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Abstract

The Infrared Atmospheric Sounding Interferometer (IASI) is an in-

strument on the MetOp satellites. The first IASI is in operational

service for ten years. IASI simulations by radiative transfer models

are needed for the retrieval of atmospheric properties from mea-

sured IASI spectra. These atmospheric properties include temper-

ature and humidity profiles, and trace gas concentrations of ozone,

methane, carbon dioxide, carbon monoxide and others. IASI data is

used to improve the numerical weather prediction as well as in trace

gas and climate monitoring.

The simulation of the 8461 IASI channels in a line-by-line radiative

transfer model requires a considerable amount of computing time

(O(days)), because the continuous space of frequencies has to be

approximated by a finite set of frequencies. Especially, if the error of

the simulation should range below the noise equivalent temperature

of IASI, a regular frequency grid requires a high number of nodes.

This is due to the complexity of the absorption lines in the IASI

infrared band. In practice, an accurate and computationally cheaper

optimization of the frequency grid is of great benefit.

The Simulated Annealing algorithm described by Buehler et al.

(2010) and Gasteiger et al. (2014) is a partly randomized method

to find frequencies whose spectral radiance is representative for the

spectral radiance of an entire channel. The algorithm is used for

two and more frequencies. The brute force approach, testing every

possible set of frequencies against a reference simulation, is adopted

for a single frequency per selection. The number of frequencies to be

simulated is reduced by a factor of 17 in this work, while the com-

puting time decreases by a factor of 36. The RMSD in brightness

temperatures between the reference simulation and the simulation

using a optimized frequency grid is less than 0.07 K. When differ-

entiating by viewing angles, a RMSD below 0.4 K is found for any

channel and viewing angle combination.
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Kurzfassung

Das Infrared Atmospheric Sounding Interferometer (IASI) ist ein

Messinstrument auf den MetOp-Satelliten. Das erste IASI ist bereits

seit 10 Jahren in Betrieb. IASI Simulationen durch Strahlungstrans-

fermodelle werden für das Retrieval von atmosphärischen Eigen-

schaften aus von IASI gemessenen Spektren benötigt. Diese at-

mosphärischen Eigenschaften sind Temperatur- und Feuchtepro-

file, aber auch Spurengaskonzentrationen von Ozon, Kohlen-

dioxid, Kohlenmonoxid und anderen. IASI Daten können die

numerische Wettervorhersage verbessern und für Spurengas- und

Klimaüberwachung genutzt werden.

Die Simulation von 8461 IASI-Kanälen in einem line-by-line

Strahlungstransfermodell braucht eine beträchtliche Rechenzeit in

der Größenordnung von Tagen, da der kontinuierliche Frequenzraum

durch finite Frequenzen angenähert werden muss. Insbesondere

wenn der Fehler einer Simulation unter dem niedrigen Rauschen von

IASI liegen soll, wird eine große Anzahl von Stützstellen benötigt.

Der Grund ist die Komplexität der Absorptionslinien im Spektral-

bereich von IASI. In der Praxis ist eine genaue und weniger rechen-

intensive Optimierung des Frequenzgitters ein großer Gewinn.

Simulated Annealing (z. Dt. simulierte Abkühlung), beschrieben

durch Buehler et al. (2010) und Gasteiger et al. (2014), ist ein

heuristisches Verfahren um Frequenzen zu finden, deren spektrale

Radianzen repräsentativ für die spektrale Radianz eines ganzen

Kanals sind. Der Algorithmus wird ab zwei zu wählenden Frequen-

zen eingesetzt. Der Brute-Force-Ansatz, in dem jede mögliche Fre-

quenzauswahl gegen eine Referenzsimulation getestet wird, wird für

die Auswahl einer einzelnen Frequenz angewendet. In dieser Arbeit

konnte die Anzahl der benötigten Frequenzen um den Faktor 17 re-

duziert werden und führte zu einer Reduktion der Laufzeit um den

Faktor 36. Der mittlere quadaratische Fehler (RMSD) in Strahlung-

stemperaturen zwischen der Referenzsimulation und der Simulation

mit einem optimierten Frequenzgitter liegt unter 0,07 K. Bei einer

zusätzlichen Unterscheidung nach Blickwinkel liegt der RMSD unter

0,4 K für alle Kombinationen aus Kanal und Blickwinkel.
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1. Introduction

Remote Sensing from space is becoming increasingly important for various applica-

tions, amongst others in Earth science. Remote Sensing is the acquisition of infor-

mation about distant objects. A common way to propagate the information from

a distant object to the sensor is electromagnetic radiation. The advantage of mea-

suring geophysical parameters from space compared to in-situ measurements is the

coverage. The spatial coverage makes space-borne remote sensing an attractive re-

source for weather prediction models, climate models and climate monitoring. The

disadvantages of satellite remote sensing are the high technological requirements and

costs to launch and operate a satellite and the ground based infrastructure.

The electromagnetic spectrum emitted by the Earth peaks in the infrared spectral re-

gion. The infrared band covers the wavelengths from 0.7µm to 1000µm. Specifically

the infrared (IR) region, in which the Earth’s spectrum is dominant, is called the

thermal IR and it covers the wavelengths from 4µm to 50µm (Petty, 2006). Many

molecular species in Earth’s atmosphere absorb and emit radiation in the thermal IR.

The radiation can be detected by remote sensing from space and provides valuable in-

formation about the atmospheric state. Particularly valuable for atmospheric science

is, that temperature and humidity profiles as well as trace gas concentrations can be

retrieved from spectrally resolved radiation measurements. For the retrieval of these

quantities, an atmospheric radiative transfer model is needed. One way to calculate

the radiative transfer is a line-by-line radiative transfer model which is discretized in

frequency space and considers single absorption lines.

The Infrared Atmospheric Sounding Interferometer (IASI) is a scientific instrument

on the MetOp satellites. IASI has 8461 channels and covers the spectral region

between 645 cm−1 and 2760 cm−1 (15.5µm - 3.63µm). IASI can provide spectra

twice a day of almost every point on Earth, the spatial resolution is about 12 km at

nadir. The vertical distribution of temperature and water vapor in the atmosphere

is retrieved from IASI spectra. The information provided by IASI is assimilated in

numerical weather prediction models (e.g. Collard and McNally, 2009). In addition,

the concentration of trace gases in the atmosphere can be determined and used for

trace gas monitoring (Camy-Peyret and Eyre, 1998; Clerbaux et al., 2009; Schneider

and Hase, 2011; Crevoisier et al., 2009b).
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1. INTRODUCTION

A typical spectrum in the thermal IR is depicted in figure 1.1a. The spectral range

on the abscissa agrees with the spectral region covered by IASI. The spectrum is a

simulation of a IASI measurement over a tropical ocean. The shape of the spectrum

is given by the Planck function which describes the radiation emitted by a blackbody.

The ocean surface behaves (almost) like a blackbody. In the atmospheric window, the

blackbody radiation of the ocean is seen by IASI. These regions are characterized by

a high transmission almost equal to 1, they are identifiable in figure 1.2b. The dips in

the Planck curve are the result of gas absorption and emission. The most important

absorption species are indicated, namely these are water vapor H2O, carbon dioxide

CO2, ozone O3, carbon monoxide CO, methane CH4 and nitrous oxide N2O. The

data for the spectral regions of interest is taken from Burrows et al. (2011, p. 136),

except for water vapor, for which the spectral regions of interest are adopted from

Liou (2002, p. 119) and Petty (2006, p. 273). Nitrogen N2 and oxygen O2 are also

important absorbers in the spectral region shown in figures 1.1a and 1.2a - 1.2b. The

spectrum in figure 1.1b is a strongly zoomed view of the spectrum in figure 1.1a, but

at a much higher spectral resolution. In the small spectral region shown, there are

numerous lines and complicated line structures. The main active absorption species

in the zoomed spectral region are carbon dioxide and ozone.

Figure 1.1b shows a strong variability of the spectral radiance inside one IASI channel.

The spectral radiance varies by approximately a factor of two within a channel. The

fine structures of the spectrum will not be resolved by IASI as the spectral radiance

measured by IASI is at a much coarser spectral resolution. The Gaussian curves

in figure 1.1b are the sensor responses for three IASI channels. One measurement

of one IASI channel can be thought of as a weighted mean of the high resolution

spectrum, where the weights are the sensor response function. Choosing a coarser

resolution of the spectrum, e.g. reducing the number of frequencies by a factor of

10, gives a weighted radiance which differs from the weighted radiance obtained from

the high resolution radiances. Therefore an accurate simulation of IASI channels

requires a high resolution in frequency/wavenumber space. However, the simulation

at a high spectral resolution costs computing time, because the number of simulated

frequencies increases. Hence, an accurate and fast simulation of IASI measurements

is difficult. A possible solution for this problem is to take advantage of the statistics.

The spectral radiances at frequencies within a channel are usually not completely

independent. And the spectral radiance may or may not vary strongly as function of

atmospheric state. Thus, taking simulated IASI spectra of typical atmospheric states

calculated with a high spectral resolution (called the “reference simulation” hereafter)
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Figure 1.1.: a): A spectrum of a tropical atmosphere in the thermal IR (blue line) at
a low resolution. The horizontal lines show the spectral regions, where a
selection of absorption species is active.
b): Zoom into the spectrum highlighted by the green box in a) The
spectrum of the same tropical atmosphere than in a) is shown, but at
a high resolution. The red lines represent the sensor responses of three
neighboring IASI channels.
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plotted. H2O designates water isotopologues except HDO.
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and optimizing candidate approximations for the channel weighted radiances to the

reference simulation, can give a fast and accurate simulation of IASI measurements.

An optimized frequency grid for the simulation of IASI measurements is derived in

this work. The optimization’s computational cost per spectrum is low compared to

the reference simulation. The optimized frequency grid is found by using Simulated

Annealing after Buehler et al. (2010) and Gasteiger et al. (2014). Simulated An-

nealing is an iterative algorithm to reduce the difference between a weighted mean

of selected frequencies and the reference simulation. Frequencies are selected and

exchanged randomly, however the acceptance of an approximation is not only a func-

tion of the difference between approximation and reference simulation. Sometimes,

a worse than previously found approximation is used to proceed in the algorithm

in order to prevent the algorithm to get blocked in a local minimum. However, the

probability to accept a worse approximation is reduced step by step until the desired

accuracy is reached, otherwise a larger number of frequencies is selected and the

algorithm starts from the beginning.

Chapter 2 describes the instrumental aspect of IASI, the simulation of IASI and the

basics about the Simulated Annealing algorithm. Chapter 3 presents the results of

the simulation using an optimized frequency grid. The results are divided in two

parts, at first there is no distinction between viewing angles and atmospheric states,

then the impact of different viewing angles on the accuracy of the optimization is

evaluated. Finally, chapter 4 summarizes the results, and gives an outlook on future

research projects for which the frequency grid optimization could be useful. The

appendix A contains the required technical information to reproduce the results of

this work.
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2. IASI and its Simulation

IASI measurements are simulated and optimized in this work. Before explaining

how such an optimization can be performed, some relevant information about the

instrument and its satellite is given in section 2.1. In the following is discussed how

IASI can be simulated (section 2.2) and finally the optimization method is described

in section 2.3.

2.1. The MetOp Satellite

MetOp is a series of three satellites that carry scientific instruments for operational

meteorology and climate monitoring and provide search and rescue services. Sub-

section 2.1.1 gives a quick overview about MetOp and the instruments carried on

MetOp. IASI is one of these instruments and described in subsection 2.1.2. The

working principle of IASI is explained in subsection 2.1.3.

2.1.1. MetOp

MetOp-A and -B were launched in 2006 and 2012, respectively. MetOp-C is planned

to be injected into orbit in 2018. The satellites are in a polar sun-synchronous orbit at

an altitude of 817 km. An orbit takes about 101 minutes. The satellites deliver global

coverage twice a day at about 9:30 and 21:30 local time. For the 2020ies, the second

generation MetOp satellites are planned, they are called MetOp-SG. The MetOp

series is operated by the European Organisation for the Exploitation of Meteorological

Satellites (EUMETSAT), and they were developed by the European Space Agency

(ESA) in cooperation with EADS Astrium, the Centre National d’études spatiales

(CNES) and the National Oceanic and Atmospheric Administration (NOAA).

A selection of the instruments on the MetOp satellites will be presented very shortly

here. This aims to give an idea of available meteorological data sets which could

be combined with IASI data. The following list of instruments is not a complete

enumeration of all systems on MetOp. The High Resolution Sounder (HIRS) allows

the retrieval of temperature and humidity profiles, as well as cloud parameters and

9



2. IASI AND ITS SIMULATION

total column ozone. The Microwave Humidity Sounder (MHS) can provide humidity

profiles, surface temperatures and cloud detection. The Global Ozone Monitoring

Experiment 2 (GOME-2) can detect ozone and other trace gases. Sea surface wind

vectors can be measured using the Advanced Wind Scatterometer (ASCAT). The

Advanced Microwave Sounding Unit (AMSU-A) delivers information for tempera-

ture and humidity profiles. Finally, the Advanced Very High Resolution Radiometer

(AVHRR) can provide information on cloud cover, sea surface temperature, and ice,

snow and vegetation cover. This work is about simulating the IASI instrument. It will

be described in detail in the next subsection. More information about all instruments

on MetOp is available in EUMETSAT (2016b).

2.1.2. About IASI

The Infrared Atmospheric Sounding Interferometer (IASI) measures infrared radia-

tion emitted by the Earth. Its spectral properties like resolution and noise as well as

its scanning geometry are specified in this subsection. The scanning geometry and the

spectral and radiometric resolution are relevant instrumental properties which need

to be considered in a simulation of IASI measurements. IASI works after the princi-

ple of a Michelson interferometer. The functioning of a Michelson interferometer is

explained in subsection 2.1.3.

Radiation emitted by the Earth reaches the scan mirror of IASI. The incoming

radiation is reflected by the scan mirror into the interferometer. Every scan consists

of 30 mirror positions, namely 15 positions to both sides from nadir. The scan

direction is perpendicular to the flight direction of IASI and the field of view varies

between ±48.333◦. This angle corresponds to a swath width of about ±1100 km for

an orbit at 817 km altitude.

For the time period needed for one measurement (one mirror position), the motion

of the field is corrected. This means that during the acquisition of a spectrum, IASI

is not focusing a set of different scenes. The 30 mirror positions, also called Effective

Field of View (EFOV), are spaced by about 3.33◦. This corresponds to an area of

about 50 km× 50 km at nadir (Clerbaux et al., 2009). In every EFOV there are four

pixels. These pixels have a footprint of about 12 km at nadir. The scan geometry is

visualized in figure 2.1.

IASI is not only taking Earth views, it is also looking at deep space and on an internal

blackbody. A whole scan composed of the Earth, deep space and blackbody views

takes 8 s including mirror movement. The views to deep space and the blackbody

10



2.1. THE METOP SATELLITE

Moving 
direction

na
d

ir

±48.33°

1.24°

1.24°

3.33°

3.33°

0.84°

Figure 2.1.: Sketch (not to scale) showing the scan geometry of IASI. Two scans are
shown, 6 EFOVs (black squares) are explicitly shown, in every gap be-
tween the EFOVs are located 12 further EFOVs. The “IASI-pixels”
(IFOVs), are represented as blue dots. The angles are taken from
Péquignot (2009).

are necessary for the radiometric calibration, but also help to correct the scan mirror

dependency on the incident angle (Blumstein et al., 2004).

Basically, there are two relevant resolutions for a simulation of IASI measurements:

the radiometric sensitivity and the spectral resolution. The radiometric sensitivity

limits the smallest detectable spectral radiance (or brightness temperature) variations

of the target. It can be measured as a noise equivalent temperature (Ne∆T) or noise

equivalent radiance (Ne∆I). The noise of IASI depends on the wavenumber, a rough

estimate for Ne∆T is 0.3 K for any wavenumber. More precise numbers can be found

in table 2.1 and Clerbaux et al. (2009). As the numbers for Ne∆T vary slightly

between publications, another example is given to illustrate the range of possible

values of Ne∆T: 0.2 K to 0.3 K from 645 cm−1 to 1210 cm−1, 0.2 K to 0.5 K from

1210 cm−1 to 2000 cm−1 and 0.5 K to 2.0 K from 2000 cm−1 to 2760 cm−1 for a scene

at 280 K (WMO OSCAR, 2016). The spectral resolution of IASI is 0.5 cm−1 for the

apodized spectra (see subsection 2.1.3 for apodization), it is slightly different and

wavenumber dependent for the non-apodized spectra (see e.g. Tournier et al., 2002,

11



2. IASI AND ITS SIMULATION

instrument
type

step and stare Michelson interferometer Coppens et al. (2014)

scan rate 8 s Coppens et al. (2014)

altitude ∼817 km Clerbaux et al. (2009)

global cover-
age

twice a day, ∼9:30 local time Clerbaux et al. (2009)

orbit polar sun-synchronous

spectral range 645 cm−1 to 2760 cm−1 Coppens et al. (2014)

bands

B1: 645 cm−1 to 1210 cm−1 Coppens et al. (2014)
B2: 1210 cm−1 to 2000 cm−1

B3: 2000 cm−1 to 2760 cm−1

Ne∆T
650 cm−1 to 1750 cm−1: <0.1 K - 0.2 K Clerbaux et al. (2009)
1750 cm−1 to 2500 cm−1: 0.2 K - 0.4 K numbers may vary

spectral sam-
pling interval

0.25 cm−1 Coppens et al. (2014)

spectral reso-
lution

0.5 cm−1 (apodized, level 1c) Coppens et al. (2014)

spectral re-
sponse

Gaussian, FWHM = 0.5 cm−1 John (2016)

field of view
±48.333◦ (minimum, maximum) Coppens et al. (2014)
30 positions with 2x2 pixels each

swath width ±1100 km Coppens et al. (2014)

footprint size
nadir

field of view: 50 km Clerbaux et al. (2009)
pixels: 12 km

Table 2.1.: Summary of IASI’s technical data and its sources.

for the wavenumber dependency). The channel centers are spaced by 0.25 cm−1. This

means there is a strong overlap between neighboring channels (compare figure 1.1b).

This spectral resolution is required to sample the CO2 lines spaced by 1.5 cm−1 in

the 15µm absorption band (Blumstein et al., 2004). The channels of IASI cover the

spectral range between 645 cm−1 and 2760 cm−1. These wavenumbers correspond

to wavelengths between 15.5µm and 3.63µm. The spacing of the channel centers

and the covered spectral range result in a total number of 8461 channels. In order

to cover this large spectral range with high radiometric sensitivity, the radiation

is divided in three spectral bands (specified in table 2.1) to be captured by three

detectors sensitive to different wavenumbers. More technical information about IASI

is provided by Blumstein et al. (2004), Hébert et al. (2004), Camy-Peyret and Eyre

(1998) and Javelle and Cayla (1994).

The first steps of the data processing are done on MetOp to reduce the data stream

by a factor of 30. The remaining data plus some additional data needed for further

12



2.1. THE METOP SATELLITE

processing on the ground sum up to 1.5 Mbit/s. For level 1b data, the spectra are

resampled. Level 1c spectra are additionally apodized using a Gaussian with a Full

Width at Half Maximum (FWHM) of 0.5 cm−1. The IASI measurements that will be

simulated for this work are assumed to be level 1c data, because the same Gaussian

is applied to all channels. More details about the IASI processing chain can be found

in Tournier et al. (2002) and Coppens et al. (2014).

The sound performance of IASI has been confirmed and is constantly monitored

(e.g. Simeoni et al., 2004; Hébert et al., 2004; Blumstein et al., 2007; Buffet et al.,

2008; EUMETSAT, 2016a; Lonjou et al., 2010). The consistent quality control and

low failure rate make IASI especially valuable for the timely and accurate needs of

numerical weather prediction models.

2.1.3. General Working Principle of a Michelson Interferometer

IASI is an infrared sounder based on a Michelson interferometer. The general work-

ing principle of a Michelson interferometer is of interest for the simulation of IASI,

because it explains how IASI obtains spectra from measuring a detector signal as

function of mirror position and what is meant by “apodization”.

The essential components of a Michelson interferometer are a beamsplitter, a fixed

mirror, a moving mirror and a detector. Obviously, IASI has much more components

to get the desired accuracy, frequency range and viewing angles. On the sketch in fig-

ure 2.2 the geometric setting of the typical components of a Michelson interferometer

is shown.

The radiation enters the interferometer at the point where is written “Input” in

figure 2.2. The incoming radiation is splitted into two parts at the beamsplitter. The

reflected beam propagates to the fixed mirror, and the transmitted beam propagates

to the moving mirror. Then the reflected and the transmitted beam come back

to the beamsplitter and to the detector. The detector detects a signal due to the

incoming radiation. The signal depends on the geometric position of the moving

mirror, because the two beams interfere as function of the optical path difference. A

varying optical path difference is created by a translation of the moving mirror along

the optical axis.

A detailed derivation of the equation for the radiance at the detector is given in the

textbook by Shepherd (2002) in Chapter 6 “The Michelson Interferometer”. Here

is given a shortened version of how a spectrum is derived from the detector signal.

13



2. IASI AND ITS SIMULATION

Input
beamsplitter

moving mirror

fixed mirror

detector

Figure 2.2.: Sketch of the working principle of a Michelson interferometer.

The electric field can be deduced by looking at figure 2.2: The transmitted beam is

once transmitted and once reflected. The reflected beam is once reflected and once

transmitted. The transmitted beam covers a varying optical distance in contrast to

the reflected beam, because the former is reflected at the moving mirror. Therefore its

phase is shifted from the reflected beam as a function of the moving mirror position.

The electric field at the detector Edetector is the superposition of the electric fields of

the transmitted and the reflected beam. The following formula for the superposition

corresponds to equation 6.1 in Shepherd (2002).

Edetector =Ereflected + Etransmitted

=E0

√
τeiδT

√
r eiδR ei(2πft+2πν∆)

+ E0

√
r eiδR

√
τ eiδT ei(2πft)

(2.1)

√
τ eiδT and

√
r eiδR are the complex transmittance and reflectance respectively. δT

and δR are the phase shifts for transmittance and reflectance, and τ and r are the

square amplitude coefficients. t is time, f is the frequency, ν is the wavenumber,

∆ is the optical path difference and E0 is the amplitude of the incident electric

field. The product of Edetector and its complex conjugate E∗detector is the radiance

Idetector,mono(∆).

Idetector,mono(∆) =EdetectorE
∗
detector

= 2 I0 τ r (1 + cos(2πν∆))
(2.2)
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2.1. THE METOP SATELLITE

I0 is the incoming radiance. Equation 2.2 is the sum of a constant and a cosine

oscillation. Equations 2.1 and 2.2 refer to a monochromatic beam only. In practice,

the incident radiation is not monochromatic. The incoming radiation I0(ν) is a

function of wavenumber, and the signal at the detector Idetector(∆) is proportional

to monochromatic radiance at the detector given in equation 2.2 integrated over all

wavenumbers (see Shepherd, 2002, equations 6.8 to 6.9):

Idetector(∆) ∝
∫ ∞
−∞

I0(ν) (1 + cos(2πν∆)) dν

∝
∫ ∞
−∞

I0(ν) dν +

∫ ∞
−∞

I0(ν) cos(2πν∆) dν

(2.3)

The proportionality is due to some factors which are not shown here. Usually these

factors have a wavenumber dependent part. This wavenumber dependency should

correct for the beamsplitter not having a reflectance and transmittance of exactly

0.5, as well as wavenumber dependencies in the detector and the amplifiers (Griffiths

and De Haseth, 2007, chapter 2). Idetector(∆) is called “interferogram”.

Like in the monochromatic case, equation 2.3 is the sum of a constant part over time,

or more precise over mirror position, and a variable part. The variable part is the

second summand in equation 2.3. It is the cosine transform of the spectrum. Thus,

the incoming spectrum I0(ν) can be calculated by an inverse cosine transform over

the optical path difference ∆.

I0(ν) =

∫ ∞
−∞

cos(2πν∆)

(∫ ∞
−∞

I0(ν) cos(2πν∆) dν

)
d∆ (2.4)

In theory, equation 2.4 allows measurements at any spectral resolution using an in-

terferometer. But unfortunately, an unlimited optical path difference is technically

not possible. Furthermore, for large optical path differences, the optical alignment of

the instrument is of great importance and difficulty. The interferogram is truncated

because of the limitation of the optical path difference. The multiplication of the

interferogram with a rectangular function is the mathematical equivalent to say that

the optical path difference is limited. And the Fourier transform of a rectangular

function is the sinc function. In order to get a spectrum, the product of the interfero-

gram and the rectangular function needs to be Fourier transformed. The convolution

theorem states that the Fourier transform of a product is the convolution of the

Fourier transformed factors. Thus the actual spectrum is convolved with the sinc

function.
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2. IASI AND ITS SIMULATION

The problem of the sinc function are the quite strong sidelobes. These sidelobes can

“cover” the signal of a weak line which happens to be located at a local minimum

of the sinc function. This is a potentially undesirable behavior for spectroscopic

investigations. Therefore other functions than rectangular functions can be chosen to

suppress the magnitude of the oscillation. The suppression of the sidelobes by using

a function is also known as “apodization”. There are quite a number of possible

functions, e.g. the triangular function whose Fourier transform is proportional to

sinc2. The point is that the suppression of the sidelobes comes often with an increase

of the FWHM. This is not an asset to get the highest spectral resolution possible.

It is an art to find a good function. A more detailed explanation of apodization and

some example functions are given by Griffiths and De Haseth (2007) in chapter 2.

2.2. The Simulation of IASI

The accurate simulation of IASI by a radiative transfer model is an important step to-

wards the retrieval of relevant atmospheric parameters from IASI spectra. A retrieval

is often an iterative approach to solve the inverse problem: A given atmospheric state

without clouds and a known temperature profile, humidity profile and trace gas con-

centrations should give an unambiguous spectrum. But a given spectrum can belong

to more than a single atmospheric state. The conversion of a given spectrum into

an atmospheric state is a so called inversion problem. To summarize, the problem is

directly solvable in the forward direction, in this case from atmospheric state into a

spectrum, but not in the reverse direction. Therefore, the forward direction is solved

several times, in order to approach the most probable atmospheric state under some

assumptions. These assumptions generally include an a priori state, which is often

a “typical” atmospheric state, and a covariance matrix. More details about inverse

problems and the retrieval process will not be given here, as they are not an essential

part of this work. More information can be found in Burrows et al. (2011) (chapter

3) for a general understanding or Rodgers (2000) for an in depth derivation. The key

point is, that the forward simulation has to be performed several times, thus it is an

asset if the forward simulation is computationally efficient.

As the relevance of an accurate IASI simulation has been presented in the last para-

graph, the next step is to set up the simulation itself. The simulation has to consider

the data acquisition process of IASI. The data acquisition process depends on the

observation geometry of IASI. The relevant parameters for the simulation are the

viewing angles of the Instantaneous Field of View (IFOV) (60 angles, 30 to each side
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2.2. THE SIMULATION OF IASI

of nadir) and the satellite altitude (see section 2.1.2). Another relevant aspect of the

data acquisition process is the detection of the radiation. In order to simulate the

IASI channels it is necessary to indicate their sensor response function. The sensor

response function describes the sensitivity to radiation as function of frequency. As

indicated in section 2.1.2, all the channels are apodized with the same Gaussian func-

tion. Therefore this Gaussian function is the sensor response function. Furthermore,

the frequencies at the channel centers are needed.

The data acquisition process in IASI has been described above, but the origin of the

radiation detected by IASI has not been indicated yet. Thus an idea of the physical

processes behind the radiation is given here. These physical processes are modeled in

the line-by-line radiative transfer model. The source of the infrared radiation detected

by IASI is Earth’s surface and the atmosphere. The emission is the consequence of the

absorption of electromagnetic radiation by the surface and gas molecules (particles

are neglected here). Molecules in gaseous state have absorption/emission lines. The

absorbed or emitted energy by a molecule is not equally distributed over frequency

space. It is limited to narrow frequency bands as their source are discrete quantum

mechanical changes of the state of energy. The quantum mechanical changes allow

only a single frequency, not bands. But there are three processes that broaden the

lines, namely natural, Doppler and pressure broadening. Natural broadening is a con-

sequence of Heisenberg’s uncertainty principle: there is an uncertainty in the energy

difference which is proportional to the frequency. The impact of natural broadening

is negligible against the other two broadening mechanisms. Doppler broadening is the

result of the random translational motion of the molecules. Pressure broadening is a

consequence from molecule collisions, which perturb the natural transition between

energy states. Pressure broadening dominates the line broadening in the troposphere

and lower stratosphere, whereas Doppler broadening is dominating in the mesosphere

and above (Petty, 2006).

In a line-by-line radiative transfer model, the absorption lines are explicitly resolved.

That means that the contribution to the radiance of a given frequency is calculated for

every molecular species and every atmospheric layer. In addition to the absorption

lines are needed models that account for continuum absorption, which is only a

partly explained phenomenon. In the infrared region covered by IASI, the continuum

absorption of nitrogen, oxygen, carbon dioxide and water vapor is relevant. The

radiative transfer model used in this work is the Atmospheric Radiative Transfer

Simulator (ARTS) (Eriksson et al., 2011). And the spectral line information is taken
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2. IASI AND ITS SIMULATION

from the HIgh Resolution TRANsmission (HITRAN) 2012 molecular spectroscopic

database (Rothman et al., 2013).

In order to reduce the complexity of the radiative transfer calculations, two relevant

assumptions are made in this work. First, no scattering is assumed, only clear-

sky cases are considered. The scattering in clouds is costly to simulate and IASI

can provide various geophysical products only under (almost) cloud-free conditions.

Second, an ocean surface is assumed, because the ocean’s surface emissivity is close

to 1 in the infrared. The ocean surface does not require a surface model in contrast

to a land surface. The complexity and computing effort are still considerable, even

with these assumptions.

Another simplification for the simulation is the assumption of a 1d atmosphere in

ARTS. That means that the atmospheric quantities vary only with altitude and

not with latitude and longitude. This simplifications allows reduce the number of

viewing angles from 60 to 30 without restriction of any kind, because nadir is an axis

of symmetry. That means that a spectrum simulated for a viewing angle of e.g. 48.3◦

is equivalent to a spectrum of −48.3◦

2.3. Simulated Annealing

Simulated Annealing can be used to find an optimized frequency grid for a com-

putationally efficient and accurate simulation of IASI measurements. It described

by Buehler et al. (2010) as a suitable method to optimize the the simulation an

infrared sensor. Subsection 2.3.1 explains the general idea of Simulated Annealing

whereas subsection 2.3.2 explains the algorithm in detail. Finally, the modifications

of the algorithm for this work (subsection 2.3.3) and the way to measure error of the

approximation (subsection 2.3.4) are described.

2.3.1. Motivation for using Simulated Annealing

The computing time required for a single and accurate simulation of a IASI spectrum

is an issue for the retrieval of geophysical parameters. Therefore the computing time

needs to be small, without a significant loss in accuracy. The idea is to select some

frequencies that are representative for other frequencies in a given channel. The

channel’s spectral radiance can be then approximated by calculating a weighted mean
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of the spectral radiances I(fi) for a small set of frequencies fi. Equation 2.5 shows

this idea for an approximation in a more formalized manner.

Ichn =

∫
RS(f) I(f) df ≈

∑
i

wi I(fi) = Ĩchn (2.5)

Ichn, RS and I are the channel integrated radiance, the continuous sensor response

function and the spectral radiance, respectively. The determination of the weights

wi and frequencies fi is part of the optimization problem. Ĩchn is the approximated

radiance found by the optimization. There are several approaches to find these

weights and frequencies, one of them is Simulated Annealing. The name is an

analogy to metallurgy. The material is heated, and cools slowly to enable the atoms

to “order”, create a more regular lattice and reach a low energy state. The minimal

energy state, or at least a very low energy state, corresponds to the minimal, or a very

low, deviations between Ichn and I(fi). The absolute minimum cannot be found with

Simulated Annealing, though the absolute minimum is only of theoretical interest if

the problem is computationally too large to be solved explicitly. Simulated Annealing

is an optimization method which can deal with many variables that are strongly

non-linear. Thus, Simulated Annealing is a powerful tool for the approximation of

channels of remote sensing instruments. The disadvantage is the high computational

effort, but at least this effort is needed once to optimize the IASI simulation and not

during every single simulation of a IASI measurement.

2.3.2. The Simulated Annealing Algorithm

In the following description of the Simulated Annealing algorithm by Buehler et al.

(2010), one channel only will be discussed. However the whole procedure needs to

be repeated for all IASI channels. The Simulated Annealing is an iterative algorithm

to minimize the difference between the channel integrated radiance Ichn and an ap-

proximated radiance I(fi). Therefore, the input to the algorithm are a reference

value and a high resolution spectrum y which can be understood as a very good, but

discrete approximation for the continuous function I(f) in equation 2.5. Only fre-

quencies should be selected for which the sensor response is not zero. Thus the sensor

response matrix H is also a required input in order to identify candidate frequen-

cies. Since the reference value is calculated from the high resolution spectrum and

the H matrix, the reference value is not explicitly needed as an input. Instead, the

reference value is calculated before the iterative part of the algorithm starts. If the

optimization is required to generalize well, the high resolution spectrum should not
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2. IASI AND ITS SIMULATION

be one spectrum, but several spectra representative for most atmospheric states. In

addition, if the instrument for which the simulation is optimized has several viewing

angles, spectra for the different viewing angles should be part of the high resolution

spectra. Furthermore, some parameters allow the fine tuning of the algorithm, for ex-

ample the number of frequencies to start with n start, the desired accuracy, Nblock

or N improve. The latter two parameters control that the algorithm does not seize

up or does unnecessary iterations. The first step is to randomly select a set of n start

frequencies, and then initialize other variables (see box with numbered steps at the

upper left of figure 2.3).

Then, the iterative part of the algorithm begins. One randomly selected frequency

of the set of frequencies is exchanged and replaced by another randomly selected

frequency which is not present in the set. Next, a weight is calculated by linear

regression for every frequency to approach the reference values. Only positive weights

are accepted. Frequencies to which has been attributed a negative weight are excluded

from the current selection, the weights are recalculated for the remaining frequencies

until there are only positive weights. Allowing negative weights would eventually

result in a partial cancellation of different terms. There is no physical justification

to allow a partial cancellation as the reference is the integral over positive spectral

radiances times a positive sensor response. The weights are normalized such that they

sum up to one. The normalization assures that the approximated spectral radiance

is a weighted mean of spectral radiances.

The weighted means of the spectral radiances are compared to the reference values.

There are different options to quantify the deviations, for example one possibility is

the absolute or the relative Root Mean Square Deviation (RMSD). No matter which

option is selected, the deviation is called the error e below. If the error decreased

compared to all previous iterations, the current frequency selection, its error and its

weights are kept as best (compare figure 2.3). Otherwise the previously found best

frequency selection is recovered as current frequency selection.

Up to here, no measures have been taken to prevent the algorithm to get trapped in

a local minimum. As a remedy is now added a stochastic component. Sometimes, a

frequency selection is kept although it has a larger error than the best error. The

“sometimes” is quantified by comparing a probability to a random number in the

interval ]0, 1[. The frequency selection is kept if the random number is smaller than

the probability p given in equation 2.6.

p = exp

(
−e− e old

T

)
(2.6)
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The probability is similar to the Boltzmann probability factor, where the difference

between the current error and the previous error e−e old corresponds to the energetic

difference of the start and end states of a thermodynamic system. The system’s

temperature corresponds to the figuratively called temperature T . T is in units of

the error. T is initialized rather large compared to the average error.

If a new frequency selection has been adopted often enough (controlled by parameter

N improve) or a iteration limit is reached (controlled by parameter Nblock), the

iteration is interrupted and the average error over the latest iteration is determined.

If the average error decreased, T is reduced by a fixed factor. The factor can be set as

a parameter if desired (see A.3). Furthermore, if there were newly adopted frequency

selections, the algorithm starts the iteration again.

Otherwise, there are two reasons why no new frequency selections were adopted.

First, the current frequency selection has already a very low error. If the error

is below the desired accuracy, the algorithm found a suitable frequency selection.

Second, the algorithm has been trapped in a local minimum or there is no suitable

solution for n frequencies. Then, the algorithm starts from the beginning but selecting

not n frequencies per selection, but n + n increase, where n increase is set to one

by default.

A slightly simplified flowchart of the algorithm is given in figure 2.3. The left side

of figure 2.3 corresponds to the iterative part of algorithm described above, whereas

the right side is a modification to the algorithm introduced by the author. The

modifications are explicated in subsection 2.3.3.

2.3.3. Modifications to the Algorithm

The version of the Simulated Annealing algorithm explained above is implemented in

the freely available Matlab function package “atmlab” (atmlab, 2016) for ARTS. The

Simulated Annealing algorithm could be used for other line-by-line radiative transfer

models which can handle sensor response matrices. To foster a (fast) convergence of

the Simulated Annealing and a stable solution, three modifications were implemented

in addition to the described principle of the Simulated Annealing.

First, the measure of the error in terms RMSD has been changed, such that not

only the value of the RMSD is considered, but also if the selected frequencies have a

significant contribution to the channel’s measurement. In practice, the annealing may

consider a frequencies selection as optimal, although it contains frequencies whose
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Start

• Choose accuracy.
• Set iteration settings Nblock and N improved.
• Read sensor response matrix H and high resolu-
tion spectrum y.

1. Select n random frequencies.

2. Randomly exchange one frequency.

3. Find weight for each frequency to best approxi-
mate the reference, accept weights > 0 only.

4. Calculate error e.

5. Repeat steps 2 to 4 Nblock times. Select T such
that 99% of the frequency selections would have
been accepted.

6. Keep maximum e as best e. Set e old = e.

• Calculate reference H ∗ y.
• Calculate error e for every frequency.

• Find minimal e and associated frequency. Set
weight of this frequency to 1. Keep as best.

Set counter n improve = 0 and loop index i = 1. Set number of frequencies n = 1.

Repeat steps 2 to 4.

e < best e? Keep e, its weights and frequencies as best.

random number
< exp(− e−e old

T )?
Keep current frequencies and set e old = e.
n improved = n improved+ 1

Reset frequency selection to best.

n improved ≥
N improved

or i > Nblock?

Did average e old
improve over latest

iteration?
Reduce T

n improved == 0?

best e < accuracy
or n > 10?

Stop

no

yes

no

yes

yes

nono

i = i+ 1

no

yes

yes

no

no

n = n+ 1

yes

Figure 2.3.: Flowchart visualizing a simplified Simulated Annealing algorithm as it
was used in this work. The modifications (green font color) described in
subsection 2.3.3 are included. best contains the minimum error found
and its belonging frequencies and weights. Nblock and N improved are
parameters allowing the tuning of the algorithm. The error e measures
the deviation of the current approximation to the reference. The sensor
response matrix H and the high resolution spectrum y are calculated
before hand using the radiative transfer model ARTS. The procedure is
repeated for every channel (not shown).
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sensor response is negligible. The selection of frequencies with a low sensor response

can reduce the robustness of the approximation, for example if the variability of an

atmospheric species has been significantly underestimated in the atmospheric states

used to find the approximation. Therefore, the selection of frequencies associated

with low sensor response is punished as proposed by Gasteiger et al. (2014).

RMSDgasteiger =

√√√√ 1

N

N∑
i=1

(
Ĩchn,i − Ichn,i

Ichn,i

)2

·

1 +

√√√√ 1

n

n∑
j=1

(
wj

R(fj)

)2
 (2.7)

N is the number of viewing angles times the number atmospheric states. Inside the

Simulated Annealing algorithm, different viewing angles are considered in the same

way as different atmospheric states, thus there is only a single variable N for the

combination of all viewing angles with all atmospheric states. Ĩchn and Ichn are the

approximated and the reference spectral radiances of a channel. They are a function

of viewing angle and atmospheric state i. n is the number of selected frequencies,

wj is the respective weight to frequency fj , and R(fj) is the value of the sensor

response at the selected frequency fj . The first factor in equation 2.7 is simply the

relative RMSD between the approximated and reference spectral radiances. The

second factor is large, if the sensor response for one or more selected frequencies is

small. Therefore the selection of frequencies far from the channel center frequency is

penalized.

Secondly, instead of starting the Simulated Annealing with a single frequency, and

sequentially trying other frequencies, the RMSDgasteiger is calculated right away for all

frequencies that are located within that channel (meaning sensor response greater 0).

The frequency having the smallest RMSDgasteiger is chosen to be the best selection.

This “brute force” approach avoids that the algorithm is randomly searching for

a suitable frequency, trying some frequency eventually more than once. Thus the

direct calculation of all possible RMSDgasteiger avoids that the complicated algorithm

is called for a problem which can be easily solved by fast matrix operations.

Finally, the number of frequencies per selection is limited to 10. If 10 frequencies are

not sufficient to achieve the required accuracy, the selection with the lowest error is

considered as the best selection. The limitation is reasonable, because the Simulated

Annealing algorithm tried arbitrarily many frequencies per channel for challenging

channels, while the approximation did not significantly improve, rather deteriorated.

However, more than 10 frequencies would have been tried for 29 channels only. For

only 39 channels, the selection of 10 frequencies actually gave the best approximation.

Instead of a hard limit, a relatively more flexible limit could be set, e.g. a limit
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as a function of how often the addition of more frequencies failed to improve the

approximation. Yet at some point, a limit is necessary, because there is no point in an

optimization of the frequency grid if all frequencies are selected for the optimization.

Thus, a limitation to 10 frequencies per channel is a fair compromise between the

accuracy and reasonable number of frequencies in the optimized frequency grid.

2.3.4. Error Measure

In general, Simulated Annealing is a tool which works well for input spectra in spec-

tral radiances and brightness temperatures. Equation 2.7 uses spectral radiances,

but they could be replaced by brightness temperatures, the algorithm works for both

in principle. Brightness temperatures tend to be more intuitive than spectral radi-

ances. Anyhow, in this work spectral radiances are used for the optimization, because

they have several advantages. First, IASI is an instrument that measures spectral

radiance. Its sensor response function applies to spectra in radiances. So spectral

radiances are the natural quantity for IASI and no complicated conversion to apply

the sensor response to brightness temperatures is necessary. Second, in the infrared

spectral regions, it is common to apply Simulated Annealing to input in spectral

radiances (see Buehler et al., 2010; Gasteiger et al., 2014). The use of radiances

will allow to compare the results with the literature. Thus the Simulated Annealing

should be applied to spectral radiances.

Brightness temperatures measured on Earth tend to range roughly between 220 K and

300 K in the infrared. An absolute RMSD could be used for this range of numbers.

However, spectral radiances in the spectral region covered by IASI vary between

5× 10−16 W/(m2 sr Hz) and 5× 10−12 W/(m2 sr Hz), that are 4 orders magnitude.

Therefore an absolute RMSD limit for all wavenumbers for the error e is useless, it

would be adapted to low or high wavenumbers, but not both at the same time. A rel-

ative RMSD does not have the problem with wavenumber, but it would allow a higher

errors in brightness temperature for small wavenumbers than for large wavenumbers,

because the radiance values having on brightness temperature are much higher for

small than for large wavenumbers (see figure 1.1a). Thus the limit for a relative

RMSD in spectral radiances should be selected such that the absolute RMSD in

brightness temperature is below the assumed noise of IASI of 0.3 K. More accuracy

than the IASI noise level will not bring any benefit for IASI data analysis, but only

more computing effort. So, it is necessary to know for which relative RMSD in spec-

tral radiances the RMSD in brightness temperatures is below the IASI noise. This

question is answered by an easy approximation. Assume the extrema of brightness
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temperatures to be 220 K and 300 K. Then calculate the relative error in spectral

radiances if one of these brightness temperatures is overestimated by the IASI noise

of 0.3 K for the minimal wavenumber of IASI (use the Planck funtion). The relative

errors are 0.003 for the maximum brightness temperature and 0.006 for the minimum.

The desired measure for the error is the RMSDgasteiger, because it penalizes the se-

lection of irrelevant frequencies. RMSDgasteiger is greater than the relative RMSD

because of the (1 + ...) factor in equation 2.7. Thus 0.005 is a good estimate for an

accuracy requirement in order to force the Simulated Annealing towards a optimiza-

tion which differs by less than 0.3 K from the reference values for most atmospheric

states. Gasteiger et al. (2014) choose an RMSDgasteiger < 0.01, so an error that is

twice as large as 0.005. Considering the low noise of IASIc channels, it is reasonable

to choose a slightly smaller value than Gasteiger et al. (2014).
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3. Results and Discussion

Simulated Annealing is used in this work to reduce the number of frequencies to

simulate all IASI channels with a defined accuracy. In order to solve this optimization

problem, a reference, “the truth”, is needed to evaluate the quality of a possible

solution. The “reference simulation” is presented in section 3.1. Note that the

reference simulation are the simulated IASI spectra at the highest spectral resolution

and not the high resolution spectra without applying a sensor response (like y in

figure 2.3).

The results of the optimization results are evaluated statistically in section 3.2. Some

limitations may apply to the results, these limitations and the benefits of the opti-

mization are discussed in section 3.3.

3.1. The Reference Simulation

A suitable reference for an optimization of any remote sensing instrument is a high

resolution simulation of that instrument. But what is a sufficiently “high spectral

resolution”? The convergence behavior of IASI simulations using different resolutions

for the frequency grid within the radiative transfer model is shown in figure 3.1. The

RMSD, the maximum and minimum of the difference between simulations based on

different frequency grids are displayed. The monochromatic radiances are weighted

by their sensor response and integrated over one channel for this plot. The conver-

gence behavior of all three measures, RMSD, maximum and minimum deviations

between the simulations based on different frequency grids, looks like a decay func-

tion, when neglecting one outlier for the maxima at a resolution of 0.125 cm−1. The

amplitude of the outliers of opposite sign is roughly equal, there is no hint for a

trend to a stronger under- than overestimation (or vice-versa) of the brightness tem-

peratures. When resolving every channel’s FWHM with 20 frequencies, equivalent

to frequency grid resolution of 0.025 cm−1, the convergence seems to be sufficiently

advanced if comparing to a noise of 0.3 K. Anyhow, to assure that the reference

is sufficiently accurate under any condition covered by the test dataset, a frequency

grid of 0.005 cm−1, equivalent to 100 frequencies within a channel’s FWHM, is chosen
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Figure 3.1.: Brightness temperatures deviations for simulations of IASI of different
spectral resolutions compared to a high resolution simulation 0.005 cm−1.
Shown are the maximum and minimum differences, and the RMSD be-
tween the simulation with the resolution indicated on the abscissa com-
pared to the simulation with the highest spectral resolution. Note that all
markers are located at zero when the 0.005 cm−1 simulation is compared
to itself. Only one atmosphere and one viewing angle are considered, but
the pattern of the RMSD, maximum and minimum differences is similar
for other combinations of atmospheric state and viewing angle.

for the reference simulation of IASI. This agrees in principle with the spectral reso-

lution chosen by Gasteiger et al. (2014), who choose approximately 120 frequencies

per 1 cm−1 for the reference simulation. This corresponds to a resolution of about

0.0083 cm−1, which is a slightly coarser resolution than 0.005 cm−1.

An idea of the typical variability of the atmosphere for all IASI channels is given

by figure 3.2. The underlying spectra are calculated from the Garand atmospheres

(Garand et al., 2001). This set of atmospheres is representative for the most common

atmospheric states on Earth. The Garand atmospheres are used to calculate the high

resolution reference spectra for 30 viewing angles of IASI and derive the optimized

frequency grid. The highest variability in figure 3.2 is found for window channels.

This is reasonable, because the strongest temperature differences are found on Earth’s
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surface. The RMSD ranges between 20 K and 4 K. Different viewing angles have only

a minor impact on the variability. The impact of the viewing angle on the deviations

between the reference simulation and the simulation using the optimized frequency

grid is discussed in detail in subsection 3.2.2.
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Figure 3.2.: RMSD in brightness temperatures over the 42 Garand atmospheres for
three viewing angles (relative to nadir) for every channel in the IASI
reference simulation. The viewing angles are the largest and smallest
angles relative to nadir, as well as an intermediate angle.

3.2. Statistics on the Optimization Results

As IASI has 8461 channels, it is rather confusing to evaluate the success of the Sim-

ulated Annealing for every channel independently. Therefore a statistical approach

is applied to evaluate the results of the Simulated Annealing in general. There were

29 channels (0.3 %), for which the Simulated Annealing algorithm did not find a

solution with the desired accuracy and the prescribed settings (see A.3 for details

about the settings) for the algorithm. The best frequency selection with the lowest

RMSDgasteiger of all sizes of frequency sets is considered as the overall best frequency
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selection for these 29 channels. Thus, this selection is not necessarily the selection

with the highest number of frequencies if no solution was found.

The statistical evaluation of the results is divided in two parts: in the first part, there

is no distinction between the viewing angles and atmospheric states, in the second

part, there is a distinction by viewing angles in order to separate the influence of the

different atmospheric states from the influence of differing viewing angles.

3.2.1. Combined Results for all Atmospheric States and Viewing Angles

The Simulated Annealing algorithm does not distinguish between viewing angles and

atmospheric states, as already stated in subsection 2.3.3. Looking at the results as

function of channels only is the point of view, for which the Simulated Annealing

optimized the frequency selection. Thus the optimization for every channel should

not deviate by more than the desired accuracy from the reference simulation over all

atmospheric states and viewing angles.

Figure 3.3 shows the absolute RMSD between the optimized and reference simulation

for every IASI channel in terms of brightness temperatures. This RMSD is not the

same as RMSDgasteiger, because RMSDgasteiger is in dimensionless spectral radiances

and it is greater than the “conventional” relative RMSD, because of the (1+ ...) term

in equation 2.7. The brightness temperatures are calculated by using the Planck func-

tion and the central frequency of the respective channel. This is an approximation,

but the radiance difference between νchannel + 0.5 ·FWHM and νchannel− 0.5 ·FWHM

is below 0.1 %, which is less than the required accuracy in the Simulated Annealing.

Therefore the approximation is justified.

The colors of the dots in figure 3.3 indicate how many frequencies are chosen by

the Simulated Annealing in order to represent the channel. A blue dot indicates

that a single frequency is sufficient to represent the entire channel. The blue dotted

region around 800 cm−1 to 1000 cm−1 is an atmospheric window in the infrared (see

transmission overview, figure 1.2b). Under the assumption of clear sky cases, the sea

surface is seen. The sea surface behaves (almost) like a blackbody and emits radiation

as a continuous function of frequency. Figure 3.4a presents the spectra of the first

six Garand atmospheres (which are representative for different climate zones) and

the weights and frequencies of the approximation for one channel. This channel is

located in the atmospheric window. There is practically no variation as a function of

wavenumber inside the channel due to the continuous blackbody radiation. Therefore

it is consequent that the Simulated Annealing represents this channel using a single
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frequency. Similarly, in the region from about 2400 cm−1 to 2500 cm−1, there is only

small absorption by carbon dioxide.
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ence simulation for every IASI channel over 30 viewing angles and the
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the desired accuracy.
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Figure 3.4.: High resolution view on six spectra of typical atmospheric states. The
black squares show the weights and wavenumbers found by Simulated
Annealing, they sum up to 1. The red dashed line is the sensor response
of a IASI channel, normalized such that its maximum is equal to 1.
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The “green regions” of figure 3.3 contain many channels which were difficult to ap-

proximate. The reason can be a high density of spectral lines and/or a high vari-

ability of the atmospheric constituents having spectral lines in this region. Ozone is

an important absorption species in the greenish region around 1100 cm−1. Around

1300 cm−1 where some green dots are located, there are absorption lines of nitrous

oxide, methane and water vapor, and possibly some small contribution from ozone

and carbon dioxide. These species may vary independently of each another, there-

fore it is plausible that more frequencies are required if these species have absorption

lines within the same channel (compare figure 1.2a). The most striking green ac-

cumulation is between 2100 cm−1 and 2400 cm−1. In this region various species are

active, e.g. ozone, carbon monoxide, carbon dioxide, methane, nitrous oxide and

water vapor. Figure 3.4b shows spectra of the first six Garand atmospheres of the

high resolution spectra for a channel in this “green” region. At the first glance, it

is easy to guess that the complexity of the spectrum inside channel 6548 cannot be

approximated accurately by choosing only a single frequency. Indeed, the weights

shown in figure 3.4b do not meet the requirements for RMSDgasteiger imposed to the

Simulated Annealing algorithm. In terms of the RMSD in brightness temperatures,

the 0.3 K requirement is met nevertheless. The problem with the RMSDgasteiger is

that frequencies were selected not only where the sensor response is comparatively

large. Therefore the frequency selection of this channel may be accepted as a valid

solution although the Simulated Annealing failed to present a solution. But it is

important to keep in mind, that the approximation for this channel may not be as

robust as the approximation for a channel like channel 890 in figure 3.4a.

There is more spread concerning the RMSD and the number of selected frequencies

in the region around 645 cm−1 to 800 cm−1 compared to most of the rest of the

IASI spectrum (figure 3.3). The dominant absorption species in this spectral region

is carbon dioxide, therefore this region is usually used for a temperature retrieval.

(Carbon dioxide concentration has a low variability and the observed variability of

absorption is mainly due to temperature variability.) As temperature is very variable

over the Garand atmospheres, a strongly temperature sensitive spectral region is

expected to be not representable by only one frequency per channel. The rather high

values of the RMSD for wavenumbers smaller than 800 cm−1 are due to the choice of

the accuracy for the Simulated Annealing algorithm. The relative RMSD in spectral

radiances allows, absolutely seen, higher deviations for smaller wavenumbers than

for large wavenumbers, because the Planck function is approximately four orders of

magnitude higher for IASI’s smallest wavenumber than for its largest wavenumber

(compare to figure 1.1a). Anyhow, all the RMSDs range below 0.3 K, which has been
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expected to be a representative noise equivalent temperature for IASI (see subsection

2.3.4). Thus the results meet the requirement.

Between 1300 cm−1 and 2000 cm−1, water vapor is the most important absorption

species (figures 1.2a - 1.2b). There are many lines in close spectral neighborhood,

which significantly affects the atmospheric transmission in the middle of this spectral

region. There are signatures of different isotopes of water vapor, these signatures

can be used to retrieve for example HDO (water isotopologue with one deuterium)

(Schneider and Hase, 2011; Herbin et al., 2009). The difference between the absorp-

tion of HDO and other water isotopologues can be seen in figure 1.2a and 1.2b. As

water vapor is a highly variable constituent of the atmosphere which can have several

lines within a FWHM of a IASI channel, a mixture of different numbers of required

frequencies is an expected outcome.

The last spectral region to be discussed of figure 3.3 is the region between 2500 cm−1

and 2760 cm−1. In this region, water vapor, methane, carbon dioxide and nitrous

oxide have significant absorption lines. But these lines absorb not as strong as in

other parts of the spectrum as the transmission stays at intermediate values (figure

1.2b). Thus this region is only of intermediate difficulty to approximate channels

with a few frequencies.

The dots in different colors in figure 3.3 give an idea, in which spectral region are

required more frequencies or fewer frequencies. Anyhow, it is difficult to determine in

all the colors how many frequencies are needed for a typical IASI channel. Figure 3.5

gives the maximum and minimum number of selected frequencies as well as a mean

of the number of selected frequencies. The extrema and means have been calculated

over bins of 50 channels. For smaller bin sizes, it is difficult to see the general

trend of the distribution of the number of selected frequencies. Figure 3.5 underlines

the claim that several species absorbing in the same spectral region increase the

cost for an accurate approximation. A very low number of frequencies is needed

in the window region around 800 cm−1 to 1000 cm−1. More frequencies are selected

in regions where the emitting species’ concentrations vary, for example the regions

between 1000 cm−1 and 1100 cm−1 (ozone) and between 1200 cm−1 and 2000 cm−1

(water vapor). Especially the water vapor region shows a large spread between the

maximum and minimum number of selected frequencies within a bin. There are many

absorption lines of water vapor in this region, but there are also channels which do

not directly lie on a strong and highly water vapor sensitive line.
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3.2. STATISTICS ON THE OPTIMIZATION RESULTS

The opposite behavior can be observed in the region from 2200 cm−1 to 2400 cm−1.

The spread between minimum and maximum number of selected frequencies is smaller

than in the water vapor absorption band. Anyhow, the number of required frequencies

is generally high, because rather strong lines of different species are present. And

several relevant absorbing species absorb in the same order of magnitude as can be

seen in the optical depth (figure 1.2a).
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Figure 3.5.: The number of chosen frequencies per channel. The maximum and min-
imum numbers of chosen frequencies refer to bins of 50 channels. The
average is the average over a bin.

In summary, the Simulated Annealing has successfully found good approximations

for the vast majority of the IASI channels. The RMSD over all viewing angles and

all Garand atmospheres is below 0.3 K as expected by the construction of the error

in subsection 2.3.4. The number of selected frequencies per channel can be explained

qualitatively by considering the contribution of the species to the optical depth and

transmission. The number of frequencies required for the simulation has been reduced

by a factor of 17, namely from about 425 000 to 24 575 frequencies. On average, that

are 2.9 frequencies per channel. The median of 2 frequencies per channel reveals that

half of the channels can be approximated well with one or two frequencies only.
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3.2.2. Results differentiated by Viewing Angle

The approximation for all IASI channels for the 42 Garand atmospheres and 30

viewing angles is satisfactory as has been shown in subsection 3.2.1. However, the

results presented in the subsection 3.2.1 do not indicate if the approximation deviates

from the reference simulation due the variance of the atmospheric states or due

to the different viewing angles. If the viewing angle had a large influence on the

RMSD between the optimized and the reference simulation, another optimization as

a function of viewing angle would be beneficial. If the viewing angle is not the most

influent factor on the RMSD, the extra computing time is not needed.

Figure 3.6 depicts the RMSD between the optimized and the high resolution spectra

as function of channel center frequency and viewing angle. The spectral radiances

are again transformed in units of brightness temperatures using the frequency of the

channel centers. The most striking structure in figure 3.6 are the vertical stripes.

The variance of the RMSD looks rather like a function of the channel’s frequency

than of the viewing angle. The latter would have resulted in a structure dominated

by horizontal stripes. Over most viewing angles, especially the angles close to nadir,

it is not possible to recognize the location of the viewing angle bins. For the smallest

angles (most distant to nadir), a horizontal structure is also visible. Namely in the

optically dense absorption regions the small viewing angles tend to have a larger

RMSD. Up to 800 cm−1, carbon dioxide is strongly absorbing, around 1000 cm−1

to 1100 cm−1 it is ozone, around 1300 cm−1 there are methane, nitrous oxide and

water vapor, and around 2000 cm−1 to 2300 cm−1 there are absorption lines of carbon

dioxide, nitrous oxide and carbon monoxide. There is also a slightly larger RMSD

for small viewing angles in the water vapor absorption region between 1200 cm−1 and

2000 cm−1, but the RMSDs are comparatively low anyways and their slight increase

is not as dramatic as for the carbon dioxide and ozone absorption regions. The

RMSD seems to be best for intermediate viewing angles like e.g. −25◦, the colors

in figure 3.6 seem lighter for intermediate viewing angles. Therefore, from figure 3.6

is concluded that the RMSD is a function of viewing angle, although the impact of

this function on the quality of the approximation is significantly smaller than the

variability of atmospheric states on a channel’s brightness temperature.

Admittedly, the dependency on the viewing angle is not clearly distinguishable in

figure 3.7. Thus, the distribution of the RMSD as a function of viewing angle sum-

marized for all channels is presented in a histogram (figure 3.7). As the optimization

is done over all viewing angles, it is reasonable that the optimization agrees best for

intermediate angles instead of the extreme angles. The majority of the combinations
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Figure 3.6.: Root Mean Square Deviation between the approximation found by Simu-
lated Annealing and a high resolution reference run as function of channel
center wavenumber and viewing angle. The 30 viewing angles are relative
to nadir.

of viewing angle and channel have an RMSD below 0.1 K. The highest RMSD values

are found for the largest absolute viewing angles. The lowest RMSD values seem to

lie roughly in between 10◦ and 30◦.

This distribution comes expected, because the steeper the viewing angle, the larger

is path through the atmosphere. The path s is the vertical distance z divided by

the absolute value of the cosine of the viewing angle relative to nadirθ s = z/| cos θ|
assuming a plane parallel atmosphere (see e.g. Petty, 2006). Therefore, if considering

equally spaced viewing angles, the path difference between two neighboring viewing

angles close to nadir is smaller than between two neighboring viewing angles away

from nadir. The reason is that the derivative of the cosine is small for small angles,

and that the absolute value of the derivative increases with the viewing angle. Thus,

the largest deviations of the approximation should, in absence of other factors, occur

for the largest absolute viewing angle (48.9◦). This behavior is observed in figure 3.7

and the maximum RMSD is equal to 0.37 K. The optimization deviates as well from

the reference simulation for the smallest absolute viewing angle, but not as strong as
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Figure 3.7.: Distribution of the RMSD in brightness temperatures between the opti-
mized and the reference simulation over the Garand atmospheres differ-
entiated by viewing angle. The percentages refer to the sum of all bins.
The underlying RMSD is a function of viewing angle and channel, thus
there are 30× 8461 data points. (It is the same data as in figure 3.6.)

for the largest absolute viewing angles, because the impact of the cosine’s derivative

on the path is less pronounced.

In summary, the optimization for an accurate and faster simulation of IASI mea-

surements gives quite accurate results, the error is generally well below the assumed

noise of 0.3 K. The impact of the viewing angle on the RMSD is less strong than

the impact of different atmospheric states. Therefore, it seems reasonable to use the

same approximation for all viewing angles in order to save computing time.

3.3. Benefits and Potential Limitations

The optimization results shown in section 3.2 are sufficiently accurate for many at-

mospheric states and meteorological applications. The benefits of using an optimized

frequency grid for IASI simulations are highlighted in this section. And potential lim-

itations are pointed out, because there are conditions under which the optimization

may fail to produce accurate results.
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The benefits of using the optimized frequency grid have been discussed already, the

main point is that the simulation needs less computing power and is therefore faster.

The computing time for a test simulation has been reduced by a factor of 36, namely

from 9045 s to 250 s (see table 3.1). The number of simulated frequencies is reduced

by a factor of 17. However the reduction in computing time is about twice as high

as the reduction in the number of frequencies. The reason for the speed up could

be investigated by benchmark testing, but this is beyond the scope of this work.

There may be non-linear effects, because data may be handled more efficiently in

the Random-Access Memory (RAM) if there is fewer data to handle. The size of the

absorption table, which is also indicated in table 3.1, is a part of the data that ARTS

has to work with (see Buehler et al. (2011) for more information on absorption tables).

So if the absorption table’s size decreases, this is beneficial for the computing time

and IASI simulations could run also on less powerful computers within an acceptable

time frame.

optimization reference ref./opt.

number of simulated frequencies 24 575 425 201 17.3
average number of frequencies per chan-
nel

2.90 50.3 17.3

computing time (42 atmospheres,
250 s 9045 s 36.2

1 viewing angle, 8461 channels, 16
threads)
size of absorption table 2.9 GB 51 GB 17.6

mean difference (opt. - ref.) 0.0028 K
RMSD (opt. - ref.) 0.062 K

Table 3.1.: Benefits of the optimized frequency grid. The last column contains the
ratio of the reference and the optimization. The mean and the RMSD refer
to brightness temperatures for all channels (8461), all viewing angles (30)
and all Garand atmospheres (42).

Though there are good reasons to benefit from the optimized frequency grid, there are

conditions under which the use of the optimized frequency grid should be considered

carefully. First of all, not all trace gases which can be detected by IASI are available

in the Garand dataset. Some of these gases (e.g. SO2 and HNO3) are nevertheless

shown in figures 1.2a and 1.2b in order to show in which spectral region they are

relevant absorbers. If a IASI channel is highly sensitive to one of these trace gases,

the optimization can fail. In particular, the retrieval of the concentration of these

trace gases is not possible by using the optimized frequency grid. Molecular species

having been omitted but potentially relevant are nitric acid, sulfur dioxide, nitrogen
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dioxide and chlorofluorocarbons (CFCs). The Simulated Annealing and the reference

simulations would have to be performed again for the channels sensitive to these

species, if they are relevant for an application. A test dataset of atmospheric states

with different concentrations of these species is needed.

Furthermore, there may be extremely uncommon atmospheric states for which the

optimization may fail as well. In this case, the only solution is a highly spectrally

resolved simulation of the IASI measurement.

Another important aspect in the atmosphere are clouds. Clouds were omitted for

the derivation of the optimization, because only clear-sky simulations were used.

However, Holl et al. (2012) found that for the infrared channels of HIRS and AVHRR

located in the atmospheric window, the clear-sky optimization can be applied to

cloudy atmospheres. Therefore there are good reasons to believe the optimization

derived for IASI simulations will work in cloudy atmospheres as well. The relevant

spectral region is the same for all IASI, HIRS and AVHRR.

Finally, the Jacobians gained by simulations using the optimized frequency grid, may

differ from the Jacobians gained by a high resolution simulation. The optimization

had been applied to spectral radiances and not to the partial derivatives of the

spectral radiances by some atmospheric quantity. Buehler et al. (2010) has shown

that the relative errors of the Jacobians can be rather large for altitudes with small

Jacobians. However, the relative error is small for altitudes with large Jacobians.

Since altitudes having a small Jacobian contribute less to the measured spectral

radiance than altitudes with large Jacobians, it is expected that the altitudes with

small Jacobians are neglected by the optimization. If highly accurate Jacobians are

required but not feasible with the presented optimized frequency grid, the Jacobians

could be included in the Simulated Annealing by the means of a cost function (Buehler

et al., 2010). But again, this would be most likely associated with more selected

frequencies per channel and a higher computing effort for the Simulated Annealing

as Jacobians of different species need to be considered.

One other benefit came out as a side effect during the setup of the high resolution

simulation. A numerical bug in the ARTS continuum absorption is fixed, this bug

did not allow the simulations on the high resolution frequency grid with 0.005 cm−1

spacing in the infrared.

In summary, the Simulated Annealing algorithm provided a good and trustworthy

optimization for IASI simulations. For specific applications, like highly accurate

temperature and water vapor profile retrievals or trace gas concentration retrievals,
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some adaptations may be necessary. These adaptations could mean that the Sim-

ulated Annealing has to be rerun using different atmospheric states not covered in

the Garand atmospheres, or including some cost function accounting for accurate Ja-

cobians. However, for most applications simulations using the optimized frequency

grid should be sufficiently accurate.
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4. Conclusions and Outlook

The spectra of 42 representative atmospheric states (Garand et al., 2001) are sim-

ulated at a high spectral resolution for this work. An optimized frequency grid is

derived allowing to simulate IASI at a high accuracy to a computationally signif-

icantly decreased cost. The optimization is conducted using Simulated Annealing

(Buehler et al., 2010) and without a distinction between viewing angles and different

atmospheric states. The resulting optimized frequency grid allows the calculation

of spectra which agree generally well with the reference. The RMSD between the

approximated spectra and the reference spectra for all atmospheric states and view-

ing angles is below the assumed average noise of 0.3 K for all IASI channels. On

average, 2.9 frequencies where needed per channel, for half of the channels one or two

frequencies were sufficient. Unfortunately, but also expected, is the outcome that

the channels requiring more than two frequencies are located in the spectral regions

which are of interest for the retrieval of atmospheric quantities. The viewing angle of

IASI contributes less to the deviations between the optimized and reference spectra

than the natural variability of the atmosphere. Therefore, it is justified to deploy a

single optimization which can be used for all viewing angles.

The spectra resulting from simulations with the optimized frequency grid should be

tested for accuracy when calculating Jacobians. Buehler et al. (2010) showed that

a frequency grid optimization by Simulated Annealing can provide Jacobians with a

low relative error if the Jacobian is large. Small Jacobians can be subject to larger

relative errors, but as small Jacobians have a lower impact on the retrieved quanti-

ties than large Jacobians, the retrieval may still give accurate results in a reasonable

computing time. Further testing of the optimization could be done, e.g. compare

simulations using the optimized frequency grid with a high resolution frequency grid

for other atmospheric states, eventually also including clouds. Given the case, that

some channels need to account for other components or just turn out to be inac-

curate, the setup of the Simulated Annealing chosen in this work is comparatively

fast and stable thanks to the implementation of the Gasteiger equation 2.7 for the

error measurement. Optionally, the Simulated Annealing could be rerun for channels

requiring a high number of frequencies assuring that there is no comparably accurate

approximation which requires fewer frequencies.
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The optimized frequency grid for a more efficient simulation of IASI is in principle

useful for other line-by-line radiative transfer models other than ARTS. No ARTS

specific assumptions were necessary in order to find the optimized frequency grid.

The optimized frequency grid for efficient and accurate IASI simulations is useful

for future work about IASI. The optimized frequency grid and their corresponding

weights will be included in the ARTS setup of different instruments, such that they

are easy to use and access for future IASI simulations.

The fast simulation of all IASI channels opens the door for the retrieval of temper-

ature, water vapor and trace gas concentrations. There are already many examples

of successful retrievals of trace gases, for example Crevoisier et al. (2009a) (CO2),

Schneider and Hase (2011), Herbin et al. (2009) and Lacour et al. (2012) (HDO) or

Crevoisier et al. (2009b) (CH4). HDO retrievals are desirable as HDO’s isotopic

concentration is related to the history of phase changes in an air mass. It can help to

understand humidity processes (Lacour et al., 2012). Figures 1.2a - 1.2b list HDO

as an independent species. As HDO absorbs differently than the other water vapor

isotopologues (summarized as H2O), it is conceptually understandable that HDO

can be retrieved from IASI spectra. The next step towards a retrieval using ARTS

as a forward model is the selection of significant channels that are sensitive to the

atmospheric quantities to be retrieved and provide independent information.

There is more science possible with IASI-like data even after the end of IASI. The

Infrared Atmospheric Sounding Interferometer New Generation (IASI-NG) is planned

for a launch in the 2020ies. IASI-NG will cover the same spectral region as IASI,

but will have twice as many channels and a reduced noise level (Phulpin et al., 2011;

Crevoisier et al., 2014). Thus, the need for a fast and accurate simulation is enhanced

for IASI-NG. The setup of the Simulated Annealing developed for this work can be

used as a starting point for a frequency grid optimization of IASI-NG. The higher

spectral resolution and lower noise level of IASI-NG will allow more accurate and

better altitude resolved retrieval of temperature, humidity and trace gases. This

data will be a beneficial for numerical weather prediction and atmospheric chemistry

and climate applications. With a fast forward model thanks to a frequency grid

optimization, the retrieval can be fast and more accurate for IASI-NG.

But IASI-NG is not the only new infrared satellite sensor being launched in the

foreseeable future, there is also the InfraRed Sounder (IRS) which is also an infrared

interferometer for the Meteosat Third Generation satellites (Lamarre et al., 2011).

Meteosat are geostationary satellites which can provide data at a higher temporal
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resolution than polar orbiting satellites like MetOp. So the further development of

remote sensing techniques of Earth from space is still a hot topic.
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A. Appendix

The appendix gives the technical background of this work. This is relevant for the

reproduction of the results, however it is not necessary to understand the results. The

Simulated Annealing algorithm takes three categories of input: the high resolution

spectra, the sensor response matrix and parameters for the algorithm itself. These

three types of input will be discussed in the next sections. The modifications on the

algorithm have been described already in subsection 2.3.3 and will not be repeated

here. The code is ARTS specific, so if another radiative transfer model is used, the

code shown in sections A.1 to A.2 is not applicable anymore. Information about

ARTS is available in the ARTS user guide by Eriksson et al. (2015) and Eriksson

et al. (2011).

A.1. High Resolution Spectra

The high resolution spectra used for Simulated Annealing are spectra calculated for

the 42 Garand atmospheres (Garand et al., 2001) at 30 viewing angles. Although

IASI has 120 pixels per swath, there are only 60 viewing angles. Two viewing angles

are equivalent in terms of angle relative to nadir (see figure 2.1). Besides, the 60

remaining viewing angles are symmetric with respect to nadir. Assuming a 1d at-

mosphere, effectively there are only 30 viewing angles left as e.g. 48.3◦ is physically

equivalent to −48.3◦. Of course, this simplification is only true in a 1d atmosphere be-

cause in a 1d atmosphere there is no variation of atmospheric parameters as function

of latitude and longitude. The viewing angles are taken from Péquignot (2009).

The high resolution spectra are calculated using a previously calculated absorption

table (see Buehler et al., 2011, for more information about absorption tables). The

absorption table is calculated with the perturbations proposed by ARTS for the

Garand data set. The selected absorption species are the available species in the

Garand data set. Namely that are water vapor, carbon dioxide, carbon dioxide,

ozone, nitrous oxide, carbon monoxide and methane. Nitrogen and oxygen are set to

a constant concentration. The absorption species and their lineshapes are specified

as:
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### Absorption species

abs_speciesSet(species=["H2O-161,H2O-171,H2O-181,

H2O-SelfContCKDMT252,H2O-ForeignContCKDMT252","H2O-162",

"CO2-LM,CO2-CKDMT252","O2,O2-visCKDMT252","N2,

N2-CIAfunCKDMT252,N2-CIArotCKDMT252","O3","N2O","CO","CH4"

])

abs_lineshape_per_tgDefine(abs_lineshape,abs_species,

["Voigt_Kuntz6","Voigt_Kuntz6","Faddeeva_Algorithm_916",

"Voigt_Kuntz6","Voigt_Kuntz6","Voigt_Kuntz6","Voigt_Kuntz6",

"Voigt_Kuntz6","Voigt_Kuntz6"],

["VVH","VVH","VVH","VVH","VVH","VVH","VVH","VVH","VVH"],

[7.50000e+11,7.50000e+11,7.50000e+11,7.50000e+11,7.50000e+11,

7.50000e+11,7.50000e+11,7.50000e+11,7.50000e+11]

)

The frequency grid f grid internally to ARTS for the highest resolution is de-

fined in Matlab as vector from 645.25− 5.5 cm−1 to 2760.25 + 5.5 cm−1 in steps by

0.005 cm−1. To the lower (upper) end of the central channel frequencies is subtracted

(added) 5.5 cm−1 to allow for a sensor response cutoff at 5.0 cm−1 and some safety

margin to circumvent numerical issues at the boundaries. The vector is transformed

to frequency space by multiplying with 100 times the speed of light, is normalized,

and written to ARTS-xml data format. The relevant atmlab functions for creating

f grid are invcm2hz and xmlStore.

Not relevant functions of ARTS for the idealized simulations are turned off, namely

cloudboxOff, jacobiansOff and sensorOff. sensorOff is set because the Sim-

ulated Annealing algorithm takes high resolution spectra to which no sensor re-

sponse function has been applied. The spectral radiances are calculated in units

of W/(m2 Hz sr), the ARTS standard setting.

A.2. Sensor Response Matrix

The sensor response for IASI level 1c data is a Gaussian with a FWHM of 0.5 cm−1

peaking at the channel center. The Gaussian was cut (set to zero) at 10 · FWHM

(=5 cm−1) symmetrically from the channel centers to profit from faster calculations

due to the use of sparse matrices. ARTS can deal with a sensor response vector and
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a vector of the channel center frequencies f backend. The sensor response is then

applied to all channels and ARTS returns a sensor response matrix. The units of the

frequency associated to the sensor response vector need to be relative frequencies to

the channel center, i.e. the channel center’s frequency is 0 in the frequency vector

coming with the sensor response vector. f backend is obtained similar to f grid in

section A.1, but the spacing is 0.25 cm−1 and there is no safety margin.

The sensor response is calculated in ARTS and then saved to ARTS-xml data

format. Admittedly, a sensor response of a Gaussian shape can be calculated also

with functions within ARTS. But as numerical differences with the frequency grid

loaded from a file or newly generated frequency grid occurred, ARTS or Matlab read

f grid from the file every time it is needed. This rather complicated work around,

but at least it gave reproducible frequencies.

A.3. Algorithm Parameters

Besides the modifications explained in section 2.3.3, the code for the Simulated An-

nealing in the atmlab package (atmlab, 2016) is modified as well. These modifications

should not influence the final results, they help to increase efficiency, usability and fix

a numerical issue. These modifications are shortly presented. Finally the algorithm

parameters mentioned in section 2.3 are given explicitly.

apply annealing

is removed/not used. The relevant part is the reshaping of the sensor response

matrix which can be done in loop anneal as well. Extra files would have been

necessary to run it channel by channel, e.g. writing one file with a sensor

response matrix per channel before calling apply annealing.

loop anneal

was called by apply annealing. Instead, it is called directly, and takes the sensor

response matrix and the high resolution spectra as input. It does the reshap-

ing of the spectral radiances that was previously done in apply annealing.

However, the reshaping is done now using matrix operations instead of a slow

nested loop.

find best freq set anneal

is doing the iterative work except for the loop over the channels and the number

of frequencies (see figure 2.3). It allows now only a “sensor response vector”
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instead of a matrix, because the simultaneous optimization of different channels

turned out to work not that well. Furthermore, find best freq set anneal

accepts a flag for the use of the Gasteiger formula (subsection 2.3.3). If the

Gasteiger flag is set to true it is necessary to check that the temperature T is

not decreased below the numerically smallest number in Matlab. Otherwise,

the algorithm is trapped in an endless loop.

The parameters for the algorithm were selected under two practical considerations.

First, the computing of the optimization should not last longer than approximately a

week on two computing nodes with 16 threads. Second, the desired accuracy should

be reached for almost every channel, although there may exist a equally accurate

approximation with less frequencies which could be found by doing more iterations.

The following settings meet the requirements in computing time and successful opti-

mization.

accuracy = 0.005

n_start = 1; % number of channels to start with

use_rel_error = true; % use the relative error

Nblock = 200;

Nsucc = 5; % is called N_improve in section 2.3.3

Tfact = 0.7; % factor by which T is reduced

use_gasteiger = true;

bf_below = 2 % do brute force approach for less than

% 2 frequencies. Allows easy improvement

% if brute force approaches for more than

% 1 frequency will be added in the future

However, these parameters are not the “truth”. Further experiments or other priori-

ties regarding the total number of frequencies, the computation time for the Simulated

Annealing or the accuracy could give a different set of parameters.
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