::::::::::
computationally185

::::::::
expensive

:
-
:::::::::
especially

:
if
:::::
more

:::
and

:::::
more

::::
state

:::::::::
parameters

:::
are

::
to

::
be

:::::::
included. However, for the case of the Oxygen A band,

this obstacle can be lifted
::::::::
overcome by exploiting the high

correlation of the spectrum with respect to variations of the
atmospheric state. Natraj et al. (2005) were using principal190

component analysis to speed up the calculation of optical pa-
rameters for a radiative transfer model, while Hollstein and
Lindstrot (2013) have presented an approach based on princi-
pal component analyses

:
, which can speed up the population

of the lookup table by one or more orders of magnitude. Fol-195
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lowing the latter approach, a higher speedup is achieved for
larger lookup tables. Hence, the computational aspect of fill-
ing up a potentially large lookup table can be considered as
very well under control.

To summarize this approach: It was shown explicitly for200

the Oxygen A band, that a comparably small, randomly se-
lected subset of spectra is sufficient to compute a set of prin-
cipal components, which can be used to reconstruct the total
lookup table, where the reconstruction accuracy is a function
of the randomly selected subset of spectra and the number205

of used principal components. Then, Hollstein and Lindstrot
(2013) presented an algorithm, which makes it possible to
compute the expansion coefficients of a certain spectrum by
simulating only a small subset of spectral channels. This im-
plies, that for the Oxygen A band, a relatively small number210

of spectral channels is sufficient to reconstruct the hyperspec-
tral simulation, thus leading to an enormous speedup. This
approach makes it feasible to increase the allowed computa-
tion time of the radiative transfer, e.g. to increase simulation
accuracy by using higher vertical and spatial resolution or by215

taking 3D effects into account.
Next to populating the lookup table, its possible huge size

can become a major obstacle, especially for hyperspectral
applications. As a consequence, the proposed

::::::
lookup

::::
table

::
for

:::
the

:
fast forward operator is also

::::::
exploits

:
a
::::
data

::::::::
reduction220

::::::::
technique

:
based on principal component analysis. In this

way,
:
It
::

is
:::::
used

::
to

::::::
achieve

:
effective data compression is used

to reduce the size of the lookup table and also to gain com-
putational speedups for the interpolation within that table.

The approach consists of two tables, one which stores the225

expansion coefficients of the simulated spectra with respect
to the corresponding atmospheric state and a second one for
the used principal components. Formally: let x ∈ Rnx be a
state vector with nx free parameters for the radiative trans-
fer model RT (x ) = y ∈ Rnλ , where y is the simulated spec-230

trum and nλ is the number of simulated spectral channels. A
generic lookup table would then consists

:::::
consist

:
of a possi-

bly large set with n states: X = (x1, . . . ,xn) and a related set
of simulated spectra Y = (y1, . . . ,yn). Principal component
analysis can be used to derive a number of np� n

:::::::
np� nλ235

principal components pi ∈ Rnλ , i= 1, . . . ,np, which can be
combined in the principal component matrix PnP ∈ RnP×nλ

with [PnP ]ij = [pi]j . The expansion coefficients for each
spectrum ci = P×yi, i= 1, . . . ,n can be computed such that
a reconstructed spectrum ỹi can be expressed as ỹi = P−1×240

ci = PT × ci. The matrix PnP is orthogonal
::::::::::
orthonormal

since the pi are pairwise orthogonal
::::::::::
orthonormal, such that

P−1 = PT . The reconstruction residual εi = |yi− ỹi |, i=
1, . . . ,n for a single spectrum yi generally depends on the
number of principal components and the reconstructed spec-245

trum, while the mean reconstruction residual with respect to
the total lookup table ε=mean(ε1, . . . , εn) only depends on
the number of principal components.

In general and with proper computation of PnP , both
residuals are strongly decreasing with increasing number of250

principal components, thus nP can be chosen such that the
mean reconstruction error is sufficiently smaller then

:::
than

the measurement error of a possible instrument. As a result,
the large table Y , which contains simulated spectra can be
replaced by the principal component matrix PnP and a table255

C = (c1, . . . , cnl) with ci = PnP×yi, which contains only the
expansion coefficients for each spectrum and is

:::::
smaller

::::
than

::
Y by a compression factor

:
of

:
nλ/npsmaller than Y .

To save large amounts of computation time
:::
for

:::::::
building

::
the

::::::
lookup

::::
table, the ci could be computed using the approach260

presented by Hollstein and Lindstrot (2013). The lookup ta-
ble C should be small enough to fit easily in the main mem-
ory of modern PCs. Not only does this approach save main
memory when compared with an uncompressed table, it also
saves much computation time since the interpolation and265

computation of partial derivatives can be computed in the
space spanned by the expansion coefficients. This is possible
since the compression from the principal component analy-
sis is linear, thus compression and interpolation can be inter-
changed.270

An interpolation scheme IT (X,C,x ) = c in the expan-
sion coefficient space must be implemented from which the
desired interpolated spectrum can be computed by multiply-
ing with the principal component matrix:

y(x ) = PTnP × IT (X,C,x ). (1)275

This approach can be implemented to be computationally
efficient and enables a simple path to exploit computation
on modern GPGPUs. In an initialization step, the lookup ta-
ble C must be copied to the memory of the GPGPU, which
is the slowest part, then very little data transfer is needed280

since for a single interpolation only the two small vectors
x and c need to be transferred from and to the main mem-
ory, where the final expansion to the desired spectra could
be computed. The spectral resolution of the simulations can
be adjusted easily and with little extra computational cost.285

When the
::::::
original

:
simulations were performed with adequate

spectral resolution, it is
:::
for

:::::
many

::::::::::
instruments

:
sufficient to

convolve the
::::::
original

:
principal components with the desired

:::::::::
appropriate

:
response functions to set up the

:
a
:::
fast

:
forward

operator for a different
:::
this

:
instrument. This is numerically290

cheap,
::
as
::::

the
::::::
number

:::
of

:::::::
principal

:::::::::::
components

::
is

::
in

::::::
general

:::
not

:::
too

::::
large

:
and can be performed on the fly when the pro-

gram is called. Similarly, spectral shifts as they occur e.g. for
TANSO-FTS onboard GOSAT can be corrected by convolv-
ing the principal components with response functions which295

take the spectral shift into account. Further speedup in an in-
version scheme can be achieved by selecting the number of
used principal components with respect to the current value
of the cost function. In the first steps of an iterative optimiza-
tion scheme, it might be sufficient to reconstruct the spectra300

using only a few principal components, since it is sufficient
to keep the reconstruction error well below the difference of
actual measurement and simulation. The number of princi-
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pal components can then be increased with decreasing cost
function value to improve the reconstruction quality.305

3 Synthetic Study Setup

Radiative transfer simulations were performed using the
MOMO radiative transfer model (see Fell and Fischer,
2001; Hollstein and Fischer, 2012) which is a matrix
operator model widely used at Freie Universität Berlin.310

Gaseous absorption was computed using line parameters
from the HITRAN spectral database (Rothman et al.,
2009) and a modified scheme to compute the k-distribution
(Bennartz and Fischer, 2000)

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Lacis and Oinas, 1991; Fu and Liou, 1992; West et al., 1990; Bennartz and Fischer, 2000) .

The parameter grid for the lookup table is shown in Table315

1. The variation of the atmospheric state includes surface
pressure, aerosol optical thickness, aerosol mean height,
aerosol type, surface reflectance, and the viewing geometry.
The

:::
full

::::::::
parameter

:::::
range

:::
of

:::
the

::::::
lookup

:::::
table

:::::
space

::
is

::::
used

:::::::::
throughout

:::
this

::::::
study.

::::
The

:
surface reflectance spectrum is320

assumed to be a linear function and is modeled using a
reflectance value at 755nm and at 780nm. The normalized
aerosol vertical distribution v(h,µ,σ) with respect to height
above the surface h and mean height µ is modeled using a
log normal distribution with a width parameter of σ = 1.1 ,325

which represents a narrow layer-like distribution:

v(h,µ,σ) =
1

h ∗ log(σ)
1/
√
2π

h ∗ log(σ)
::::::::

exp(− (log(h)− log(µ))2

2log(σ)2
.

(2)

:::
The

::::
log

::::::
normal

::::::
model

::::
can

::::::::
represent

::
a
:::::

wide
::::::

range
::
of

:::::::
possible

::::::
aerosol

:::::::
vertical

:::::::::::
distributions

:::
and

::
a
:::::::
similar

:::::
model

:::
was

::::
also

:::::
used

::
by

:::::::::::::::::::::
Sanghavi et al. (2012) in

::::
their

:::::::::
previously330

::::
cited

::::
case

:::::
study.

:

As a result of this setup, the analysis is based on the re-
trieval of a single aerosol layer when only a single aerosol
layer is present. A constant temperature profile is assumed
throughout this discussion, since the actual profile should be335

given as background information. Introducing the tempera-
ture profile into this framework poses no specific difficulties
and could be easily implemented as proposed by Lindstrot
and Preusker (2012).

Several randomly selected spectra at three spectral reso-340

lutions are shown in Figure 1. All spectra within the lookup
table were fully simulated and could be used to compute the
principal components, as well as evaluating the reconstruc-
tion performance for a specific set of principal components.
The principal component algorithm provided by the Python345

package Scikit-learn (Pedregosa et al., 2011) was used to
compute the actual components. The first six components are
shown in Figure 2. Although it is in general unclear how to
attribute specific physical properties to a single component,
the first two components show a clear signature of the gen-350
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Fig. 1. Random selection of synthetic spectra and inversion re-
sults for spectral resolution and sampling of 0.01nm, 0.1nm, and
0.4nm. The synthetic signal to noise ratio was set to 100 (see Sec-
tion 4 for a definition of the noise model) and the thin lines around
the zero line show the fit residual.
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Fig. 2. The first six principal components of the principal compo-
nent matrix PnP . The spectra are normalized for better graphical
representation.

eral oxygen absorption features and the linear model of the
surface reflectance.

The uncompressed lookup table contains
::::::
consists

:::
of

2.496.000 spectra , each with
::::
with

:
a
:::::::

spectral
:::::::::
resolution

::
of

4501 channels, which is too large to efficiently compute355

principal components
:
.
:::::

Such
:::

an
::::::

large
:::::::
amount

:::
of

::::
data

:::::
makes

::::
the

:::::::::::
computation

::
of

::::
the

::::::::
principal

:::::::::::
components

:::
for

::
the

::::::::
complete

:::::::
dataset

::::::::::
numerically

::::::::::
challenging. As shown by

Hollstein and Lindstrot (2013), this is not necessary, since
a randomly selected sub sample of spectra of sufficient size360
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Table 1. Parameter grid of the lookup table. The table contains 4 ∗ 5 ∗ 3 ∗ 5 ∗ 2 ∗ 2 ∗ 13 ∗ 8 ∗ 20 = 2496000 states and corresponding spectra.

surface pressure ρ nρ = 4 ρ= 800hPa,950hPa,1013hPa,1050hPa

aerosol optical thickness nτ = 5 τ = 0.0,0.3,0.6,0.9,1.2

aerosol center height nh = 3 h= 500m,2500m,4500m

aerosol type nt = 5 t= 1,2,3,4,5 (dust,urban,continental,neutral,absorbing)

surface reflectance at 755nm nα1 = 2 α1 = 0.1,0.7

surface reflectance at 780nm nα2 = 2 α2 = 0.1,0.7

viewing zenith angle µ nµ = 13 µ= 0.00, 7.44, 13.63, 19.76, 25.88, 31.99, 38.10, 44.21, 50.32,
56.42, 62.53, 68.63, 74.74 in deg

solar zenith angle µS nµS = 8 µS =0.00, 7.44, 13.63, 19.76, 25.88, 31.99, 38.10, 44.21 in deg

relative azimuth angle φ nφ = 20 φ=0.00, 9.47, 18.95, 28.42, 37.89, 47.37, 56.84, 66.32, 75.79,
85.26, 94.74, 104.21, 113.68, 123.16, 132.63, 142.11, 151.58,
161.05, 170.53, 180.00 in deg

is feasible to compute principal components which are valid
for the complete lookup table. Since all spectra were fully
simulated, it is possible to test the reconstruction accuracy of
the total dataset with respect to the number of used principal
components.365

Figure 3 shows the dependency of the mean of the syn-
thetic signal to noise ratio for the whole lookup table with
respect to the number of used principal components. The syn-
thetic signal to noise level was defined as:

SNR=mean(y i)/stdev(yi−y−
::

ỹ), (3)370

and
:::::
where

:::
y

::
is
:::

a
::::::::

synthetic
::::::::::::

measurement
:::::

and
::̃
y
::

a

:::::::::::
reconstructed

::::::::
spectrum

:::
and

:
is used as measure

:
a
:::::::
measure

::
of

::
fit

::::::
quality throughout this paper. The results show clearly

:::
The

::::::
results

::::::
clearly

:::::
show, that the reconstruction quality

increases strongly with increasing number of principal com-375

ponents. Also, that a number of ten principal components is
sufficient to represent the original data with a mean synthetic
SNR of approximately 1000.

Histograms of the reconstruction error for increasing val-
ues of nP are shown in Figure 4. The results clearly show380

that the reconstruction quality increases dramatically with in-
creasing number of principal components. The histogram for
15 principal components shows a peculiar dip in the mid-
dle of the distribution, which sets this distribution slightly
apart from the other ones, but causes no difficulties since the385

whole distribution shows a much better mean reconstruction
quality than when using only five principal components. This
effect shows that it is in principle difficult to establish a phys-
ical link between a principal component and its effect on the
overall reconstruction accuracy when it is added to the recon-390

struction matrix.
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Fig. 3. Mean synthetic SNR with respect to the number nP of prin-
cipal components.

The aerosol optical models were implemented according
to Levy et al. (2007). These models are also used by the
MODIS aerosol retrieval and were specifically designed to
fit observations for different locations on the globe.

::::
These395

::::::
models

:::
are

::::::::::::
representative

::::
from

::
a

:::::::
MODIS

::::::::::
perspective,

::::
since

::::
there

::::
were

::::::::
designed

::
to

::::::::
represent

:::::
what

:::
can

:::
be

:::::::
retrieved

::::
with

::::::
MODIS

::::
and

:::
not

::::
for

::::
what

:::::
could

:::
be

::::
seen

:::
in

:::
the

:::::::
Oxygen

::
A

::::
band.

::
It
::
is

::::::
beyond

:::
the

:::::
scope

::
of

::::
this

::::
paper

::
to
::::::
derive

::
an

::::::
aerosol

:::::
model

::::::
which

:::::::::
maximizes

::::
the

:::
use

:::
of

::
all

::::
the

::::::::::
information

::
in400

::
the

::::::::
Oxygen

::
A

:::::
band,

::::
but

:::::
these

::::::
models

::::
are

:
a
:::::

good
::::::

choice

::::::::::
nevertheless.

:::::
They

::::::
allow

::
to

:::::
asses

::::::
which

:::
of

:::::
these

::::::
widely

::::
used

::::::
models

::::
can

::
be

::::::::::::
distinguished

:::::
from

:::
the

::::::::
discussed

::::
type

::
of

::::::::::::
measurements.

:
From the published optical properties, the

urban, neutral, dust, continental, and absorbing types were405

implemented and Mie calculations using the implementa-
tion provided by Wiscombe (1980) were used to compute
phase functions, extinction

:::::::::::
cross-sections, and single scatter-

ing albedo. Aerosol phase functions at 774.5nm with respect
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to scattering angle and optical thickness are shown in Figure410

5.
The approach of this study is to expand on the retrieval er-

ror analysis as presented by Sanders and de Haan (2013) and
to implement a real world

::
an

::::::
actual retrieval scheme, where

simulated measurements with realistic random errors are fit-415

ted using the fast forward operator. This approach is suited
to realistically discuss the difficulties which can arise from
multiple minima in the cost function, which can be caused
by almost linearly dependent partial derivatives of the for-
ward operator.420

The dependency of the partial derivative of the for-
ward operator with respect to aerosol optical thickness and
aerosol height is shown in Figure 6 and for surface re-
flectance and aerosol optical thickness in Figure 7. The par-
tial derivatives were rescaled with a specific decimal power425

and corresponding
:::::::::
multiplied

::::
with

::
a
:::::::

scaling
::::::

factor
::::
with

:::::::::
appropriate

:
unit, such that both rescaled spectra carry the unit

radiance and are of comparable magnitude. By neglecting
non-linearity, one can interpret the scaling factors as the spe-
cific quantity for both compared parameters, which causes a430

similar radiance change.
Figure 6 shows clearly that the partial derivatives with re-

spect to aerosol height and aerosol optical thickness are quite

Fig. 6. Several scatter plots of the partial derivative
:::::::
spectrum of the

fast forward operator with respect to aerosol height and aerosol op-
tical thickness. Both partial derivatives were scaled with a specific
decimal power

::::
factor with appropriate unit, such that the unit of

the resulting quantity is radiance and that both spectra have similar
magnitude. Shown in the top left of each panel is the base aerosol
optical thickness and aerosol height. Different colors indicate re-
sults for the different aerosol types. From the left to right panel, the
aerosol height is kept constant and the aerosol optical thickness in-
creases, while from top to bottom panel the aerosol height is chang-
ing. The baseline parameters are, solar angle µS = 10◦, viewing
angle µ= 20◦, relative azimuth angle ϕ= 30◦, surface reflectance
is α= 0.2, and surface pressure was set to ρ= 1013hPa.

variable with respect to
:::::::
functions

:::
of the aerosol model and

can be largely described by almost linear sections with alter-435

nating signs of the slope. Figure 6 shows the partial deriva-
tives with respect

:::::
regard

:
to aerosol height and aerosol optical

thickness, which rather strongly depend on the aerosol model
and can be largely described by almost linear sections with
alternating signs of the slope. This behavior could potentially440

lead to multiple minima in the least squares cost function.
Also, their differences could help to discriminate between
aerosol types. Figure 7 shows that the partial derivatives with
respect to aerosol optical thickness and surface reflectivity
are strongly linearly correlated, with a strong dependency445

on aerosol type. This indicates one of the main theoretical
problems with deriving the aerosol height from the Oxygen
A band alone. Crucial for the retrieval accuracy will be the
proper discrimination of surface reflectivity and aerosol op-
tical depth. Both parameters are highly variable in space and450

time on short scales, such that prior knowledge with suffi-
ciently small uncertainty will likely be unavailable.
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Fig. 7. Similar setup as shown in Figure 7, but the partial derivatives
with respect to surface reflectivity and aerosol optical thickness are
compared.

4
::::::::
Synthetic

::::::::::::::
Measurements

:::::
Scope

::
of

:::
this

:::::
paper

::
is

:::
the

:::::::::
simulation

::
of

::::::
general

:::::::::::
hyperspectral

:::::::::
radiometers

::::::
with

::::::::
arbitrary

::::::::
spectral

::::::::::
resolution,

:::::::
spectral455

::::::::
sampling,

:::
and

::::::
signal

::
to

::::
noise

:::::
level.

:::
As

:::::::
generic

::::
noise

::::::
model,

:
a
:::::::
random

:::::
noise

:::::
vector

:::
n

:::
was

::::::
added

::
to

::
a
:::::::
forward

:::::::
operator

::::::::
simulation

:::
to

:::::::
produce

::
a

:::::::
synthetic

::::::::::::
measurement

:::
ym:::

for
:::
the

::::::
Oxygen

::
A
:::::
band:

:

ym = y +n(y),n(y) = r−1,1mean(y)/SNR,
:::::::::::::::::::::::::::::::::::::

(4)460

:::::
where

:::::
r−1,1:::

is
::

a
::::::

vector
:::::

with
::::

the
::::::::::

dimension
:::
of

:::
the

:::::::::
simulations

::::::
which

::::::::
contains

:::::::
random

:::::::
numbers

::::::::
between

:::
−1

:::
and

::
1,
::::::
SNR

::
is
::::

the
:::::::::
prescribed

::::::
signal

::
to

:::::
noise

::::::
ratio,

:::
and

::::::::
mean(y)

:::::::
denoted

::::
the

:::::::
spectral

:::::::
average

:::
for

::::
the

::::::::
complete

::::::
Oxygen

::
A
:::::

band.
:::::

With
::::
this

::::::::
definition,

::::
the

:::::::
synthetic

:::::
SNR

::
of465

:
a
:::::::
spectral

::
fit

::
is

::::::::::::
approximately

:::
the

::::::::
prescribed

:::::
SNR

:::::::
number.

:
A
:::::

more
:::::::
realistic

::::::
model

::::
can

::
be

:::::
used

::::
with

:
a
:::::::

specific
::::
type

::
of

:::::::::
instrument

:::
in

::::::
mind,

:::
but

::::::
would

:::
at

::::
the

:::::
same

::::
time

:::
be

:::
less

:::::::
general

:::
for

::::::
other

:::::
types

:::
of

:::::::::::
instruments.

::::
This

::::::
makes

::
the

::::::
setup

:::
of

::
a
::::::::

generic
:::::
noise

:::::::
model

:::
for

:::::
this

::::
type

:::
of470

::::
study

::::::::
difficult.

::::::::
Although

::::
the

::::::
chosen

::::::
model

::
is

::::
very

::::::
simple

:::
and

:::::::
generic,

:::
it

::
is
::::::::::

sufficiently
::::::

close
::
to
::

a
::::::::

realistic
:::::

noise

:::::
model

:::::::::::::::::::::::::::
(e.g. see Aiazzi et al., 2006) and

::::::
avoids

:::
the

:::::::
problem

::
of

::::::
almost

::::
zero

::::::
relative

:::::
error

:::
for

:::::
small

::::::::::::
measurements

:::::
when

::::
using

:::::
pure

::::::::::::
multiplicative

:::::
noise.

:::
In

::::::::
addition,

:::
the

::::::
model

::
is475

::::::::
controlled

:::
by

:
a
:::::
single

:::::::::
parameter

:::::
which

::::::
makes

:::
the

::::::::
discussion

::
of

:::
the

::::
noise

:::::
more

::::::::
coherent.

5 Inversion Scheme

The fast forward operator was implemented in FORTRAN,
parallelized using OpenMP, and run on a standard desk-480

Table 2. Benchmark results of the fast forward operator on a Intel
i7-3770 with respect to the number of used principal components
nP , spectral resolution SR, spectral sampling SS, and for the pure
interpolation result y and the interpolations result and correspond-
ing Jacobean

::::::
Jacobian

:
y ,∇y. Spectral resolution and spectral sam-

pling were chosen to be the same per run and carry the unit of nm.
The unit for the benchmark results is spectra/s

:::::::
simulated

::::::
spectra

::
per

::::::
second. Eight threads were used for the multithread run.

single thread multi thread

SR= SS nP y y ,∇y y y ,∇y
0.1 5 5780 1580 26694 7213

0.01 5 5777 1574 26734 7221
0.001 5 5768 1581 26694 7222

0.1 15 4129 845 20100 4072
0.01 15 4125 845 19997 4089

0.001 15 4120 844 20141 4105

0.1 30 3020 500 14213 2325
0.01 30 2974 497 13862 2343

0.001 30 3002 501 13866 2402

top computer with 8GB of main memory and an Intel i7-
3770 CPU with 4 cores running at 3.2GHz. The linear
interpolation

::::::::::
multi-linear

:::::::::::
interpolation

:::
in

:::
all

::::::::::
dimensions

::
of

:::
the

::::::
lookup

:::::
table

:
was implemented in FORTRAN such

that the Jacobean of the interpolated function is computed485

analytically without much computational overhead.
:
a
::::
way,

:::
that

:::
the

::::
first

:::::
order

:::::::::
derivatives,

::::::
which

:::
we

:::
will

::::
call

::::::::
Jacobians

:::::::::
throughout

::::
this

:::::
paper,

:::
are

:::::::::
computed

::::::::::
analytically

:::::
from

:::
the

::::::::::
interpolation

::::::::
formula.

::::
This

::::::::
approach

:::
is

::::::::::
numerically

:::::
stable

:::
and

:::::
needs

::::
only

::::
little

:::::
extra

::::::::::::
computational

::::
time.

:
490

Results for a simple benchmark are shown in Table 2. Each
benchmark result is based on the computation of 50.000 ran-
domly selected states. The benchmark shows that the run
time of the forward operator is almost independent from
spectral resolution and sublinearly increases with increasing495

number of principal components.
The Levenberg Marquardt optimization routine lmder

from the MINIPACK project provided by Moré et al. (1984)
was used to minimize the sum of least squares between sim-
ulated measurements and results of the fast forward oper-500

ator. As discussed in Section 3, no prior knowledge is as-
sumed since for the crucial variables aerosol type, aerosol
height, aerosol optical thickness, and surface reflectance,
prior knowledge will likely not be available with sufficiently
small error.505

The
::::::
original

:
lmder routine is implemented for an un-

bounded problem . To
:::
and

::::
was

:::::::
modified

:::
to ensure that the

search range
:::::::::::
minimization

::::::
search

:
stays within the bounds

of the lookup table, the
:
.
::::
This

::
is

::::::::
achieved

:::
by

:::::::::
modifying

:
a

computed next iteration step was modified such
::::
such,

:
that510

the bounds of the lookup table can only be reached asymp-
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totically. The modification replaces the computed stepsize
to

::
If

::
an

::::::
actual

::::::::
computed

::::
step

::::::
would

::::
cross

::::
the

::::::
lookup

::::
table

::::::::
boundary,

:::
the

:::::::::
computed

:::
step

::::
size

::
is
::::::::
replaced

::
by

:
half of the

distance between the actual position and the boundary. A515

::::::
Finally,

:
a
:
certain minimum step size for aerosol optical depth

was chosen as convergence criterion for the iteration.

6 Noise Model

Scope of this paper is the simulation of general hyperspectral
radiometers with arbitrary spectral resolution, spectral520

sampling, and signal to noise level. As generic noise model,
a random noise vector n was added to a forward operator
simulation to produce a synthetic measurement ym:

ym = y +n(y),n(y) = r−1,1mean(y)/SNR,

where r−1,1 is a vector with the dimension of the525

simulations which contains random numbers between −1
and 1 and SNR is the prescribed signal to noise ratio.
With this definition, the synthetic SNR of a spectral fit is
approximately the prescribed SNR number.

Although this is a very simple noise model,530

it is sufficiently close to a realistic noise model
(e.g. see Aiazzi et al., 2006) and avoids the problem of
almost zero relative error for small measurements when
using pure multiplicative noise

:::
The

::::::
lmder

:::::::
routine

::
is

:::::
called

::
20

:::::
times

:::::
with

::::::::
randomly

::::::::
selected

:::::::
starting

::::::
values

:::
for

::::
each535

:::::::
inversion

:::::::
attempt

:::
and

:::
the

::::
best

:::::
result

::
in

::::
terms

:::
of

:::
cost

:::::::
function

::::
value

::
is
::::::::

returned
:::
as

::::
final

::::::
result.

::::
This

::::::::
approach

:::::::::
eliminates

:::::
effects

:::::::
caused

:::
by

::::::::
possible

:::::::
multiple

::::::::
minima

::
in
::::

the
::::

cost

:::::::
function,

:::
or

::
a

:::::::::
sensitivity

::
of

::::
the

::::::::
inversion

:::
for

:::
the

:::::::
starting

:::::
values.540

6 Synthetic Retrieval Results

The sensitivity study is based on a Monte Carlo approach.
A number of 5.000

:::::
50.000

:
retrievals with randomly selected

state vectors is performed for a given setting of spectral res-
olution, spectral sampling, signal to noise ratio, prior aerosol545

type information, and surface inhomogeneity.
:::
The

::::::::
complete

::::::::
parameter

:::::
space

::
of

:::
the

::::::
lookup

:::::
table

::
as

:::::
given

::
in

:::::
Table

::
1

:::
was

::::
used

:::
for

:::
the

:::::::::
generation

::
of

:::::::
random

:::::::::::
atmospheric

:::::
states.

:
Sur-

face inhomogeneity is modeled by applying the independent
column approach, where the mean value over Nα = 9 simu-550

lations using a range of different surface reflectances is taken.
The resulting set of prescribed state vectors and inversion re-
sults is then analyzed by means of scatter plots and mean
values.

Two named cases are distinguished throughout the anal-555

ysis, the best case and the realistic case scenario. The best
case scenario is characterized by a retrieval with known

aerosol type and simulations with homogeneous surface re-
flectance, while for the realistic case the aerosol type is a free
inversion parameter and surface inhomogeneity is taken into560

account. The two cases can be used to study the effect of an
unknown aerosol type, which is believed to have only minor
effects (compare Sanders and de Haan, 2013), and also the
effect of the finite spatial resolution of a hypothetical sensor.
In general, spectral resolution, spectral sampling, and spa-565

tial resolution are competing factors for an instrument with
given external constraints. Increasing the spectral resolution
decreases the amount of energy within each channel, which
can be compensated with more sensitive detectors, longer
integration time, or a larger footprint on the surface of the570

Earth. The realistic case is therefore more realistic for hy-
perspectral instruments such as TROPOMI or TANSO-FTS,
where an instrument with lower spectral resolution such as
FLEX offers much higher spatial resolution.

:::::::
Spectral

:::::::::
resolution

::::
and

:::::::::
sampling

::::
are

::::
two

:::::
free

::::
and575

::::::::::
independent

:::::::::
parameters

:::
of

:::
the

::::
fast

:::::::
forward

:::::::
operator

:::::
setup

:::
and

:::::
their

::::::
effects

:::
can

:::
be

:::::::
studied

:::::::::::::
independently.

:::::
Here,

:::
we

::::
focus

::::
our

:::::::
analysis

:::
to

::::
the

:::::::
retrieval

:::
of

:::::::
aerosol

:::::::::
parameters

:::
and

:::::::
simplify

::::
the

:::::::::
parameter

:::::
space

::
to
::::::

cases
:::::
where

:::::::
spectral

::::::::
resolution

::::
and

::::::::
sampling

::::
are

::::::
equal.

::::
This

:::::::
implies

::::
that

:::
no580

:::::::::::
oversampling

::
is

::::::::::
considered,

::::::
which

:::
can

:::::
help

::
to

::::::
reduce

:::
the

:::::
impact

:::
of

::::::
random

:::::
noise

:::
for

:::
real

:::::::::::
instruments.

It is of great importance for the general applicability of
the inversion results that the scheme robustly finds the global
minimum of the cost function. This is ensured by a large585

number of random starting values and a comparison of the
resulting synthetic SNR value

::::
from

:::
the

::
fit

:::::::
residual

:
with the

prescribed one. If the achieved residual is in the order of
the prescribed noise, the inversion is successful and different
schemes might only be more efficient in the needed compu-590

tational burden or memory use. Figure 8 shows the mean in-
version signal to noise ratio

::::
from

:::
the

::
fit

:::::::
residual

:
with respect

to spectral resolution, prescribed signal to noise ratio, and the
best case and realistic case scenario. The results show clearly
that the inversion succeeds and is capable of finding a mini-595

mum in the cost function which can be completely explained
by noise. This is also highlighted in Figure 1, where several
simulated spectra, inversion results, and resulting residuals
are shown for three spectral resolutions. The general inver-
sion residual is within the prescribed noise, which indicates600

that an improvement above the results presented here is only
possible by introducing further measurements or additional
prior knowledge. However, such an analysis is beyond the
scope of this paper.

As discussed above, the methodology of this study is605

purely Monte Carlo like and an overview about results for
the best case, realistic case, and

:::::::
synthetic

:::::
SNR

::::
value

::
of

::::
500,

:::
and

::::::
varying

:
spectral resolution is shown in Figure 9. The top

row of subfigures shows the effect of unknown aerosol type
and surface inhomogeneity for constant signal to noise ra-610

tio, spectral resolution, and spectral sampling. While the re-
sults for the aerosol height retrieval even slightly improve,
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Fig. 8. Mean synthetic signal to noise level from inversion attempts
versus

::
vs.

:
spectral resolution for three prescribed SNR levels. Blue

lines indicate the best case setup, whereas results for the realistic
case are shown using red color. Spectral sampling is equal to the
spectral resolution. The best case is characterized by a homoge-
neous surface and known aerosol model, where the realistic case
is characterized by an unknown aerosol model and a heterogeneous
surface reflectivity.

the retrieval of aerosol optical depth is affected by relaxing
these constraints. The aerosol height retrieval is almost unaf-
fected, its bias is slightly reduced and the slope is closer to615

one. The scatter for aerosol optical depth retrieval increases
and the slope deviates more from one. In this respect, the
aerosol height retrieval is more stable with respect to aerosol
type and surface inhomogeneity than the retrieval of aerosol
optical depth. The bottom row of the figure shows the effect620

of decreasing the spectral resolution and spectral sampling
to 0.1nm. As for the case with higher spectral resolution
and sampling, the retrieval of aerosol height is more stable,
while the retrieval of aerosol optical depth is more strongly
affected.625

The presented scatter plots can be seen as an best estimate
for a real world validation of a retrieval scheme

::
the

::::::::
validation

::
of

:::
the

:::::::
retrieval

::::::
scheme

::
in

:::::
reality. Its success can be measured

in terms of absolute accuracy, but also relative to given user
requirements, which in general strongly depend on a specific630

application. Aim of this paper is to be rather general and not
to base the discussion on a certain user requirement and ap-
plication. Hence, throughout this paper the absolute retrieval
accuracy is taken as measure.

Visible in all scatter plots are minor artifacts which are635

caused by the grid points of the tabulated aerosol optical
depth and aerosol height. The artifacts are horizontal lines
of increased occurrence for a parameter value which is a grid
point in the lookup table (compare also with Table 1). A real
world

:::
An

:::::
actual

:
retrieval could simply avoid these artifacts640

by using a finer grid in the lookup table, which would then
better represent the nonlinear response of the simulations

with respect to these parameters. These artifacts are shown in
Figure 9 and 10 to highlight the effects of a finite resolution
in the lookup table, but are excluded in the further analysis.645

Similar scatter plots, but for a prescribed signal to noise
ratio of 250 are shown in Figure 10. The general distribution
of scatter points is much wider than in Figure 9, although the
regression lines are only slightly affected. It will depend on
the desired application whether such scatter can be accepted.650

In contrast to other shown inversion results, each subfig-
ure of Figure 9 and 10 is based on the inversion of 10.000
randomly selected state vectors. Its computation on a stan-
dard PC with Intel i7-3770 CPU took approximately 30min
(see also the benchmark results in Section 5). Each inversion655

for a single spectrum was repeated 20 times with randomly
selected starting values to ensure convergence to the global
minimum of the least squares cost function.

The discussed results provide evidence,
:

that the retrieval
of aerosol height will depend on instrumental parameters like660

spectral resolution, spectral sampling, and signal to noise ra-
tio, but also on the scene itself. This is included in the discus-
sion by prescribing or removing the aerosol type information
and introducing surface inhomogeneities. Results regarding
this assumption are shown in Figure 11, which compiles the665

inversion success for surface pressure, aerosol optical thick-
ness, and aerosol height. Inversion success was defined as the
mean absolute

::::::
radiance

:
residual for the 90% best cases in

rescaled units as they were used in Figure 9 and 10. Zero in-
dicates a perfect mean inversion while one indicates that the670

mean residual is in the order of the maximum of the range of
the retrieved quantity. Surface pressure is shown merely as
reference, its retrieval success depends almost only on sig-
nal to noise error and decreases only slightly with increasing
spectral resolution.675

The results for aerosol optical depth and aerosol height be-
have quite differently. While being sensitive to spectral res-
olution, the inversion success strongly depends on the sig-
nal to noise level. The strongest increase for aerosol optical
thickness can be seen when decreasing the spectral resolu-680

tion from 1nm to 0.1nm. From that on, only minor improve-
ments in the retrieval can be achieved by increasing the spec-
tral resolution of the instrument. Again, it will depend on
user requirements whether a possibly small gain in retrieval
accuracy from increasing the spectral resolution is feasible.685

Similar
:
A
:::::::

similar, but weaker behavior can be seen for the
retrieval of aerosol height. Depending on the signal to noise
level, the retrieval of aerosol height could become worse for
increased spectral resolution. It should be noted, that these
results describe the inversion success with respect to spectral690

resolution at constant signal to noise range. When increasing
the spectral resolution, one automatically increases the dy-
namic range of the signal since the fine oxygen absorption
lines become better and better resolved. While these features
carry information about the aerosol height, they are strongly695

affected by noise, which can lead to a decrease in retrieval
accuracy. For a real instrument, increasing the spectral reso-
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Fig. 9. Overview about inversion runs for various scenarios. Each
figure is a combined scatter plot of a retrieved and prescribed pa-
rameter for 10000 randomly selected cases. A scenario is defined
by signal to noise level, spectral width, spectral sampling, num-
ber of surface reflectances, and aerosol type background informa-
tion. These background settings are shown in the top left of each
figure

:::
and

:
a
::::

SNR
:::::

value
::
of
::::
500

::::
was

::::
used

:::
here. Also in the top

left shown are line parameters for a linear fit per parameter and
the true parameter interval is shown in the bottom right. Shown
are retrieval results for the aerosol optical thickness (red), aerosol
height (green), and aerosol type (blue).

::
No

::::::::::
interpolation

::::::
between

:::::
aerosol

:::::
types

:::
was

:::::
used

:::
and

:::::
types

::::
were

::::::
ordered

::::
like

::
in

:::::
Table

:
1

:::::::::
(0.0 = dust,

::::::::::::
0.25 = urban,

:::::::::::::::
0.5 = continental,

::::::::::::
0.75 = neutral,

::::::::::::::
1.0 = absorbing). The Left column shows results for the the best
case (aerosol type information known, homogeneous surface with
Nα = 1) and the right column for the realistic case (unknown
aerosol type, inhomogeneous surface with Nα = 9) scenario. From
top to bottom the spectral resolution (SR) and sampling (SS) is de-
creased from 0.01nm (top) to 0.1nm (bottom). The color scale fol-
lows an inverse power distribution to enhance the visibility of low
density bins.

lution will affect the signal to noise level or other parameters
such as spatial resolution.

For the shown results, the realistic case background in-700

formation parameters were used. Figure 12 shows the be-
havior of the aerosol type and aerosol height with respect to
spectral resolution, aerosol type information, and surface in-
homogeneity. All combinations of known/unknown aerosol
type and homogeneous/inhomogeneous surface are shown.705

The overall effect is minor and is more pronounced for the
aerosol optical thickness. A conclusion is, that the retrieval
of aerosol height is robust against variations in aerosol type
and surface homogeneity. This conclusion is valid for the to-

Fig. 10. Similar as Figure 9, but for a prescribed signal to noise ratio
of 250.
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Fig. 11. Inversion success of surface pressure (cyan), aerosol opti-
cal depth (red), and aerosol height (green) with respect to spectral
resolution and prescribed signal to noise ratio (dashed, solid, dot
dashed). Shown is the mean absolute residual of the 90% best in-
version results in rescaled units (compare with Figure 9 and 10).
Spectral sampling for each point is equal to spectral resolution. The
realistic case background settings were used.

tal physical space which has been discussed here. It could be710

exploited in much more detail, e.g. by analyzing it with re-
spect to specific aerosol optical parameters and surface con-
ditions, but is left as subject for future research.

Although beyond the scope of this paper and likely of any
aerosol retrieval based purely on the Oxygen A band, the pre-715

sented scheme allows to investigate to what extent possible
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Fig. 12. Similar as Figure 11 but only for aerosol optical thickness
and aerosol height, but with respect to aerosol type information and
surface inhomogeneity. Shown are the best case and the realistic
case scenario and also the free type scenario where the aerosol type
is unknown to the retrieval but the surface is homogeneous and also
the surface mixing scenario where the aerosol type information is
given but the surface is assumed to be inhomogeneous.
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Fig. 13. Fraction of correctly retrieved aerosol type with respect
to spectral resolution, prescribed signal to noise ratio (solid/dashed
lines), and surface inhomogeneity (red

:::::
orange, blue

::::
purple,

::
and

green color).

aerosol type information can be retrieved. Results of such an
analysis are shown in Figure 13, which shows the fraction of
correctly retrieved aerosol type with respect to spectral reso-
lution, prescribed signal to noise ratio, and surface inhomo-720

geneity. In general, the fraction of correctly retrieved aerosol
type is increasing with increasing spectral resolution and is
decreasing with increasing signal to noise ratio and increas-
ing surface inhomogeneity. Although far from being the best
approach of retrieving the aerosol type, hyperspectral radi-725

ance measurements in the Oxygen A band could potentially
contribute to a better retrieval of aerosol type.

7 Conclusions

A fast forward operator for the simulation of hyperspectral
radiances in the Oxygen A band was described, benchmarked730

on a standard computer, and applied for a sensitivity study
concerning the retrieval of aerosol optical depth and aerosol
height. Study parameters were spectral resolution, spectral
sampling, signal to noise ratio, aerosol type information, and
surface inhomogeneity. The study showed that the retrieval735

generally benefits from higher spectral resolution, with the
strongest increase in retrieval accuracy above a spectral reso-
lution of 0.1nm. Signal to noise ratio strongly affects the re-
trieval and is a key parameter when designing an instrument
and a retrieval scheme. The retrieval of aerosol height seems740

to be robust even when aerosol type information is miss-
ing and when surface inhomogeneity is introduced. These
conclusions hold for the retrieval of a single aerosol layer
when a single aerosol layer is present. More complex ver-
tical profiles should be subject to future research. Evidence745

was found that the Oxygen A band contains valuable infor-
mation about the aerosol type, which could be used in an
aerosol retrieval which utilizes additional spectral bands. The
dependency with respect to the temperature profile was not
discussed here and might be subject to future research.750
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Meijer, Y., Ingmanna, P., Löscher, A., and the CarbonSat Mission945

Advisory Group Team: CarbonSat: ESA’s Earth Explorer 8 Can-
didate Mission, Geophysical Research Abstracts, 14 EGU2012-
2474-1, 2012.
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