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Chapter 1

Introduction

The Earth system interacts with its environment mainly by exchange of elec-
tromagnetic radiation. The primary source of energy for the Earth is the
Sun. All the other sources of radiation, from the stars, the reflections from
the moon or from the Earth’s internal energy are negligible in comparison.

Each body with a temperature different from 0K emits radiation following
the Planck function. Depending on the bodies’ temperature, emissions are
located at different frequency ranges. The Sun has an approximate temper-
ature of 6000K and emits mainly in the visible range. The Earth has an
approximate temperature of 255K and emits mainly in the infrared (IR) and
microwave (MW) ranges. Figure 1.1 summarizes this point.

Averaged over a long period of time, the system Earth-Sun is in radiative
equilibrium. The Earth and its atmosphere partly absorb the short-wave
radiation coming from the Sun and emit long-wave radiation to outer space.

The Earth and atmosphere interact with the incoming solar radiation in
numerous ways: scattering, reflection, absorption. The interaction is illus-
trated in Figure 1.2, with an estimation of the energy budget for 100 units
of incoming solar radiation.

The left hand side represents the solar shortwave radiation and the interac-
tion with the atmosphere and the Earth. Out of the incoming 100 units,
16 are absorbed by trace gas and dust during passage through cloud-free air
and 3 are absorbed by clouds. Reflections account for 24 units: 20 reflected
by clouds and 4 by surface, and scattering by air accounts for 6 units. The
remaining 51 units are absorbed by ocean and land.

The Earth/atmosphere system disposes of this energy by a combination of
infrared radiation and sensible and latent heat flux, as represented in the
right hand side of Figure 1.2. The net infrared emission is the sum of the

7



8 INTRODUCTION

Figure 1.1: Normalized blackbody spectra representative of the Sun (left) and
the Earth (right), plotted on a logarithmic wavelength scale (from Wallace
and Hobbs [1977]).

upward emission from the Earth surface and the atmosphere minus the down-
ward emissions from the atmosphere. It represents 21 units, of which 15 are
absorbed by passage through the atmosphere and 6 reach outer space. The
remaining 30 units are transfered from the surface to the atmosphere by
sensible (7 units) and latent (23 units) heat flux. Thus, the atmosphere
experiences a net radiative cooling which is balanced by the latent heat of
condensation that is released in regions of precipitation and by the conduc-
tion of sensible heat from the underlying surface.

The Earth longwave radiation are of critical importance for global energy
budget.

Figure 1.3 shows a simulated spectrum of the Earth outgoing longwave radi-
ation (OLR) at the top of a cloud-free atmosphere and Planck functions for
blackbodies at typical surface and atmospheric temperatures. The spectrum
represents the upward emission from the Earth surface and from the atmo-
sphere. Several species are of importance, absorbing part of the radiation in
the atmosphere, and yielding a difference between the Blackbody radiance
leaving the Earth surface and the radiance observed at the top of the atmo-
sphere. The difference of radiance between the two spectra is better known
as the greenhouse effect. Changes in the species concentration will influence
the outgoing radiation and thus the radiative balance between Earth and
Sun.

Changes in important greenhouse gas concentration such as CO2 are being
extensively discussed in the media (Kyoto Protocol1). The emission of CO2,
mainly due to the burning of fossil fuels through anthropogenic activities, has

1Full text available at: http://unfccc.int/resource/convkp.html
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Figure 1.2: Annual mean global energy balance for the Earth-atmosphere
system. Numbers are given as percentages of the global average solar irra-
diance incident upon the top of the atmosphere (adapted from Wallace and
Hobbs [1977]).

been identified as the main factor responsible for the actual climate changes.

However, the radiative transfer balance could also be affected by several other
species, especially H2O. Its relatively large concentration in the lower part of
the atmosphere and its complex vibrational-rotational absorption spectrum
in the infrared and microwave region makes it the largest contributor to the
absorption spectrum. Although a lot of effort has been deployed to further
understand radiative consequences associated with water vapor changes, the
issue remains disputed.

Radiative transfer calculation can yield information on the impact of species
changes.
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The main objective of this thesis is to use a radiative transfer model and
investigate the OLR when the atmospheric humidity increases, to confirm
the predominance of water vapor as greenhouse gas compared to other at-
mospheric species and to correlate these results with reference papers, in
particular Clough et al. [1992] and Clough and Iacomo [1995].

The thesis is separated into the following chapters:

Chapter 2: Theoretical basics of radiative transfer and spectroscopy.

Chapter 3: Literature review of previous studies and their main find-
ings.

Chapter 4: Setup and assumptions of the study, optimizations, math-
ematics of the calculations.

Chapter 5: OLR and Jacobian results; discussion.

Chapter 6: Limitations of the study.

Chapter 7: Conclusion.

Chapter A-B: Appendices.

The investigation and the results used for this thesis were performed within
the ESA - ACECLIM study [von Engeln et al., 2004], in which the University
of Bremen is involved. The ACECLIM study deals with the Earth Explorer
Opportunity Mission ACE+.

Part of the results obtained for this thesis are to be published in a paper
on outgoing longwave radiation submitted to the Journal of Geophysical Re-
search [Buehler et al., submitted 2004].
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Chapter 2

Radiative transfer theory

The exchange of energy between the atmosphere and the Earth surface, and
between the different atmospheric layers is mainly governed by a mechanism
of radiative transfer. This chapter first presents the radiative transfer mech-
anism, giving a description of the radiative transfer equation, followed by
some spectroscopy basics necessary to understand the present work.

2.1 Radiative transfer equation

The radiative transfer equation describes how radiation is modified by the
atmosphere. The intensity I of the radiation, or radiance, is defined as
the power of the radiation per unit area per unit solid angle and per unit
frequency interval. It is measured in [W ·m−2 · sr−1 ·Hz−1]. The interaction
between the atmosphere and the radiation is of two types:

• Extinction

• Emission

Extinction causes the intensity of the radiation to decrease whereas emission
causes the intensity to increase.

Extinction is caused by absorption and scattering of radiation by atmospheric
constituents. It is linear in the intensity of the radiation and in the amount
of matter. Lambert’s law describes it as:

dI = −kIds (2.1)

where dI is the change in specific intensity due to extinction, k is the ex-
tinction coefficient (sum of the absorption coefficient α and the scattering

13



14 RADIATIVE TRANSFER THEORY

coefficient σ, both in [m−1]) and ds is the path element along the radiation’s
trajectory, in [m].

The emission source is due to thermal radiation and scattering. It is derived
from:

dI = Sds (2.2)

where S is the source term.

Combining the extinction and emission effects yields the general form of the
radiative transfer equation:

dIν

ds
= −Iνk + S (2.3)

where dIν

ds
, the specific intensity of the radiation at the frequency ν at each

element length ds along the propagation path, is the sum of the extinction
of the radiation and the atmospheric emissions. Under the assumption that
the atmosphere is a non-scattering medium, the emission source is only due
to thermal emissions:

S = ανJν (2.4)

where Jν is the emission source function.

According to Kirchhoff’s law, absorptions and emissions are equal. Under
the assumption that the atmosphere is in local thermodynamic equilibrium,
the source function term from 2.4 is given by the Planck function:

Jν = Bν(T ) =
2hν3

c2

1

e
hν
kT − 1

(2.5)

where T is the temperature in [K], h = 6.62×10−34[J ·s] is Planck’s constant
and k = 1.38×10−23[J ·K−1] is Boltzmann’s constant. The radiative transfer
equation 2.3 can then be written as:

dIν

ds
= −ανIν + ανBν(T ) (2.6)

This equation can be solved analytically:

Iν(s) = Iν(0)e−τν(0,s) +

∫ s

0

αν(s
′)Bν(s

′)e−τν(s′,s)ds′ (2.7)
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with the optical depth τ defined as:

τν(s, s
′) =

∫ s′

s

α(s′′)ds′′ (2.8)

The optical depth quantifies how opaque the atmosphere is. If the absorp-
tion coefficients along the line of sight is close to zero, τν is very low. The
atmosphere is defined as transparent, or optically thin. On the contrary, if
the absorption coefficients are high, τν is high and the atmosphere is defined
as opaque, or optically thick.

2.2 Brightness temperature

Considering an atmosphere where no absorption takes place, the atmosphere
is totally transparent. A down-looking instrument would measure only the
radiation coming from the surface and no contribution from the atmosphere.
It means Iν = εBν(TS), with ε = 1 the surface emissivity of a Blackbody, and
TS the physical temperature of the surface. This temperature is obtained by
extracting TS from Equation 2.5:

TS =
hν

kB · ln(1 + 2hν3

c2Bν
)

(2.9)

In the longwave region, the intensity of a radiation is often represented using
brightness temperature. It is defined using Equation 2.9 in terms of the
intensity Iν :

TB(ν) =
hν

kB ln(1 + 2hν3

c2Iν
)

(2.10)

The unit of brightness temperature is [K].
Under the conditions of long wavelength and low temperatures, hν � kBT ,
the Planck function can be approximated to:

Bν(T ) ≈ 2ν2kBT

c2
(2.11)

which is known as the Rayleigh-Jeans approximation (RJ). This definition
allows another representation of the intensity, the Rayleigh-Jeans brightness
temperature, defined as:

TRJ
B (ν) =

c2Iν

2ν2kBT
(2.12)
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2.3 Concept of energy transitions

Radiation emission/absorption occurs only when an atom or a molecule
makes a transition from one state of energy Ei to a state with lower/higher
energy Ej.

Ei − Ej = hν (2.13)

The origin of emission/absorption lie in exchanges of energy between gas
molecules and electromagnetic field.
In general, the total energy E of a molecule is given as:

E = Erot + Evib + Eel + Etr (2.14)

Erot is the kinetic energy of rotation, which emits/absorbs typically energy of
about 1 cm−1 to 500 cm−1 (far infrared to microwave region). Evib is the ki-
netic energy of vibration, i.e. the energy of vibrating atoms about their equi-
librium position, emitting/absorbing energy of about 10 cm−1 to 10 000 cm−1.
Eel is the electronic energy or the potential energy of the electronic arrange-
ment (104 cm−1 to 105 cm−1: UV and visible). Etr is the translation en-
ergy, the exchange of energy between the molecules during collisions (about
400 cm−1 at 300K).

From Erot < Etr < Evib < Eel follows that rotational energy changes accom-
pany vibrational transitions, meaning that vibration-rotation features are
often formed.

In the frequency range used in this study, the main emissions/absorptions
are coming from rotational and vibrational transitions.

Rotational and vibrational transitions

Radiative transitions of purely rotational energy require that a molecule pos-
sesses a permanent electrical or magnetic dipole moment. A molecule such
as N2 for instance, that has its charges distributed symmetrically exhibits no
permanent dipole moment. Therefore the molecule has no transitions in pure
rotational energy in the infrared. On the other hand, molecules such as H2O,
O3 or N2O, that have a permanent dipole moment exhibit pure rotational
spectra. Wavelengths associated with transitions between pure rotational
states would be in the infrared and microwave regions.

Radiative transitions of vibrational energy require a change in the dipole
moment (i.e., oscillating moment). Wavelengths associated with pure vibra-
tional states are in the infrared.
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Figure 2.1: Schematic of the vibrational normal modes of triatomic molecules.
Left: A linear triatomic molecule such as CO2, showing the symmetric ν1

and ν2 modes and the asymmetric ν3 mode. Right: A non-linear triatomic
molecule such as H2O. (From Andrews [2000])

Molecules such as CO2 or CH4, although not having a permanent dipole
moment, can acquire an oscillating dipole moment in their vibrational mode
and exhibit complex vibration-rotation spectral lines.

The vibrational transitions of molecules of more than two atoms are relatively
complex. However, one can mention that for the main molecules of interest
in this study, the vibrational modes take fairly simple forms, as illustrated
in Figure 2.1. These normal modes are designed by the labels ν1, ν2 and ν3.

CO2 is a linear symmetric triatomic molecule. It undergoes symmetric stretch
(ν1), symmetric bending (ν2) and antisymmetric stretch (ν3). H2O, O3 and
N2O are non-linear symmetric molecules. They also undergo symmetric
stretch (ν1), symmetric bend (ν2) and antisymmetric stretch (ν3).

All these energy transitions give rise to spectral line at a specific emit-
ting/absorbing frequency. The aggregation of several spectral lines that over-
lap each other produces the so-called spectral bands.

2.4 Absorption coefficients

In order to solve Equation 2.7, the absorption coefficient αν must be cal-
culated. The absorption coefficients are complex to calculate. The main
contribution comes from the individual spectral lines, seen in the previous
section, and called the line-by-line calculation. However, another contribu-
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tion is coming from the non-resonant terms of atmospheric species such as
water vapor, oxygen, nitrogen or carbon dioxide, called the continua absorp-
tion.

2.4.1 Line absorption

The line absorption of a molecular species is defined by three quantities: the
line strength S, the line shape f(ν, ν0) and the position of the line given by
the center frequency ν0.

The sum of the contribution of all transitions between the energy levels gives
the species absorption coefficient:

αν = n
∑
i,j

Sijf(ν, ν0) (2.15)

where n is the number of molecules of the species per unit volume, i and j
are indices of the upper and lower energy levels of the transition.

The line strength is a measure of how readily a given transition takes place.
It depends on the properties of a single molecule and on the population of
the molecules in different energy states, which is temperature dependent.
In practice, the line strength at a reference temperature is obtained from a
spectral database, and the line strength at a different temperature is obtained
by an interpolation relation.

Although only discrete energy levels yield molecular transitions, the measure-
ments do not show discrete frequency lines but rather a signal smeared over
a frequency region. The line shape describes the distribution in frequency of
the absorption coefficient. Three main effects determine the line shape: the
natural line width, the pressure broadening and the Doppler broadening.

The natural line width or natural broadening is the smallest line width achiev-
able. The uncertainty principle implies that the accuracy to which the energy
of the state is known is related to its lifetime. Due to the limited lifetime of
the energy states, the uncertainty in the energy levels results in a nonzero
line width for a transition to another state, hence a broadening. The natural
line width is described as a Lorentz function in the infrared. In the atmo-
sphere, the natural line width is hardly ever reached due to the dominance
of other broadenings.

Whereas the limited lifetime of the excited state causes the natural line width,
the rate of collisions between molecules reduces the lifetime of the excited
states and therefore leads to an additional broadening of the lines. This
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mechanism is called pressure broadening. It is described by a Lorentzian
or a van Vleck and Weißkopf function. Pressure broadening increases with
pressure thus it is more important in the troposphere. One should also
note that at higher pressure, the smaller intermolecular distances create a
frequency shift.

The Doppler broadening arises because of the motion of the molecules them-
selves. At atmospheric temperatures, molecules are moving rapidly, creating
a shift in the emitting and absorbing frequency depending on whether the
molecule is moving towards or away from the observer (Doppler shift). The
Doppler broadening is important at lower pressure and shorter wavelength.

For practical reasons, a cutoff frequency νcutoff is introduced in the line shape
function of each spectral line. It has two advantages: the cutoff avoids apply-
ing the line shape to distant frequencies where the line form is theoretically
not well understood, and the cutoff also establishes a limit to the summation
of Equation 2.15 where lines far away from the cutoff limit do not contribute
to the sum.

The cutoff frequency used throughout this work is 25 cm−1, consistent with
the continuum model employed.

2.4.2 Continua absorption

Actual measurements of absorption coefficients show a higher value than
the sum of the contribution of all the absorption lines. In some spectral
ranges, the contribution from the absorption lines accounts for only 20% of
the total measured absorptions. The remaining part is due to a term called
the continuum absorption, due to non-resonant absorptions/emissions from
some species.

The principal characteristic of a continuum absorption compared to the line
absorption is its smooth frequency dependence. In the atmosphere, the con-
tinua are generally separated into two categories: the water vapor absorption
continuum and the dry air absorption continua. In the infrared, the major
continua arise from the species: O2, N2 and CO2.

Water vapor is the biggest contributor to continuum absorption in the atmo-
sphere. Its absorption is proportional to the variable amount of water vapor,
whereas the contribution of the dry air continua (O2, N2, CO2) is dependent
only on the temperature and total pressure, since these species are well mixed
in the atmosphere.
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2.5 Radiative transfer model (ARTS)

The forward model used for this study is ARTS [Buehler et al., submitted
2003], the Atmospheric Radiative Transfer Simulator developed jointly by
the Institute for Environmental Physics, University of Bremen, Germany,
and the Chalmers Technical University, Gothenburg, Sweden. Two versions
of the model have been developed: 1.0 and 1.1. The version used in this
study is the 1.0. It is a one-dimensional, line-by-line model capable of simu-
lating instruments in limb, up and down looking geometry. It uses the scalar
solution of the radiative transfer equation. The assumption in this version
of the model is an atmosphere which is non-scattering and in local thermal
equilibrium.

Input

ARTS requires as input volume mixing ratio (VMR) profiles. The VMR is
defined as the ratio of partial pressure e of the species to the total pressure
p of the air:

V MR =
e

p
(2.16)

The atmospheric scenario database used for this work (Fascod, cf. Chap-
ter 4.1.2) provides profiles in VMR.

For water vapor, the unit of relative humidity (RH) is often found. It is the
case for water vapor profiles obtained from radiosondes data. RH is defined
as the ratio of the partial pressure e of water vapor and the saturation water
vapor pressure es:

RH =
e

es

(2.17)

RH is expressed in [%].
A conversion to VMR has to be performed in order to run the profiles into
ARTS. Using Equation 2.16 and Equation 2.17, VMR is obtained as:

V MR = RH · es

p
(2.18)

then the unknown es is calculated using preferably the Sonntag formula [Son-
ntag , 1994] with respect to liquid water:

es = exp(aT−1 + b + cT + dT 2 + f · ln(T )) (2.19)
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With 173.15 K ≤ T ≤ 375.15 K and with
a = −6096.9385
b = 21.2409642
c = −2.711193 · 10−2

d = 1.673952 · 10−5

f = 2.433502

Model Validation

The model ARTS was initially developed for the microwave frequency range
and it has been extensively validated and tested for this range.

The extension to the infrared region is straightforward for the line spectrum,
since the calculation methods are essentially identical for microwave and in-
frared lines and spectroscopic databases are available that cover the complete
frequency range. However, the continuum part of the absorption depends on
the frequency range in use. ARTS has been updated with the major con-
tinua in the infrared: H2O, N2, O2, CO2. For the purpose of validation, the
model has participated in the International TOVS Working Group (ITWG)
comparison of line-by-line and fast infrared forward models [Saunders , 2003]
that took place from June 2003 to January 2004.

The results of this validation campaign confirm that ARTS is perfectly suit-
able for simulations in the infrared range.
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Chapter 3

Literature review on OLR

This section presents a review of selected articles in the field of outgoing
longwave radiation (OLR) with respect to the main radiative species, water
vapor, and the other important species. Also, it presents an overview of the
simulations and measurements of OLR.

3.1 OLR and water vapor

The ground breaking modeling work for OLR at high spectral resolution
was achieved by Clough et al. [1992]. Simulations based on a line-by-line
model were used in order to emphasise that water vapor has radiative effects
throughout the whole infrared spectrum. Figure 3.1 illustrates this result.
The study shows that the radiative effect of water vapor is strongly dependent
upon wavelength. It also illustrates that the water vapor concentration is of
primary importance when considering the Earth’s radiative transfer in the
middle and upper troposphere, where most of the response is happening.
The three spectral bands of water vapor are visible, the pure rotation band
being predominant.

Although calculations were done only for mean atmospheric conditions (Mid-
latitude Summer scenario), it was shown later by Sinha and Harries [1995]
that even under dry/cold conditions, the water vapor pure rotation band still
has a dominant effect in the radiative cooling of the atmosphere.

Other studies, whether using the same method or working on narrow bands,
have confirmed the sensitivity of the greenhouse effect to water vapor con-
centrations in the infrared, specifying a greater sensitivity in the far infrared
for Subarctic Winter scenario and the window region for Tropical scenario
[Brindley and Harries , 1998; Sinha and Allen, 1994].

23
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Figure 3.1: Spectral cooling rate profile for water vapor (no continuum) as
a linear function of pressure for a MLS atmosphere. Color scale ×10−3 is in
unit of Kd−1(cm−1)−1 (From Clough et al. [1992])

These model studies also indicate that the response to a change in water va-
por amount is dependent on the atmospheric level at which the perturbation
occurs. For a perturbation initiated in the lower troposphere for example,
the main responses are seen in the atmospheric window (850-1250 cm−1),
while a perturbation in the upper troposphere results in a response in the
water vapor vibration-rotation band (>1250 cm−1) and pure rotational bands
(<850 cm−1).

Colman [2001] made a study of the altitude dependency of feedbacks for
water vapor as top of the atmosphere (TOA) radiative response from an
idealized moistening of 10% at each model altitude level, considering the
spectrally integrated long-wave results. The study concluded firstly that the
tropical maximum response occurs at around 850 hPa with a secondary peak
at 400 hPa. Secondly, the study indicates that the response becomes almost
independent of height at mid-latitude. Thirdly, it found a maximum im-
pact in the mid-troposphere at high latitudes. Allan et al. [1999], although
confirming the importance of water vapor with respect to OLR, are claim-
ing that the OLR variation is mostly explained by the humidity changes
in the mid-troposphere (400 hPa to 700 hPa), and reported that the sen-
sitivity to changes in the OLR has been found to diminish with increasing
relative humidity (Figure 3.2). According to this study, results are mainly
due to the increasing saturation of the water vapor absorption bands with
increased moisture. Working on simulations for a narrow band, Sinha and
Harries [1995] have illustrated the spectral variation for total and water va-
por greenhouse effects for two standard atmospheres (Subarctic Winter and
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Figure 3.2: Spectral changes of the clear-sky OLR as a function of wave
number. Assuming uniform relative humidity changes to a tropical stan-
dard profile having relative humidities set to 40% initially (From Allan et al.
[1999])

Tropical) and shown the importance of the 0-500 cm−1 region, with a sub-
stantial amount of greenhouse forcing happening in the far infrared for both
atmospheres.

3.2 Other species of interest

Although water vapor is the major atmospheric radiative species in the in-
frared range, other species are also important and have to be considered for
a study on OLR. This part reviews the principal work done in this area, by
Clough and Iacomo [1995], using a line-by-line model to study the radiative
effect of gaseous CO2, O3, CH4 and N2O. Figure 3.3 illustrates the principal
results of this study.

3.2.1 Carbon dioxide CO2

In contrast to water vapor, radiative effects of CO2 in the long-wave re-
gion are confined to limited spectral domains. In Clough and Iacomo [1995],
CO2 is found to be dominant in mainly two spectral regions: 580-750 cm−1

and 2200-2400 cm−1 (Figure 3.3). According to this paper, CO2 is a primary
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Figure 3.3: Spectral cooling rate profile for H2O, CO2 (355ppm), and O3 as
a logarithmic function of pressure for a MLS atmosphere. Results are spec-
trally averaged over 25 cm−1. Color scale ×10−3 is in unit of Kd−1(cm−1)−1

(Adapted from Clough and Iacomo [1995])

contributor to stratospheric radiative cooling due to its relatively high at-
mospheric concentration and its large absorption coefficient values in the
vibration-rotation bands (especially the ν2 band at 667 cm−1). In the tropo-
sphere, however, the main cooling effects of carbon dioxide are reported to
be in the regions 600-640 cm−1 and 690-800 cm−1. Since its contribution is
limited to a smaller spectral domain, the radiative effects of carbon dioxide
in the troposphere are smaller than that of water vapor.

3.2.2 Ozone O3

As for CO2, the contribution of ozone is restricted to limited regions in
the infrared (Figure 3.3). It has a strong ν3 band centered at 1043 cm−1,
with effects extending from 980 cm−1 to 1080 cm−1. This band, together
with the 667 cm−1 ν2 band of carbon dioxide, dominates the cooling of the
stratosphere. At the tropopause for mid-latitude summer, the ν2 band of
ozone, centered at 704 cm−1 contributes substantially to the total long-wave
ozone forcing. Ozone also has two weaker bands in the infrared, the ν1 band
from 1080 to 1200 cm−1 and the ν1 + ν3 band from 2050 cm−1 to 2150 cm−1.
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3.2.3 Methane CH4 and nitrous oxide N2O

After water vapor, carbon dioxide and ozone, methane and nitrous oxides are
the most radiatively important trace gases in the long-wave region. Methane
exhibits peaks in the 1190-1370 cm−1 region, while nitrous oxide is important
in the regions 550-620 cm−1 and 1130-1320 cm−1. Their contribution to the
overall OLR budget is relatively small. However, Clough and Iacomo [1995]
emphasise that the presence of methane and nitrous oxide in the window
region between ozone and the 1600 cm−1 water vapor band as well as their
rate of increase make them important contributors to climate change.

3.3 Simulations and measurements of OLR

3.3.1 Simulations of OLR

The increase in computational power has given atmospheric modelers the
possibility to run line-by-line models covering the whole microwave to in-
frared range. This type of model calculates the contribution of each absorb-
ing lines to the spectra, leading to high resolution results. Current line-by-
line (LBL) models operating in the infrared include LBLRTM [Clough and
Iacomo, 1995], GENLN2 [Edwards , 1992], FLBL [Turner , 1995a] [Turner ,
1995b], 4A [Tournier et al., 1995] and SYNSATRAD [Tjemkes and Schmetz ,
1997].

In principle, LBL models using identical spectroscopic data should yield the
same answer. However, LBL codes are complex and not entirely free from
approximations. While the accuracy of the models is already affected by the
accuracy of the spectroscopic input data; for instance the choice of continua,
spectral line shapes, line cutoff, another potential source of discrepancies
comes from the particular solution of the radiative transfer equation adopted:
the atmospheric layering and initial spectral grid for computations.

For the infrared, the cited models use the CKD water vapor continuum
[Clough et al., 1989] v2.1, v2.2 or v2.4. Their spectroscopic data are ex-
tracted from the catalog HITRAN-96 [Rothman et al., 1998] or GEISA-97
[Jaquinet-Husson et al., 1999]. Note that the latest version of the HITRAN
catalog is HITRAN-2000.

The first study for inter-comparison of radiation codes in climate models
(ICRCCM) was initiated by the World Meteorological Organization, with
the aim of evaluating and improving the long-wave calculations used in cli-
mate models. The ICRCCM produced benchmark long-wave LBL fluxes for
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comparison with lower spectral resolution models and between LBL mod-
els themselves. The study concluded that LBL models produce consistent
results when compared to each other, with radiance differences within 1%
[Ellingson et al., 1991]. The authors of the models however emphasise that
their results, although very consistent between each other, should not be
taken as an absolute reference due to the uncertainties in the line shape and
absorption continua. All the results of the ICRCCM study can be found in
the special issue of the Journal of Geophysical Research (JGR) [Ellingson
and Fouquart , 1991], that also holds the Ellingson et al. [1991] article.

A further interesting inter-comparison has been done by Garand et al. [2001]
in order to evaluate current LBL models. This study compared the models’
calculations of the radiance and the Jacobians for different channels. Results
of the comparison show generally a good agreement between the models,
with errors typically within 0.05-0.15 K (standard deviation) in terms of
TOA brightness temperature.

Similar work has recently been done by Tjemkes et al. [2003], with the aim
of inter-comparing the simulations from different LBL models between them-
selves, but also with real observations. Given the same input atmospheric
profile, the discrepancies in the output of the LBL models were assessed. The
results of this study indicate that in many spectral regions, the models are
capable of reproducing the observations to within the observed noise. How-
ever, in some spectral regions relatively large differences between simulations
and observations are found.

3.3.2 Measurements of OLR

Satellites are commonly used to measure the OLR and validate models. A
comparison between the first satellite data available from 1970 and recent
observations allowed Harries et al. [2001] to report differences in the spectra
of the OLR of the Earth due to long term change in atmospheric greenhouse
species. This study pointed out the importance of the hydrological cycle, but
without conclusive comments on the consequences a change in greenhouse
effect would have on this species.

As underlined by Harries [1996], much effort is still required to make mea-
surement of the spectrum of radiative fluxes in the atmosphere. The first
source of observations of the Earth radiation budget has been the Earth
Radiation Budget Experiment (ERBE), launched by NASA from 1984 on
several satellites [Harrison et al., 1988], with the aim of studying the energy
exchanged between the Sun, the Earth and space. Clear-sky and cloudy
plus clear-sky pictures of the global longwave emissions flux were produced.
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These observations show large regional and time variations. The cloud-free
case shows a clear zonal appearance, driven by the atmospheric temperature
distribution. The ERBE data have been used in many studies, for example
for inter-comparison with general circulation models [Stephens and Green-
wald , 1991].

Following the ERBE instrument, NASA launched the Clouds and the Earth’s
Radiant Energy System (CERES) instrument (which is based on the design
of ERBE) from 1997 on several satellites, with the objective of continuing
the effort to monitor the Earth radiation budget. It was created to provide
radiation data for the Earth Observing System (EOS) for examining the
role of clouds in the radiative heat balance of the Earth-atmosphere system
[Wielicki et al., 1996].

ESA launched on a Meteosat satellite the Geostationary Earth Radiation
Budget (GERB) [Mueller et al., 1999] to make accurate measurements of
the Earth Radiation Budget from a geostationary orbit. It measures the
incoming solar radiation, the solar radiation which is reflected at the top of
the atmosphere and the thermal radiation emitted by the Earth.
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Chapter 4

Setup, optimization and
calculation method

4.1 Setup

4.1.1 Assumptions

A certain number of assumptions are made in this study, notably:

• Atmospheric scenarios (Fascod): Tropical (TRO), Mid-latitude Sum-
mer (MLS), Mid-latitude Winter (MLW), Subarctic Summer (SAS),
Subarctic Winter (SAW)

• Frequency range: 0 cm−1 to 2500 cm−1

• Cloud free atmosphere

• Ground emissivity set to 1, following reference paper Clough et al.
[1992]

• Top of the atmosphere for Fascod is 95 km

4.1.2 Scenario used

The atmospheric scenario used is drawn from a radiative transfer model
named MODTRAN/FASCOD [Holton, 2003; MODTRAN , 2003; Anderson
et al., 1986]. It offers 5 different scenarios: Subarctic Winter, Subarctic
Summer, Mid-latitude Winter, Mid-latitude Summer, Tropical. Provided are
profiles of temperature, water vapor, ozone, and several other atmospheric
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Temperature Profiles

100 150 200 250 300
Temperature [K]

0

20

40

60

80

100

al
tit

ud
e 

[k
m

]

tropical
mid-latitude summer
mid-latitude winter
subarctic summer
subarctic winter

Water Vapor Profiles

10-6 10-5 10-4 10-3 10-2 10-1

VMR [1]

0

5

10

15

20

al
tit

ud
e 

[k
m

]

tropical
mid-latitude summer
mid-latitude winter
subarctic summer
subarctic winter

Water Vapor Profiles

10-5 10-3 10-1 101 103

MMR [g/kg]

0

5

10

15

20

al
tit

ud
e 

[k
m

]

tropical
mid-latitude summer
mid-latitude winter
subarctic summer
subarctic winter

Figure 4.1: Fascod temperature and water vapor profiles (in volume and
mass mixing ratio). [Figure courtesy of Axel von Engeln].

species. The temperature profiles are very close to the ones used in Clough
and Iacomo [1995].

The temperature and water vapor profiles of Fascod are shown in Figure 4.1,
water vapor profiles are given in volume and mass mixing ratio.

Fascod offers several advantages:

• coherent set of atmospheric scenarios, covering also all relevant atmo-
spheric constituents

• manageable number of scenarios (5)

• very similar atmospheric scenarios to already published results

4.2 Optimization

In order to save computer power, some optimizations were made. The idea
of the optimization is to produce results within acceptable accuracy but
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using less inputs. This was applied to the number of species taken from the
spectroscopic catalog, to the size of the frequency grid, and to the number
of zenith angles.

4.2.1 Considered species

The radiative transfer model ARTS can be used with different spectroscopic
catalogs, among them HITRAN and JPL, [Buehler et al., submitted 2003].
HITRAN lists about 1 million lines for 38 species within the considered fre-
quency range (0 cm−1 to 2500 cm−1). Not all of these species are relevant for
the calculated OLR, thus a species reduction was performed first. A com-
parison with OLR calculations covering all HITRAN catalog species showed
differences below 0.01% in OLR, the number of lines was reduced by about
30%.

Included species are:

• H2O (15190 lines)

• CO2 (38326 lines)

• O3 (246426 lines)

• N2O (18343 lines)

• CO (1913 lines)

• CH4 (32071 lines)

• O2 (5114 lines)

• NO (12835 lines)

• NO2 (95005 lines)

• HNO3 (171504 lines)

• N2 (106 lines)

• Continua: H2O, CO2, O2, N2

Jacobians are only calculated for the main atmospheric absorber (H2O, CO2,
O3, N2O, CH4) and for temperature within this frequency range.
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4.2.2 Frequency optimization

The frequency grid necessary in order to calculate OLR needs to be assessed.
An optimization of the frequency grid being crucial to save computer power
for all subsequent calculations, significant effort has been channeled in this
issue, aiming to reduce the size of the frequency matrix while not missing
relevant features.

The method of the convergence test was applied to evaluate the different grids
used: firstly, the grid is run for an OLR calculation, keeping all the other
parameters identical. Secondly, the total OLR is calculated by integrating
the OLR spectrum over the frequency grid. Finally, the integrated OLR
obtained is compared to a less accurate frequency grid. The value of the
integrated OLR should converge to a finite number when no further features
are missed out.

Two different types of grid were assessed:

• Equidistant grid

• Optimized grid

The equidistant grids select the frequencies at the given sampling rate, ran-
domly picking spectral lines features. Contrarily, the optimized grids are only
selecting the frequencies that are relevant for the calculation, and include all
the spectral lines needed to achieve the required accuracy.

The equidistant grids were calculated for different situations: low number of
points, high number of points and on a restricted range.

The results are shown in Figure 4.2.

On the full OLR frequency range (0-2500 cm−1), the calculations were made
for grids up to 10 000, 20 000 and 40 000 points. In terms of wavenumber, it
represents grid space of respectively 0.25, 0.125 and 0.063 cm−1. Although
these grids are rather coarse, the convergence past 10 000 points is already
satisfactory with the three points within 0.04%. For the same frequency
range, it was decided to run a very fine grid of 500 000 points in order to
verify whether the convergence value had been reached. The resolution of
this grid is 0.005 cm−1. This run resulted in an OLR integrated value also
within the 0.04% of the previous run.

Another check was made by focusing on a sensitive area of the OLR spectrum.
The results obtained confirmed that the integrated OLR change only by very
small amounts, even when focusing on a narrow frequency band. One can
conclude that the utilization of an equidistant grid to calculate total OLR
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Figure 4.2: Convergence test. Frequency integrated OLR in zenith direction.
EG: Equidistant grid, OG(max.deviation): Optimized grid, minimization of
maximum deviation, OG(max.area deviation): Optimized grid, minimization
of maximum area deviation. (A) Integrated OLR value, (B) Integrated OLR
value relative to 500000-points frequency grid.
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allows the use of a rather coarse frequency grid, and that to some extent the
use of a computer-expensive very fine grid gives at the end a similar answer.

The other approach used was to run optimized grid. The optimized grids
were constructed on two different ways: minimization of maximum deviation
and minimization of maximum area deviation. The grid space ranges from
0.00005 cm−1 up to 100 cm−1.

The minimization of maximum deviation resulted in a set of three grids with
a deviation set to a maximum ≤5e-14, ≤2.5e-14 and ≤1e-14. The size of
these matrices is respectively: 19760, 34184 and 57522. The minimization of
maximum area deviation resulted also in a set of three grids. The constraint
was set to have the mean of the absolute deviation ≤5e-14, ≤1.7e-14 and
≤5e-15. The matrices obtained were respectively of size: 22950, 51612 and
100674.

The integrated OLR calculated from both the optimized grids show a con-
vergence when the accuracy request increases. The optimized grid based on
the minimization of maximum area deviation converges towards the values
obtained with the equidistant grid, and reaches a similar value for the mean
of absolute deviation set to ≤5e-15, whereas the optimized grid based on
the minimization of maximum deviation with an accuracy set to maximum
absolute deviation ≤1e-14 still shows a gap to the equidistant grid of the
order of 0.6%.

The conclusion of the frequency optimization is that although the optimized
frequency grids are made in a more rigorous way, they converge much slower
than the equidistant grids, resulting in a large frequency matrix, which is
difficult to handle and computer-expensive. The equidistant grids, on the
other hand, show a quicker convergence, probably due to peaks and lows
taken or missed and randomly cancelled out, but in any case more efficient
and easier to handle.

For these reasons, the OLR calculations are made using a 10 000 equidistant
grid in this study.

4.2.3 Zenith angle optimization

The evaluation of Equations 4.6 and 4.7 requires an integration over the
cosine of all zenith angles. OLRs with different number of equidistant zenith
angles covering the range of 90◦ to 180◦ have been calculated for a mid-
latitude summer scenario. Variations of the integrated OLR per zenith angle
are shown in Figure 4.3.
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Figure 4.3: Integrated OLR per zenith angle, number of equidistant zenith
angles (ZA) is given in legend. [Figure courtesy of Axel von Engeln].

The major variations in integrated OLR happen at angles below 110◦, thus
near the limb of the simulations.

The integrated OLR over all zenith angles is shown in Table 4.1. The OLR
variation over different zenith angles is very smooth, thus even a small num-
ber as 10 angles already yields fairly accurate results. A total number of
40 zenith angles is used for OLR calculations within this study, to achieve
an accuracy < 0.1%. Further optimization could be achieved by using a
non-equidistant zenith angle grid.

4.3 Calculations

4.3.1 OLR calculations

Following the notation of Clough et al. [1992], the monochromatic upwelling
flux F+

ν and downwelling flux F−
ν at a given atmospheric level are calculated

from the monochromatic radiance Iν(µ) integrated over all relevant angles at
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Table 4.1: Mid-latitude Summer OLR for different number of zenith angle
(ZA) calculations. [Table courtesy of Axel von Engeln].

# of ZA OLR [W/m2 ] Diff to max ZA [%]
10 276.69 1.8
20 272.27 0.15
40 271.72 -0.05
60 271.78 -0.03
80 271.86 0.0

that level:

F+
ν =

∫ 2π

0

∫ 1

0

Iν(µ) µ dµ dφ (4.1)

F−
ν =

∫ 2π

0

∫ 0

−1

Iν(µ) µ dµ dφ (4.2)

with the zenith direction cosine µ, the azimuthal angle φ, and the frequency
ν. The integration over µdµ equals an integration over cosθsinθdθ, with θ the
zenith direction angle. The term cosθ is a result of the radiation projection
into zenith direction, while the remaining parts result from the azimuthal
integration.

The total effective flux is obtained by integrating over all frequencies and
taking the difference between upwelling and downwelling contributions:

F =

∫ ∞

0

[
F+

ν − F−
ν

]
dν. (4.3)

Hence, a positive sign for F means an upwards flux.

Within this study, the spectral integration of Iν(µ), as calculated by the
forward model ARTS, is performed first. Thus the spectral dependence ν in
Equation 4.3 is removed, yielding:

F+ =

∫ 2π

0

∫ 1

0

I(µ) µ dµ dφ (4.4)

F− =

∫ 2π

0

∫ 0

−1

I(µ) µ dµ dφ (4.5)
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No azimuthal dependence of the atmosphere is considered, reducing the flux
calculations to:

F+ = 2π

∫ 1

0

I(µ) µ dµ (4.6)

F− = 2π

∫ 0

−1

I(µ) µ dµ (4.7)

The flux F+ at the top of the atmosphere represents the outgoing longwave
radiation (OLR). OLRs are calculated for comparison to literature values.
Furthermore, the upwelling and downwelling fluxes at the tropopause level
are also considered, since the main impact of water vapor on the OLR comes
from the troposphere [Clough et al., 1992].

The OLR requires an integration over all zenith angles, which can be CPU
intensive. Thus the zenith OLR is used within this study to describe the
OLR emanating from the atmosphere into the zenith direction only. This
is helpful when only relative differences are important, and a more general
comparison has shown that the relative difference between the OLR and the
zenith OLR is small.

4.3.2 Jacobians calculations

Mathematically, Jacobians K represent the partial derivative of the spectrum
I with respect to certain input parameters of the forward model x:

K =
∂I

∂x
(4.8)

here, the vector x holds profiles of certain atmospheric species and tem-
perature. Thus the Jacobian for one particular atmospheric species gives
information on the response of the intensity to a change of the species at a
certain level.

Jacobians are generally required in the retrieval calculations like the Optimal
Estimation Method or in variational data assimilation [Rodgers , 2000]. Jaco-
bians can be calculated by perturbation of the forward model parameter in
question, or analytically. ARTS uses analytic expressions to derive Jacobians
for all considered forward model parameters [Buehler et al., submitted 2003].

Jacobians are calculated for the main atmospheric absorber and for temper-
ature. Main absorbers are: H2O, CO2, O3, N2O, and CH4.
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In addition, Jacobians are integrated over frequency in order to assess the
net intensity change at a particular altitude, giving information about the
warming and cooling effect of an atmospheric species.

4.3.3 Cooling rates calculations

Another important quantity is the infrared heating/cooling rates, defined
as the rate of temperature change (in K) of an atmospheric layer due to
infrared radiative energy gain/loss in space. The heating/cooling rates can
be determined as

dT

dt
=

1

ρcP

dF

dz
(4.9)

where T is the temperature, t is the time, ρ is the air density, cP is the heat
capacity (for pressure work), F is the radiative flux and z is the vertical
altitude. Heating or cooling is determined by the sign of the equation. A
positive sign means a cooling. If an atmospheric model calculates the infrared
upwelling and downwelling fluxes, the cooling rates can be determined by
Equation 4.9. This approach is used by e.g. Clough et al. [1992], Clough and
Iacomo [1995] and Brindley and Harries [1998].

Similarly, in integrating cooling/heating rates over the OLR range, the OLR
sensitivity is determined as the TOA net flux or forcing (in [W/m2 ]).

The cooling rates and the integrated cooling rates for the five Fascod scenarios
have been calculated by Patrick Eriksson in the frame of the ESA-ACECLIM
study. Some of this work is mentioned in the results section for comparison
with the Jacobian and integrated-Jacobian results. Details of the cooling
rate calculations can be found in von Engeln et al. [2004].



Chapter 5

Results and discussion

5.1 OLR results

OLR are calculated for the five Fascod scenarios. Results are also given in
terms of up- and downwelling flux at the top of the tropopause, taking the
tropopause altitudes for TRO, MLS, MLW identical to the ones used by
Clough and Iacomo [1995].

The results are shown in Table 5.1. OLR fluxes show a large range of values
depending on the scenario. The Tropical scenario has the highest OLR. This
value is the combination of two effects. First the tropical scenario has a high
water vapor concentration, as seen in Figure 4.1. This means that the emis-
sions are coming from a higher altitude; from a colder temperature, which
decreases the OLR. Secondly, the Tropical scenario has high temperatures;
this has the effect of increasing the OLR. The scenario Mid-latitude Summer
has a lower water vapor concentration and a colder temperature profile, but

Table 5.1: Fluxes of Fascod scenarios: at the top of the atmosphere (OLR)
and up- (TP ↑), downwelling (TP ↓), and net flux (TPN) at the tropopause
(TP) in [W/m2 ] [Table courtesy of Axel von Engeln].

Scenario TP Alt [km] TP ↑ TP ↓ TPN OLR
TRO 17.0 285.44 -11.02 274.42 277.98
MLS 13.0 283.18 -21.58 261.60 271.61
MLW 10.0 237.43 -30.44 206.99 222.92
SAS 10.0 268.33 -36.99 231.34 254.61
SAW 09.0 205.19 -32.42 172.77 193.41

41
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Table 5.2: Fluxes of Clough and Iacomo [1995] with differences to results
of this study in brackets at: the top of the atmosphere (OLR) and up-
(TP ↑), downwelling (TP ↓), and net flux (TPN) at the tropopause (TP).
[Table courtesy of Axel von Engeln].

Scenario TP ↑ [W/m2 ] TP ↓ [W/m2 ] TPN [W/m2 ] OLR [W/m2 ]
TRO 289.3 (1.4%) -11.7 (6.2%) 277.6 (1.2%) 290.3 (4.4%)
MLS 287.6 (1.6%) -22.3 (3.3%) 265.3 (1.4%) 283.3 (4.3%)
MLW 238.3 (0.4%) -25.1 (-17.5%) 213.2 (3.0%) 232.6 (4.3%)

remains close to the Tropical scenario. It has the second highest calculated
OLR. Considering the other summer scenario, Subarctic Summer and the
two winter scenarios: the lowermost OLR result comes from the Subarctic
Winter scenario. This scenario has a low humidity concentration so emissions
coming from warmer atmospheric layers but cold temperatures. The fluxes
at the top of the tropopause show the same pattern.

Table 5.2 shows the results obtained by Clough and Iacomo [1995], with
the relative difference to Table 5.1. In terms of OLR, the difference is of
approximately 4.3%. It indicates that there is a bias or a systematic error.

Systematic errors might be due to the following reasons:

• The water vapor continuum used (Clough and Iacomo [1995] uses an
older version). The removal of the continuum creates an underestima-
tion of the OLR by about 2.8%.

• The number of species. Taking only H2O, CO2, O3, N2O and CH4

(Although consistent with Clough and Iacomo [1995]) induce an OLR
decrease of 0.1%.

• The ground emissivity. A change from 1 to 0.9 decreases the OLR by
1.4%.

• The line cutoff. 25 cm−1 is used in this study (10 cm−1 in Clough and
Iacomo [1995]). A change from 25 cm−1 to 10 cm−1 increases the OLR
by about 0.3%.

• The geometry of the atmosphere. Clough and Iacomo [1995] assumes
a plane parallel geometry whereas a spherical geometry is assumed in
this study.
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At the tropopause level, the downwelling fluxes show larger variations. This
can be caused by the difference in the tropopause altitudes. A 1 km differ-
ence in the tropopause level for the Mid-latitude Winter scenario reduces
the -17.5% TP ↓ difference to about 2%. In addition, the spectroscopic
parameters and the continua were updated in the meantime, hence adding
another uncertainty to the OLR and TP flux comparison. Differences be-
tween Clough and Iacomo [1995] and the results presented here are likely
due to a combination of these different factors.

5.1.1 Impact of trends in water vapor, CO2, Temper-
ature

The impact of trends in water vapor has been assessed by increasing or de-
creasing the amount of water vapor by a factor of 0.8, 0.9, 1.0, 1.1 and 1.2.
Results are shown in Table 5.3. Additionally, Table 5.4 compares these val-
ues with an OLR change that would happen in the case of a CO2 doubling;
Table 5.5 gives the impact of a 1K increase at all levels on the fluxes; Ta-
ble 5.5 also gives the impact of a 1K increase at all levels on the fluxes if
the relative humidity is kept unchanged with respect to the corresponding
Fascod scenario.

The response of the OLR and the up- and downwelling fluxes at the tropopause
after applying the water vapor trends is similar for all the scenarios. At the
tropopause level, an increase of water vapor decreases the upwelling flux, and
increases the downwelling flux.

The decrease of the upwelling flux is explained by the absorption features
of water vapor. In the troposphere, water vapor has very strong absorption
lines, that make the troposphere totally opaque to infrared radiation. An
increase in the water vapor concentration will make the opaque region moving
higher up in altitude, thus towards a colder atmospheric region since the
temperature gradient in the troposphere is negative. Therefore the intensity
decreases. The magnitude of the decrease depends on the steepness of the
temperature gradient in the troposphere, explaining why the variability is
higher for the Tropical scenario than for colder scenarios (Subarctic Winter
for instance).

The increase of the downwelling flux at the tropopause is explained by the
positive temperature gradient in the stratosphere. This makes the infrared
emission coming from higher, warmer atmospheric region, increasing the in-
tensity.

Figure 5.1 shows the impact of the water vapor trends compared to the
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impact of a CO2 doubling. The variations are similar to the one observed
for water vapor. An increase of CO2 concentration decreases the upwelling
fluxes while the downwelling fluxes increase. Thus a CO2 doubling is com-
parable to a 20% water vapor increase. The major difference is caused by
the stratospheric CO2 absorption bands, thus the impact of the downwelling
tropopause flux is larger.

These OLR results have also been compared to a general increase of the
temperature at all altitude by 1K, as shown in Table 5.5. This increase
reflects a tropospheric warming. A general 1K increase will also increase
the stratospheric emissions, but the contribution of stratospheric emissions
to the overall fluxes is small. Results are comparable to a 20% decrease in
the amount of water vapor. Fluxes are increased, since higher temperature
means higher emissions as determined by the Planck function.

A possible future atmospheric scenario would be a tropospheric temperature
increase while the relative humidity stays constant (e.g. Held and Soden
[2000]). Since relative humidity is temperature dependent, an increase in
the water vapor VMR is necessary to keep the relative humidity constant.
Figure 5.2 shows the required change in water vapor VMR when temperature
is increased by 1K. The main impact on fluxes comes from the troposphere,
where VMRs are increased by 7% to 12%. Table 5.6 shows the impact on the
integrated water vapor column. Flux results are also shown in Table 5.5. The
impact on the fluxes is smaller than for a 1K increase only, since the water
vapor increase will move the main emission regions higher in the troposphere.
The flux changes are reduced for some scenarios by more than 60% at the
tropopause. At the TOA, the difference between the fluxes is smaller since
the stratospheric emissions compensate the decreased tropospheric emission
to some extent. This is also visible in the TP ↓ flux.
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Table 5.3: Impact of water vapor trends on the fluxes of Fascod scenarios: at
the top of the atmosphere (OLR) and up- (TP ↑), downwelling (TP ↓) and
net flux (TPN) at the tropopause (TP). Changes with respect to the standard
scenario (SS, unchanged) are given in brackets. [Table courtesy of Axel von
Engeln].

Scenario TP ↑ [W/m2 ] TP ↓ [W/m2 ] TPN [W/m2 ] OLR [W/m2 ]
TRO

0.8 290.92 -10.80 280.12 (2.1%) 283.17 (1.9%)
0.9 288.09 -10.91 277.18 (1.0%) 280.49 (0.9%)
SS 285.44 -11.02 274.42 277.98
1.1 282.94 -11.12 271.82 (-0.9%) 275.62 (-0.8%)
1.2 280.57 -11.21 269.36 (-1.8%) 273.39 (-1.6%)

MLS
0.8 287.44 -20.98 266.46 (1.9%) 275.62 (1.5%)
0.9 285.24 -21.29 263.95 (0.9%) 273.55 (0.7%)
SS 283.18 -21.58 261.60 271.61
1.1 281.24 -21.85 259.39 (-0.8%) 269.79 (-0.7%)
1.2 279.39 -22.11 257.28 (-1.7%) 268.06 (-1.3%)

MLW
0.8 239.49 -29.34 210.15 (1.5%) 224.91 (0.9%)
0.9 238.41 -29.91 208.50 (0.7%) 223.87 (0.4%)
SS 237.43 -30.44 206.99 222.92
1.1 236.51 -30.93 205.58 (-0.7%) 222.03 (-0.4%)
1.2 235.66 -31.39 204.27 (-1.3%) 221.21 (-0.8%)

SAS
0.8 271.86 -35.68 236.18 (2.1%) 257.91 (1.3%)
0.9 270.04 -36.36 233.68 (1.0%) 256.21 (0.6%)
SS 268.33 -36.99 231.34 254.61
1.1 266.71 -37.58 229.13 (-1.0%) 253.10 (-0.6%)
1.2 265.17 -38.14 227.03 (-1.9%) 251.67 (-1.2%)

SAW
0.8 206.52 -31.20 175.32 (1.5%) 194.70 (0.7%)
0.9 205.83 -31.84 173.99 (0.7%) 194.03 (0.3%)
SS 205.19 -32.42 172.77 193.41
1.1 204.61 -32.97 171.64 (-0.7%) 192.85 (-0.3%)
1.2 204.08 -33.48 170.6 (-1.3%) 192.32 (-0.6%)
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Table 5.4: Impact of CO2 doubling on the fluxes of Fascod scenarios: at the
top of the atmosphere (OLR) and up- (TP ↑), downwelling (TP ↓) and net
flux (TPN) at the tropopause (TP). Changes with respect to the standard
scenario (SS, unchanged) are given in brackets. [Table courtesy of Axel von
Engeln].

Scenario TP ↑ [W/m2 ] TP ↓ [W/m2 ] TPN [W/m2 ] OLR [W/m2 ]
TRO

SS 285.44 -11.02 274.42 277.98
2.0 280.82 -12.12 268.70 (-2.1%) 275.03 (-1.1%)

MLS
SS 283.18 -21.58 261.60 271.61
2.0 279.33 -23.37 255.96 (-2.2%) 269.01 (-1.0%)

MLW
SS 237.43 -30.44 206.99 222.92
2.0 234.85 -32.40 202.45 (-2.2%) 220.75 (-1.0%)

SAS
SS 268.33 -36.99 231.34 254.61
2.0 265.31 -39.27 226.04 (-2.3%) 252.63 (-0.8%)

SAW
SS 205.19 -32.42 172.77 193.41
2.0 203.27 -34.30 168.97 (-2.2%) 191.78 (-0.8%)
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Figure 5.1: Impact of water vapor (left) and CO2 (right) trends on top of the
atmosphere (TOA) and up- and downwelling flux at the tropopause (TP).
[Figure courtesy of Axel von Engeln].
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Table 5.5: Impact of a 1K temperature increase at all altitudes on the fluxes
of Fascod scenarios, and for an increase of 1K while keeping the relative
humidity constant: at the top of the atmosphere (OLR) and up- (TP ↑),
downwelling (TP ↓) and net flux (TPN) at the tropopause (TP). Changes
with respect to the standard scenario (SS, unchanged) are given in brackets.
[Table courtesy of Axel von Engeln].

Scenario TP ↑ [W/m2 ] TP ↓ [W/m2 ] TPN [W/m2 ] OLR [W/m2 ]
TRO

SS 285.44 -11.02 274.42 277.98
+1K 289.53 -11.30 278.23 (1.4%) 282.21 (1.5%)
+1K, RHc 287.48 -11.44 276.04 (0.6%) 280.01 (0.7%)

MLS
SS 283.18 -21.58 261.60 271.61
+1K 287.35 -22.09 265.26 (1.4%) 275.72 (1.5%)
+1K, RHc 285.70 -22.44 263.26 (0.6%) 274.01 (0.9%)

MLW
SS 237.43 -30.44 206.99 222.92
+1K 241.13 -31.10 210.03 (1.5%) 226.45 (1.6%)
+1K, RHc 240.24 -31.74 208.05 (0.5%) 225.48 (1.1%)

SAS
SS 268.33 -36.99 231.34 254.61
+1K 272.40 -37.77 234.63 (1.4%) 258.55 (1.6%)
+1K, RHc 270.99 -38.47 232.52 (0.5%) 257.11 (1.0%)

SAW
SS 205.19 -32.42 172.77 193.41
+1K 208.52 -33.12 175.4 (1.5%) 196.59 (1.6%)
+1K, RHc 207.90 -33.83 174.07 (0.8%) 195.90 (1.3%)
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Figure 5.2: Water vapor VMR change when increasing temperature by 1K
at all altitudes and adjusting VMR to keep relative humidity constant for
the Fascod scenarios [Figure courtesy of Axel von Engeln].

Table 5.6: Impact of a 1K temperature increase at all altitudes with relative
humidity kept constant on the column water vapor amount [Table courtesy
of Axel von Engeln].

Scenario Fascod [kg/m2] +1K, RHc [kg/m2] Change [%]
TRO 41.99 44.60 6.2
MLS 29.82 31.74 6.4
MLW 8.65 9.32 7.7
SAS 21.18 22.65 6.9
SAW 4.22 4.57 8.3
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5.1.2 Impact of vertical resolution

The impact of the vertical resolution has been investigated by smoothing the
vertical structure of humidity profiles and calculating the OLR.

The profiles are taken from humidity volume mixing ratio (VMR) data
from the summer Lindenberg High Resolution Corrected radiosondes dataset
[Nagel et al., 2001]. Three profiles are selected out of this dataset, represent-
ing extreme and median cases:

• Driest summer

• Median summer

• Wettest summer

The radiosonde dataset chosen provides VMR data, along with pressure, up
to an altitude of about 16 km. Although this altitude is relatively low for a
study on OLR, it is relevant in the present case since almost all of the water
vapor is included in this layer for a mid-latitude atmosphere. Figure 5.3 plots
the profiles chosen as H2O VMR vs pressure. The profiles exhibit very fine
structures, especially the dry and median case, and variations of more than
3 orders of magnitude from the surface to 100 hPa.

The smoothing is applied to these vertical structures as a running mean
encompassing data above and below the point of interest. The mean value
remains the same but the fine structures are smoothed out. The different
degree of smoothing applied are: over 500m, over 1000m, over 2000m and
over 4000m. Figure 5.4 shows the effect the smoothing has over the vertical
resolution.

The OLR calculated with the radiosonde data are compared with the OLR
calculated with the radiosonde profiles smoothed over 500m, 1000m, 2000m
and 4000m. Results are shown in Table 5.7.

The other species of importance needed in order to assess the total OLR are
taken from the mid-latitude summer scenario of Fascod. The results of the
OLR calculations including water vapor and all the other species in the zenith
direction is shown in Figure 5.5. This figure shows that the OLR spectra
are sensitive to the vertical resolution of humidity. The higher the degree
of perturbation, the higher the response on the spectra. The amplitude of
the response is stronger than the amplitude of the perturbation applied:
a doubling in the magnitude of the smoothing generates a tripling of the
magnitude of the response.
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Figure 5.3: Radiosonde profiles selected from Lindenberg dataset.
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Figure 5.4: Lindenberg dataset. Radiosonde profiles of driest, median, and
wettest-summer. Before and after applying smoothing over 500m, 1000m,
2000m and 4000m.
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Table 5.7: Impact of water vapor vertical resolution on the OLR

Profile OLR [W/m2 ] Diff to no
smoothing [%]

DRIEST
no smoothing 263.36 0.00
500m 263.33 -0.01

1000m 263.21 -0.06
2000m 262.73 -0.24
4000 260.95 -0.92

MEDIUM
no smoothing 253.09 0.00
500m 253.08 -0.00

1000m 253.02 -0.03
2000m 252.61 -0.19
4000m 250.97 -0.84

WETTEST
no smoothing 264.26 0.00
500m 264.19 -0.03

1000m 263.99 -0.10
2000m 263.22 -0.39
4000m 260.33 -1.49

The wettest profile responds stronger than the median profile, and about
twice as much as the driest profile case. The magnitude of the response
is quite significant compared to the OLR spectra, on the order of 2% in
the area of maximum difference between smoothed and non-smoothed OLR
for the dry case, and up to the order of 3% for the wet case. The OLR
spectra obtained for zenith angles different than the one shown, are in good
agreement with these results.

The results of the total OLR, integrated over the long-wave frequency range
and the 40 zenith angles is presented in Table 5.7. This Table shows that
the response to smoothing is lower in terms of integrated OLR but is still
significant. The wettest profile case, which has the maximum response, re-
mains within 1.5% of the non-smoothed vertical structure’s integrated OLR
for a smoothing over 4000m, within 0.4% with a smoothing over 2000m and
within 0.1% with a smoothing over 1000m. Applying the smoothings leads
to lower OLR, meaning that the OLR are underestimated when the vertical
structures are removed. This is mainly due to the quantity used to perform
the smoothing, as discussed below.
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Figure 5.5: OLR for driest summer and absolute OLR difference after
smoothing over 500m, 1000m, 2000m and 4000m (left column, top to bot-
tom), same for median summer (center column) and for wettest summer
(right column); H2O from radiosondes, other species from Fascod.
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AWI radiosondes dataset

Following the work on Lindenberg dataset, it was decided to make a detailed
study of the smoothing using a larger number of radiosondes. The Alfred Wa-
gener Institute (AWI) provided the radiosondes launched from the research
vessel Polarstern on expeditions to Arctic and Antarctic. This set of data are
particularly suitable for this analysis for three reasons: it covers the entire
latitude range from pole to pole, it offers an adequate temporal distribution,
which is important when the scenarios are to be defined, and the profiles are
of high resolution: 50 meters or less, which allow for the smoothing.

The dataset was divided into six scenarios, based on the latitude range, the
temporal distribution, the number of profiles, and also trying to be consistent
with the ECMWF1 scenarios. Since it is computationally expensive to run all
profiles, 50 profiles for each scenario have been randomly selected, and since
each radiosonde reaches a different height, the profiles were cut at 100 hPa.

An important issue was found to be the quantity in which the smoothing is
performed. Figure 5.6 illustrates this point. It shows the profile with the
maximum deviation, before smoothing (solid black line), and after a 4 km
smoothing in VMR (solid red line), in lnVMR (solid green line) and in RH
(solid blue line).

For each quantity used, applying the smoothing removes the fine vertical
structures. However, each quantity is leading to a different smoothed profile:
the smoothing using the quantity VMR seems to increase the total water
vapor (TWV) column whereas the smoothing using the quantity lnVMR
seems to decrease the TWV, and the smoothing using the quantity RH seems
more dependent on the profile’s structures.

The results are confirming these observations, as shown in Figure 5.7 for
the Tropical scenario. The four results of the left hand side of the plot are
obtained after a smoothing in VMR for the four degrees of smoothing: 0.5 km,
1 km, 2 km and 4 km. They confirm the results obtained with the Lindenberg
dataset, with a larger smoothing yielding a larger deviation, an increasing
variability and an increasing underestimation of the OLR (negative bias).
Following Figure 5.6, this can be explained by the increase of the TWV.
More water in the profile means that the OLR are coming from higher up
in the troposphere, and the negative temperature gradient makes the OLR
decrease. The results after a smoothing in lnVMR over 4 km proved to yield
a positive bias or an overestimation of the OLR, than can also be explained
by the decrease in TWV seen in Figure 5.6. It also shows a large variability.
Regarding the results after a 4 km smoothing using the quantity RH, it proves

1European Center for Medium-range Weather Forecast



56 RESULTS AND DISCUSSION

10-6 10-5 10-4 10-3 10-2 10-1

H2O VMR [ ]

0

5

10

15

A
lti

tu
de

 [ 
km

 ]

Original

VMR

lnVMR

RH

Figure 5.6: AWI dataset. Impact of the smoothing quantity on a selected
profile (profile with maximum deviation of Tropical scenario). [Figure cour-
tesy of Viju Oommen John].

to yield no deviation to the mean, but a large variability. The absence of
bias also follows the result seen in Figure 5.6.

The next step has been to keep the TWV constant over the 4 km smoothing.
As seen in the right hand side of Figure 5.7, conserving TWV constant de-
creases the bias for the smoothing in VMR, and decreases the variability for
the smoothing in RH.

The results obtained for the other scenarios are consistent with the Tropical
results, and are plotted in Appendix A.
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Figure 5.7: AWI dataset. Statistics of deviation for the tropical scenario
using 1000 frequencies. Lower horizontal red line represents the minimum
and the upper one shows the maximum deviation, blue lines show 1 stan-
dard deviation, mean value is given by the black dot. VMR / 0 means no
smoothing, VMR / 0.5 – 4 means smoothing in VMR for 0.5 km. RH / 4
means smoothing in RH for 4 km, lnVMR / 4 means smoothing in logarithm
of VMR for 4 km, VMRc / 4 means the same as VMR / 4 but with conserved
water vapor, and RHc / 4 is the same as RH / 4 but with conserved water
vapor. [Figure courtesy of Viju Oommen John].
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5.2 Jacobian results

Results of the Jacobians calculated with respect to OLR are presented in
this section. The calculations were done using the 10 000 points equidistant
frequency grid.

OLR Jacobians were calculated for a 1% increase in the species VMR for
the five Fascod scenarios and for the main species of interest: H2O, CO2,
O3, N2O and CH4. Also, a calculation is made to observe the result of a 1K
increase in temperature.

The vertical resolution is about 1 km.

Within this section, only the plots of interest are shown. The other plots are
visible in Appendix B.

5.2.1 H2O results

The plot of the sensitivity to a 1% increase in H2O for the Mid-latitude
Summer Fascod scenario is shown in Figure 5.8. A plot using a linear pressure
scale is used as to place more emphasis on the troposphere. The results of
this calculation are in good agreement with Clough et al. [1992]: The increase
of water vapor has radiative effects over the whole infrared range, and from
the ground to 100 hPa (upper troposphere-lower stratosphere region). The
response to this increase is highly wavelength and altitude dependent.

The area of sensitivity is mostly situated in the troposphere, from the ground
to about 150 hPa. This altitude corresponds to the maximum concentration
of water vapor in the atmosphere. Some absorption lines are also found in
the stratosphere.

The Jacobian is negative in the troposphere, and positive in the stratosphere.
This can be explained by the sign of the temperature gradient as seen in the
previous chapter.

Among the broad spectral responses, the areas of strongest sensitivity include
the region 400 cm−1 to 600 cm−1 at a pressure of 750 hPa to 250 hPa, i.e. the
mid- to upper troposphere, and in the region 750 cm−1 to 850 cm−1 at a
pressure of 850 hPa to 550 hPa, in the mid-troposphere.

These two features probably form a single feature, which is due to the water
vapor pure rotational band that has strong effect up to 850 cm−1.

In the spectral region ranging from 600 cm−1 to 700 cm−1, the atmosphere is
totally opaque; no response is visible. This is explained by the strong CO2
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absorption in this region that is acting higher up in altitude. It makes the
atmosphere below opaque for a downviewing instrument.

In addition, the OLR Jacobian obtained for the warmest scenario (Tropical)
and the coldest scenario (Subarctic Winter) are presented in Figure 5.9. The
Tropical scenario shows a similar sensitivity compared to the Mid-latitude
scenario (note that the Jacobian scale is slightly different). However, the
Subarctic scenario shows a weaker sensitivity.

The difference in the response is explained by the temperature dependence
of the Jacobian. Although the main features are still visible, the magnitude
is larger for the warmer scenario and smaller for the colder scenario. Both
the altitude and the spectral range responding significantly are restricted in
the colder scenario and extended in the warmer scenario.

5.2.2 CO2 results

The result of the sensitivity to a 1% increased CO2 for the Fascod Mid-
latitude summer scenario is shown in Figure 5.10. This plot confirms that
the radiative effects of CO2 in the long-wave region are confined to limited
spectral domains [Clough and Iacomo, 1995]. It also shows that CO2 has a
significantly smaller response compared to H2O.

The radiative response of CO2 is dominant in the spectral region 550 cm−1

to 750 cm−1. This is due to the strong ν2 vibrational-rotational band of CO2,
that is centered at about 660 cm−1. The center of the band absorbs at high
altitude in the atmosphere, mainly in the stratosphere and with some spectral
features in the mesosphere. The spectral wings of this band has radiative
effects in the troposphere.

The other spectral regions where the effects of CO2 are visible are mainly in
the troposphere, around 950 cm−1, 1050 cm−1 and 2050 cm−1.

The response is negative in the troposphere and positive in the stratosphere,
according to their respective temperature gradients.

5.2.3 O3 results

The result of the sensitivity to a 1% increased O3 for the Fascod Mid-latitude
Summer scenario is shown in Figure 5.11.

As for CO2, O3 is also found to have radiative effects only in limited spectral
ranges, contrarily to H2O. It has a smaller response as well.
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Figure 5.8: Jacobian with respect to OLR of H2O calculated with ARTS.
Scenario: Fascod MLS (top: linear pressure scale, bottom: log pressure
scale).
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Figure 5.9: Jacobian with respect to OLR of H2O calculated with ARTS.
Top: Tropical Fascod scenario (TRO). Bottom: Subarctic Winter Fascod
scenario (SAW).
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Figure 5.10: Jacobian with respect to OLR of CO2 calculated with ARTS.
Scenario: Fascod MLS.

O3 shows a sensitivity in two spectral areas. Firstly, in the spectral region sur-
rounding the ν3 band of ozone, centered at 1043 cm−1, with effects extending
from 980 cm−1 to 1150 cm−1. Secondly, in the spectral region corresponding
to the ν2 band of ozone, centered at 704 cm−1.

The Jacobian is positive at a pressure lower than about 10 hPa, and nega-
tive at a higher pressure. This is explained by the fact that Jacobians are
dependent not only on the temperature, but also on the concentration of the
species. O3 has a very particular concentration profile and has a maximum
concentration in the stratosphere. These effects account for the Jacobian
response.

5.2.4 CH4 results

Figure 5.12 shows the result of the sensitivity to a 1% increased CH4 for the
Fascod Mid-latitude Summer scenario.

The sensitivity to the VMR change is much smaller than for the previously
seen species. Only one negative response is visible, extending from 1190 cm−1

to 1370 cm−1, and in altitude from close to the ground to about 70 hPa.
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Figure 5.11: Jacobian with respect to OLR of O3 calculated with ARTS.
Scenario: Fascod MLS.

5.2.5 N2O results

The results of the sensitivity to 1% increased N2O for the Fascod Mid-latitude
Summer scenario is shown in Figure 5.13. The response is negative. There
are three spectral regions responding to the 1% increase of this species. The
regions are extending in pressure from 700 hPa to 70 hPa, and centered at
600 cm−1, 1200 cm−1 and 1300 cm−1.

5.2.6 Temperature results

The results of the sensitivity to a 1K change in temperature are shown in
Figure 5.14. The plot shows a strong positive response in the troposphere,
from 100 cm−1 to 1700 cm−1, and a negative response higher in the atmo-
sphere, mainly around the 660 cm−1 CO2 peak and the 1043 cm−1 peak of
O3. The atmosphere is opaque here, thus temperature has a high impact on
the OLR.
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Figure 5.12: Jacobian of CH4 calculated with ARTS. Scenario: Fascod MLS.

5.3 Integrated-Jacobian results

The Jacobians for H2O, CO2, O3, N2O, CH4, and temperature were inte-
grated over the 0-2500 cm−1 frequency range for all five scenarios. The inte-
grated Jacobians were calculated from the 10 000 points equidistant frequency
grid Jacobians shown in Section 4.3.2. The integration of the Jacobians using
different equidistant frequency grids up to 20 000 points were compared to
the presented ones, results were found to be very similar.

The plots of the frequency integrated Jacobians are reported in Figure 5.15
for H2O, and in Figure 5.16 for the other species and for temperature. for
H2O, a plot using a linear scale is added in order to place more emphasis on
the troposphere.

For H2O, the integrated Jacobians show a high negative sensitivity to within
about 800 hPa to 300 hPa (about 2 to 10 km). The maxima are shifted
towards higher altitudes from the warmer scenarios to the colder scenarios.
However, the magnitude of the response decreases. This is explained by the
temperature dependence of the Jacobians on the one hand, and the steepness
of the temperature gradient on the other hand.
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Figure 5.13: Jacobian with respect to OLR of N2O calculated with ARTS.
Scenario: Fascod MLS.

The maximum impact is observed for the tropical scenario, in particular
with two peaks, at about 800 hPa and 500 hPa. The Tropical scenario has
the highest humidity content, which account for the high response.

The positive response visible for the Subarctic Winter scenario from the
ground to about 800 hPa indicates an increased absorption close to the ground.
This might come from the colder temperature at the ground level. This fea-
ture is visible as well in the plots of the other species.

CO2 shows a negative response in the troposphere, with maxima at about
400 hPa for all scenarios. The amplitude of the tropospheric response is max-
imum for Tropical and minimum for Subarctic Winter. In the stratosphere,
the response becomes positive, also with maximum response for Tropical and
minimum for Subarctic Winter.

The observed negative response in the troposphere and positive response in
the stratosphere can also be explained by the fact that when the species’
concentration is increased, the emissions are triggered higher up in altitude.
As a result, the comparison between the two runs shows, at a particular
altitude level, a positive relative difference at higher altitudes and a negative
relative difference at lower altitudes.



66 RESULTS AND DISCUSSION

Frequency [cm−1]

P
re

ss
ur

e 
[h

P
a]

MLS; Sensitivity to 1 K change in Temperature [10−12 W/(sr*m2*K)]

500 1000 1500 2000 2500

10−1

100

101

102

103
−0.02

−0.01

0

0.01

0.02

0.03

0.04

Figure 5.14: Jacobian with respect to OLR of temperature calculated with
ARTS. Scenario: Fascod MLS.

The results for O3 show a negative impact from the ground up to the mid-
stratosphere, and a positive impact in the upper stratosphere. The amplitude
of the response is maximum for the Tropical scenario at a pressure range
of 30 hPa to 60 hPa, and for the other scenarios at pressures of 50 hPa to
200 hPa. The different responses seen between the scenarios is due to the de-
pendence of the Jacobian to concentration profiles, that can be very different
from one scenario to the other.

The integrated Jacobians for CH4 and N2O are similar in behavior and in
amplitude, with a relatively low response, mainly negative apart for the Sub-
arctic Summer scenario at low altitude, as seen previously. The peak re-
sponse happens at the same level for all scenarios, at about 400 hPa. For
these species also, the amplitude is maximum for the Tropical scenario and
minimum for the Subarctic Winter scenario.

The frequency integrated Jacobian for temperature exhibits a strong positive
response in the troposphere, with a peak response in the range of pressure
400 hPa to 500 hPa. A low amplitude negative impact is seen in the higher
stratosphere.
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Figure 5.15: Frequency integrated Jacobians of H2O calculated with ARTS.
Pressure: log. scale (left), linear scale(right).

5.4 Cooling rates results

Cooling rates are an important concept for climate models and studies. Ex-
pressed typically in units of [K/day], the cooling rate quantifies the change
in temperature due to the exchange of radiation, keeping all other variables
constant. Cooling rates are used in the reference papers Clough et al. [1992],
Clough and Iacomo [1995] or in Brindley and Harries [1998].

The radiative fluxes calculated for this study were used by Patrick Eriksson
to produce the cooling rates results for the ESA-ACECLIM study. More
details can be found in von Engeln et al. [2004].

Figure 5.17 presents the cooling rates obtained for the Fascod Mid-latitude
Summer scenario. This figure can to some extent be compared with the Mid-
latitude Summer cooling rates of the reference papers Clough et al. [1992] and
Clough and Iacomo [1995]. The plots were reported respectively in Figure 3.3
and in Figure 3.1. However, one should note that the calculations in the
reference papers include more species.

The cooling rates calculated with ARTS show a good agreement with the
reference papers. This confirms that the radiative fluxes calculated with
ARTS are consistent.

Figure 5.18 shows the cooling rates integrated in frequency for the five Fascod
scenarios. Results are confirming the altitude regions of highest sensitivity
that were found with the integrated Jacobian.
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Figure 5.16: Frequency integrated Jacobians of CO2, O3, N2O, CH4, and
temperature calculated with ARTS. Pressure: log scale.
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Figure 5.17: Spectral cooling rates for the Fascod mid-latitude summer sce-
nario. The results are averaged (in frequency) with a boxcar filter of width
25 cm−1. Black contour levels indicate± 0.1 mK/day/cm−1. [Figure courtesy
of Patrick Eriksson].
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Chapter 6

Limitations

This study aims to present the effect of humidity changes on the OLR. How-
ever, there is also a certain number of limitations that apply to this study.
The presence of clouds, the feedback processes or the biosphere responses are
amongst them. These are briefly discussed in this section.

6.1 Clouds

The model used in this study assumes a cloud-free atmosphere.

However, the presence of clouds is of great importance when dealing with the
Sun-Earth radiation balance. As seen in Figure 1.2, clouds have a significant
role on both the short-wave reflection properties of the Earth and on the
longwave greenhouse effect of the atmosphere. Certain studies suggest that
under cloud conditions, trace-gas forcing may be reduced by up to 30% to
40% compared to clear-sky conditions [Minschwaner et al., 1998].

A change of the Earth temperature possibly involves changes in the total
cloud amount, changes in cloud altitude (temperature of emitting surfaces),
as well as changes in cloud water and ice content (microphysical properties).

The development of models that include cloudy atmosphere should help to
understand this issue.

Key issues that remain unsolved with respect to clouds include the net ra-
diative response to a global warming that is associated with the feedback
processes.
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Figure 6.1: Illustration of the water vapor feedback

6.2 Feedback processes

As seen in this study, a change of concentration of a radiatively active trace
gas has effects on the radiation balance.

Under real conditions, however, the consequence of the perturbation can lead
to a feedback process, that is not taken into account in this study. A feedback
process means a situation in which a part of the output of a process is added
to the input and subsequently alters the output.

Feedbacks in climate systems can take two forms:

- Positive feedback, in which the feedback reinforces the original input, re-
sulting in an amplification of the output of the process. This means that a
small change in the input of the system will cause an output change larger
than it would have been without feedback, eventually producing instability.

- Negative feedback, in which the feedback acts against the original input,
resulting in a damping of the output of the process. This means that a small
change of the input of a system will cause the system to produce smaller
output change, eventually producing stability.

A well-known example of a positive feedback is the ice-albedo feedback. A
warming of the Earth causes the ice sheet to melt down to water. The albedo
of water is much smaller than the albedo of ice. As a consequence, the Earth’s
surface albedo decreases, decreasing the reflection of solar radiation to space
thus increasing even further the Earth’s temperature.

Concerning water, the issue remains disputed. Considering a cloud free at-
mosphere, it leads to a positive feedback, as illustrated in Figure 6.1. A
warming of the climate would lead to an enhanced water evaporation, thus
an increase in greenhouse gas, yielding a further warming of the climate.

Including the presence of clouds will affect the climate in two ways, yielding
either a negative or a positive feedback process, as shown in Figure 6.2. In
one case there is a warming and in the other case a cooling.
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Figure 6.2: Illustration of the cloud feedbacks. Top: negative feedback.
Bottom: positive feedback.

Clouds have a high albedo. The increased amount of clouds increases the
reflection of radiation back into space. This cools the atmosphere causing
less evaporation and therefore reducing the cloud cover. So it is a negative
feedback.

However, clouds are made of water vapor, that strongly contributes to the
greenhouse effect. More cloud cover increases the greenhouse effect which
increases the temperature, so the evaporation, causing more cloud cover. It
is a positive feedback.

Which effect dominates the cloud feedbacks is still a disputed issue. Never-
theless, one can note that these two effects compensate each other to some
extent.

Other important feedbacks come from the biosphere. The Earth’s atmo-
sphere and biosphere exchange energy, water, carbon dioxide, and other trace
gas on all space and time scales.

The atmosphere-biosphere is a coupled and dynamic system. The exchanges
between these two entities are closely linked, and a change in the state of one
depends on, and in turn alters, the state of the other.
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Chapter 7

Conclusion

This study has investigated the impact of changing the tropospheric humidity
on the outgoing longwave radiations (OLR).

Firstly, radiative fluxes have been calculated at tropopause and top of the at-
mosphere levels, and compared to a reference paper. In addition, the impact
of water vapor trends and the impact of vertical resolution were assessed.

In terms of top of the atmosphere OLR, the results show consistent values
but a difference of approximately 4.3 % compared to Clough and Iacomo
[1995]. This difference is mainly due to the plane-parallel approximation
and the water vapor continuum used. To a lesser extent, the difference is
explained by the number of species taken, the ground emissivity or the line
cutoff chosen. At the tropopause level, downwelling fluxes comparison show
larger variations. This can be caused by a tropopause altitude that differs
compared to the reference papers.

The impact of trends in water vapor has been assessed by increasing or de-
creasing the amount of water vapor by levels of 10%. At the top of the
atmosphere level, results show that a decrease of water vapor increases the
OLR and an increase of water vapor decreases the OLR. At the tropopause
level, results show that an increase of water vapor decreases the upwelling
flux, and increases the downwelling flux. The response of the OLR and the
up- and downwelling fluxes at the tropopause after applying the water vapor
trends is found to be similar for all the scenarios. The impact of trends in
water vapor was additionally compared to a doubling of the CO2 concentra-
tion. Results show that in terms of OLR, a CO2 doubling is comparable to
a 20% water vapor increase.

The impact of the vertical resolution has been investigated by smoothing
the vertical structure of humidity profiles and calculating the OLR. Results
show that larger smoothing yield larger deviations, increased variability and
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increased OLR bias. The sign and the magnitude of the bias introduced by
the smoothing depend on the smoothing quantity used. Smoothing in lnVMR
produces a positive bias (overestimation of the OLR), smoothing in VMR
produces negative bias (underestimation of the OLR), whereas smoothing in
RH produces a bias dependent on the profile but null in average. Keeping
TWV constant was found to decrease the bias for the smoothing in VMR,
and decrease the variability for the smoothing in RH.

Secondly, OLR-Jacobians have been calculated in order to check the atmo-
spheric sensitivity to a change in the species concentration. OLR-Jacobian
were produced for a 1% increase of the main species of interest to OLR: H2O,
CO2, O3, CH4, N2O, and for a 1K temperature increase.

H2O showed the largest response compared to the other species. Most of the
response is situated in the troposphere, where most of the atmospheric water
vapor is concentrated. H2O is confirmed as being the larger contributor to
longwave tropospheric absorption. The Jacobian is negative due to the nega-
tive temperature gradient of the troposphere. The spectral areas of strongest
sensitivity include the region 400 cm−1 to 600 cm−1 at a pressure of 750 hPa
to 250 hPa, i.e. the mid to upper troposphere, and in the region 750 cm−1 to
850 cm−1 at a pressure of 850 hPa to 550 hPa, in the mid-troposphere.

The warmer scenarios are found to have the strongest response, while the
colder scenarios the weakest. This confirms the temperature dependence of
the Jacobians. It is the case with all the species.

The radiative effects of CO2 in the longwave region are confirmed to be
confined to limited spectral domains. CO2 shows a significantly smaller re-
sponse compared to H2O. The main response of CO2 comes from its strong
vibrational-rotational band centered at 660 cm−1. It extends up to the up-
per stratosphere. The Jacobian response is negative in the troposphere and
positive in the stratosphere.

The results for O3 also confirmed that this species has radiative effects only
in limited spectral ranges. Its magnitude is limited compared to H2O. O3

has two main bands at 1043 cm−1 and 704 cm−1. They were found to give
the maximum response.

As for species CH4 and N2O, the results showed a small sensitivity to the
VMR change. The response was limited and situated in the lower part of
atmosphere; troposphere and lower stratosphere.

The result obtained for the Jacobian of a 1K temperature increase showed a
strong positive response in the troposphere, from 100 cm−1 to 1700 cm−1, and
a negative response higher in the atmosphere, mainly around the 660 cm−1

CO2 peak and the 1043 cm−1 peak of O3.
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Thirdly, the Jacobian calculated for the five species and for temperature for
the five Fascod scenarios were integrated over the infrared frequency range
in order to find the altitude ranges sensitive to the VMR increase.

For H2O, it was found that the integrated Jacobians show a high tropo-
spheric response. The maximum sensitivity is found in the region between
about 800 hPa and 300 hPa. It confirmed the Jacobian result. The maximum
impact is observed for the tropical scenario, in particular with two peaks, at
about 800 hPa and 500 hPa. H2O shows the strongest magnitude of response
compared to the other species.

CO2 showed a negative response in the troposphere, with maxima at about
400 hPa for all scenarios; region of maximum response. The amplitude of the
tropospheric response is maximum for Tropical scenario and minimum for
the Subarctic Winter scenario. It also confirms the temperature dependence
of the Jacobians.

The results for O3 showed the maximum response for the Tropical scenario at
a pressure range of 30 hPa to 60 hPa and for the other scenarios at pressures
of 50 hPa to 200 hPa. The O3 response is found to be different from one
scenario to the other, depending on the corresponding O3 profile.

The integrated-Jacobians results for CH4 and N2O showed a relatively low
response, much smaller than the other species. The peak response happens
at the same level for all scenarios, at about 400 hPa.

The integrated-Jacobian results for temperature exhibit a strong positive
response in the troposphere. The altitude of strongest sensitivity is found in
the range of pressure 400 hPa to 500 hPa. A low amplitude negative impact
was found in the higher stratosphere.

Finally, the cooling rates were used to confirm our calculations and validate
the calculated fluxes. The comparison with reference papers showed an excel-
lent agreement, validating the present results. Furthermore, the integrated
cooling rates were compared to the integrated Jacobians.

The altitude regions of highest sensitivity that were found with the integrated
Jacobian were confirmed.

As limitations to this study, one should mention that the model used assumes
a cloud-free atmosphere, although the water vapor has been found to be
radiatively very important. Also, feedback processes are taken into account.
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Appendix A

AWI radiosondes statistics

This appendix presents the results obtained after the smoothing of the AWI-
radiosondes. Scenarios: Mid-latitude Winter, Subarctic Summer and Sub-
arctic Winter.
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Figure A.1: AWI dataset. Statistics of deviation using 1000 frequencies.
Scenarios: Mid-latitude Winter, Subarctic Summer and Subarctic Winter.
The lower horizontal red line represents the minimum and the upper one
shows the maximum deviation, the blue lines show 1 standard deviation,
mean value is given by the black dot. VMR / 0 means no smoothing, VMR
/ 0.5 – 4 means smoothing in VMR for 0.5 km. RH / 4 means smoothing in
RH for 4 km, lnVMR / 4 means smoothing in logarithm of VMR for 4 km,
VMRc / 4 means the same as VMR / 4 but with conserved water vapor,
and RHc / 4 is the same as RH / 4 but with conserved water vapor. [Figure
courtesy of Viju Oommen John].



Appendix B

Jacobian results

This appendix presents the OLR-Jacobian plots that are not shown in the
Chapter 5.

B.1 Tropical scenario
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Figure B.1: Jacobian with respect to OLR of CO2 calculated with ARTS.
Scenario: Fascod tropical (TRO).
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Figure B.2: Jacobian with respect to OLR of O3 calculated with ARTS.
Scenario: Fascod tropical (TRO).
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Figure B.3: Jacobian with respect to OLR of CH4 calculated with ARTS.
Scenario: Fascod tropical (TRO).
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Figure B.4: Jacobian with respect to OLR of N2O calculated with ARTS.
Scenario: Fascod tropical (TRO).
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Figure B.5: Jacobian with respect to OLR for Temperature calculated with
ARTS. Scenario: Fascod tropical (TRO).
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B.2 Mid-latitude Winter scenario
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Figure B.6: Jacobian with respect to OLR of H2O calculated with ARTS.
Scenario: Fascod mid-latitude winter (MLW).
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Figure B.7: Jacobian with respect to OLR of CO2 calculated with ARTS.
Scenario: Fascod mid-latitude winter (MLW).
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Figure B.8: Jacobian with respect to OLR of O3 calculated with ARTS.
Scenario: Fascod mid-latitude winter (MLW).
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Figure B.9: Jacobian with respect to OLR of CH4 calculated with ARTS.
Scenario: Fascod mid-latitude winter (MLW).
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Figure B.10: Jacobian with respect to OLR of N2O calculated with ARTS.
Scenario: Fascod mid-latitude winter (MLW).
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Figure B.11: Jacobian with respect to OLR for Temperature calculated with
ARTS. Scenario: Fascod mid-latitude winter (MLW).
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B.3 Subarctic Summer scenario
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Figure B.12: Jacobian with respect to OLR of H2O calculated with ARTS.
Scenario: Fascod subarctic summer (SAS).
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Figure B.13: Jacobian with respect to OLR of CO2 calculated with ARTS.
Scenario: Fascod subarctic summer (SAS).
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Figure B.14: Jacobian with respect to OLR of O3 calculated with ARTS.
Scenario: Fascod subarctic summer (SAS).
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Figure B.15: Jacobian with respect to OLR of CH4 calculated with ARTS.
Scenario: Fascod subarctic summer (SAS).
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Figure B.16: Jacobian with respect to OLR of N2O calculated with ARTS.
Scenario: Fascod subarctic summer (SAS).
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Figure B.17: Jacobian with respect to OLR for Temperature calculated with
ARTS. Scenario: Fascod subarctic summer (SAS).
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B.4 Subarctic Winter scenario
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Figure B.18: Jacobian with respect to OLR of CO2 calculated with ARTS.
Scenario: Fascod subarctic winter (SAW).
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Figure B.19: Jacobian with respect to OLR of O3 calculated with ARTS.
Scenario: Fascod subarctic winter (SAW).
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Figure B.20: Jacobian with respect to OLR of CH4 calculated with ARTS.
Scenario: Fascod subarctic winter (SAW).
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Figure B.21: Jacobian with respect to OLR of N2O calculated with ARTS.
Scenario: Fascod subarctic winter (SAW).
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Figure B.22: Jacobian with respect to OLR for Temperature calculated with
ARTS. Scenario: Fascod subarctic winter (SAW).
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