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Abstract

A new scheme implemented into the ARTS radiative transfer model which now
includes the absorption of radiation by halocarbons is validated and new radiative
forcing estimates for each gas are derived. Validation is based on the comparison of
the forcing values to values from literature, the RRTMG and the LBLRTM model.
A variety of possible assumptions underlying the model’s calculations can have
significant influence on the resulting radiative forcing. The inclusion of clouds,
for example, could reduce the forcing value by up to 40 % depending on the gas.
Therefore, a clear documentation of the radiative forcing calculations and the as-
sumptions made is also part of this thesis.

The results of the comparison showed, that the forcing values for the main chlo-
rofluorocarbons CFC-11, CFC-12 and CFC-113 were in good agreement with the
reference values but overall slightly higher. Larger differences between the models
were found for CCl; and CF4. LBLRTM allowed the most-detailed comparison be-
cause the model type and atmospheric input data was identical. When comparing
ARTS to LBLRTM we found that high deviations for CF, and CCl; were con-
nected to large differences in the shape and size of the spectra. We were further
able to determine a bug in the line data used by LBLRTM which caused additional
discrepancy between the forcing values.

In total, most of the radiative forcing values derived with the new scheme are
reasonable and only few gases cause larger uncertainties. Furthermore, the new
state-of-the-art radiative transfer calculations indicate that radiative forcing values

for the main chlorofluorocarbons may currently be underestimated.
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Chapter 1
Introduction

When passing through the earth's atmosphere, a pencil of radiation can be
modified in several ways which results either in an increase or a decrease of
radiation. Emission for example always results in an increase of radiation as the
atmosphere emits radiation as a grey body depending on its temperature and
emission characteristics. Absorption is the counterpart of emission. As radiation
passes through the atmosphere, a fraction of it is absorbed and the radiation is
therefore decreased. The amount of absorption and emission in the atmosphere
depends on its composition of different atmospheric gases. They essentially
control the earth’s radiation balance which is commonly known as the greenhouse
effect. Each atmospheric gas has its own impact due to its quantum mechanical
and chemical characteristics and contributes its own share to the greenhouse
effect. When speaking of the greenhouse effect it is important to distinguish
between the natural greenhouse effect and the potential human impacts on it,
also known as the anthropogenic greenhouse effect.

The focus of this thesis is on the contribution of so-called chlorofluorocarbons
(CFCs) to the anthropogenic greenhouse effect. CFCs are man-made gases
which had their origin in the 1920s when they were mainly used as refrigerants
or chemical solvents. Their manufacture and use were banned by the Montreal
Protocol in 1989 but due to their long lifetime they still play a vital role in the
temperature balance of earth’s climate. On the one hand they cause the depletion
of ozone in the stratosphere through chemical reactions. On the other hand they
absorb and emit radiation itself which can be expressed in terms of radiative
forcing. Radiative forcing describes the capacity of a gas to affect the radiative
energy balance of the earth’'s climate system. It is essential to estimate the
magnitude of radiative forcing by CFCs and the strength of the climate system's
response in order to improve the accuracy of future climate model projections and
to be able to trace back how big the CFC's impact on climate change has already

been until today.



2 Introduction

A new scheme is implemented into the Atmospheric Radiative Transfer Simulator
(ARTS) (Buehler et al., 2005} [Eriksson et al., 2011) which includes the absorp-
tion by chlorofluorocarbons and other halocarbons based on the up-to-date high-
resolution transmission (HITRAN) molecular absorption database and is now to be
tested and validated. ARTS is a line-by-line radiation model (more details in Chap-
ter [3) used to simulate radiative transfer through the atmosphere which includes
scattering as well as absorption and emission by several atmospheric gases. In this
study the instantaneous, clear-sky radiative forcing (RF) of 6 different gases for
present-day conditions are calculated with a Global Annual Mean (GAM) atmo-
sphere derived from the Radiative Forcing Model Intercomparison (RFMIP). The
calculated radiative forcings are then put into context by comparing the results
to literature values and values derived by 2 other radiative transfer models, the
Rapid Radiative Transfer Model (RRTMG) and the Line-By-Line Radiative Trans-
fer Model (LBLRTM), for the same conditions. The main goal of this thesis is to
provide an analysis of the results calculated by the new ARTS absorption model

and to verify their plausibility.



Chapter 2

Radiative impact of atmospheric

gases

This chapter introduces the basics of the radiative energy balance in the atmo-
sphere and briefly explains how halocarbons influence this balance. Furthermore
the concept of radiative forcing as well as its variability and further specification

is described.

2.1 Absorption by atmospheric gases

The earth's atmosphere is continuously preventing harmful electromagnetic radia-
tion from reaching the earth’s surface by scattering, reflecting and absorbing the
main part of the radiation on its way through the atmosphere. About 69 % of
the incoming energy from the sun is absorbed at the Earth’'s surface or by the
atmosphere (National-Research-Council, 2005). The focus in this thesis lays on
the absorption of radiation by atmospheric gases and the significant part of en-
ergy that is thereby locked. The absorption process takes place on a molecular
level. According to quantum mechanics, atoms and molecules have internal energy
states and can only change distinctly between them (Petty, 2000). Internal energy
can increase and decrease in different ways. Throughout the spectral range of
ARTS, molecules and atoms cause the appearance of spectral lines, the emission
and absorption lines. Absorption lines occur when an atom or molecule absorbs a
photon with the energy equal to the gap between the current energy state and the
next higher energy state and therefore jumps into a higher internal energy level.
For emission lines it works the opposite way. Whether a spectral line appears
as emission or absorption line also depends on the translational kinetic energy of
molecules (i.e. temperature) and the radiative background. Since the energy of

photons depends on the wavelength, the absorption and emission by atoms and
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molecules does equally (Petty, 2006). However, absorption does not only occur at
the precise wavelengths determined by the permitted energy transitions but also
at nearby wavelengths, an effect which is known as line broadening (Petty, 2006).
Depending on which of the 3 main mechanisms causes the broadening the resulting
line shapes differ. First, every spectral line has a natural width arising from the
Heisenberg uncertainty principle, but this is almost always negligible in comparison
to the other 2 broadening effects. Second, thermal motions give each molecule a
random Doppler velocity which causes absorption to be blurred over some range
of wavenumbers. Finally, random collisions can perturb the energy levels of the
molecules and the resulting cumulative effect is known as pressure broadening.
Information about every individual absorption line such as the line position, the
line shape and the line strength are determined by the quantum properties of the
molecule, as well as the pressure, temperature and concentration of the gas and
are stored in so-called absorption cross-sections. The absorption cross-section thus
provides us with a "spectral fingerprint" for every molecule or in our case for every
atmospheric gas. Nevertheless, it is highly complex to predict at which wavelengths
a gas is most likely to absorb or emit during a transition. It therefore entails one
of the biggest uncertainties in radiative transfer calculations and often causes dif-
ficulties to compare results from different models. The HITRAN spectroscopic
database is the most complete and widely used database in which spectroscopic
parameters and absorption cross-sections are stored and constantly updated based
on laboratory measurements (Petty, |2006). This database is used as source for
the absorption cross-sections of the newly included atmospheric gases in the ARTS
radiative transfer calculations.

The general absorption process by atmospheric gases is the foundation for the well-
known greenhouse effect. Absorption cross-sections for most greenhouse gases
show that they absorb mainly at infra-red wavelengths (1-20 um) and therefore
are good absorbers for the terrestrial longwave radiation (Pinnock et al., |1995).
The part of the terrestrial radiation that is absorbed by greenhouse gases is then
re-emitted isotropically and thus leads to an increase in atmosphere and surface

temperature.

2.2 Halocarbons and their influence on the

earth’s climate

The best known greenhouse gas is carbon dioxide (CO;), even though there are far
more potent greenhouse gases in the atmosphere such as methane (CHy), nitrous

oxide (N2O) and several chlorofluorocarbons (CFCs) which will be the focus of this
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thesis. Chlorofluorocarbons along with hydrofluorocarbons (HFCs), chlorocarbons
and fluorocarbons are classified as halocarbons, a class of compounds that
contain carbon and at least one halogen. They were mainly used for industrial
purposes before their production and use were banned by the Montreal Protocol
on Substances that Deplete the Ozone Layer in 1989 along with other gases
including bromocarbons and halons (IPCC, [2007). Before CFCs were banned
their abundance increased drastically within a few decades, e.g. for CFC-11 from
zero concentration during pre-industrial times (until 1940) to 0.268 ppb during
the peak time in 1992. Since then their concentration constantly decreased to
0.228 ppb in 2018 for CFC-11 (see Figure[2.1)). The yearly abundance for CFC-11
and CFC-12, the most potent of the CFCs, based on measurement data from the
National Oceanic and Atmospheric Administration (NOAA) is shown in Figure[2.1]
Even though halocarbons were mainly emitted in the Northern hemisphere they
are evenly distributed over both hemispheres (Martinerie et al., 2009). Reason for
that is their overall long lifetime which allows them to mix well throughout the

troposphere. This is why they are often referred to as well-mixed greenhouse gases.

NOAA concentrations for CFC-11 and CFC-12 RF

0.55.. —— CFC-12
— CFC-11

o
[}
o

e
I
o

e
~
o

e
)
o

Concentration [ppb]
&
(9]

0.25 K
0.20
0.15 | |
1979 1983 1988 1992 1997 2001 2005 2010 2017
Years

Figure 2.1: Global average CFC-11 and CFC-12 concentrations as yearly measured
from the NOAA global air sampling network (Montzka and Butler, |2018). Abun-
dances are plotted since the beginning of 1979 until today. The peak concentration
values and the corresponding years are marked by the dotted lines.

Chlorofluorocarbons are synthetically produced and especially powerful greenhouse
gases because they strongly absorb in the region of the electromagnetic spec-

trum where terrestrial infra-red (IR) radiation reaches its peak (Pinnock et al|
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1995)). [Bera et al.| (2009) found that the IR absorption intensities within the IR
atmospheric window (800-1400cm~") are much larger than for example that of
CO;. The IR atmospheric window describes a region in the spectrum in which
IR-radiation can pass directly to space without absorption and emission by natural
greenhouse gases and therefore without heating the atmosphere. The fact that the
CFC'’s absorption occurs mainly in this area boosted by their very long lifetime (up
to 100 years for CFC-12 (see Table [2.1])) make them much more potent absorption
agents compared to CO;, on a per molecule basis (Bera et al., 2009).

Christidis et al.| (1997) concludes that the actual contribution of a molecule to
atmospheric absorbation depends on the amount emitted into the atmosphere, the
molecule’s atmospheric lifetime and its interaction with terrestrial infrared radia-
tion which can be expressed in terms of the radiative forcing. Table [2.1] shows
these characteristics for the radiatively active halocarbons which will be further
investigated in this thesis based on the IPCC reports from 2001 and 2013. It is
noticeably that HFC-134a is less stable than the CFCs and especially CF; which
according to |Singh et al.| (2014) is due to reactions with the OH radical and other
atmospheric agents in the troposphere. The lifetime of CFCs is comparably high
because their only sink is the photolysis. During this chemical reaction photons
with higher energy than the binding energy of a molecule cause a molecular vi-
bration which eventually splits the molecule. Since the photolysis is only effective
in the stratosphere and the CFCs are mostly chemically inert, they are extremely
stable throughout the troposphere. Once they reach the stratosphere and photol-
ysis is active they release halogen atoms which can then induce the breakdown of
ozone (O3) into oxygen (O,).

In summary, CFCs unlike other halocarbons, affect the greenhouse effect in two
different ways. On the one hand, they cause the depletion of ozone which af-
fects the radiation balance in the stratosphere through indirect radiative forcing,
and on the other hand they themselves absorb terrestrial infra-red radiation, thus
also contributing to the direct radiative forcing. Due to their relatively small and
constantly decreasing concentration they contribute relatively little to the total ra-
diative forcing by greenhouse gases at present, but it is still important to accurately
quantify the latter effect in order to analyse how past radiative forcing contributed
to the observed historical global warming. It is therefore one main focus of this
study to present updated state-of-the-art radiative forcing values for CFCs as well
as the other halocarbons listed in Table 2.1l



2.3. SPECIFICATION OF RADIATIVE FORCING DEFINITIONS

Table 2.1: Radiative characteristics of several halocarbons as listed in [PCC| (2013,

2001)).
Gas Present day Atmospheric lifetime | Radiative forcing
concentrations [ppt] [years] [W/m?]

CFC-11 238+0.8 45 0.062

CFC-12 538+1 100 0.170

CFC-113 74.340.1 85 0.022

HFC-134a 62.7+0.3 13.6 0.010

CCly 85.8+0.8 35 0.015

CF4 79.0£0.1 50000 0.004

2.3 Specification of radiative forcing definitions

A radiative forcing is according to IPCC (2013)), "the net change in the energy
balance of the Earth system due to some imposed perturbation". These pertur-
bations can be caused by changes in concentrations of radiatively active gases
such as CO; or the halocarbons listed in Table 2.1 Radiative forcings are usually
defined as the top of the atmosphere (TOA) values expressed in watts per square
meter and often present the value due to changes between two time periods
(e.g. pre-industrial and present-day) (IPCC, 2013).

forcing provides a way to quantify and compare the contributions of different

The concept of radiative

gases. At the same time they are straightforward to use in political and societal
applications and thus provide a very useful metric for climate change research.

Over the past few years there has been a development of several definitions for
radiative forcing. The assumptions underlying the calculations have a large impact
on the final forcing value. It is therefore necessary that there is a scaling of
literature values based on whether stratospheric adjustment is performed, whether
clouds are included and which atmosphere data is used. Originally, radiative
forcing values were defined as instantaneous forcings, representing the immediate
change in the radiative energy balance at the TOA. The newer standard is the
so-called adjusted forcing, which is the radiative forcing with consideration of
stratospheric adjustment. Meaning, that the stratospheric temperature profile
is allowed to adjust to the external perturbation and the stratosphere returns
to a state of global mean radiative equilibrium. The stratosphere is a fast
response system that reaches its equilibrium state on a much shorter time-scale
than the surface-troposphere system and is largely decoupled from the surface.

Halocarbons in the stratosphere for example absorb the upwelling radiation from
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the troposphere and increase the heating rate of the stratosphere which causes
the stratosphere to warm. The warming of the stratosphere causes an increase
of the downward flux into the troposphere. Stratospheric adjustment therefore
increases the radiative forcing values by up to 6% compared to instantaneous
forcing values (Jain et al [2000). Hence it is more accurately for long-term
forcings to be represented as adjusted forcings (Pinnock et al., [1995), focusing on
the energy imbalance in the surface-troposphere system which is most relevant to
surface temperature change.

Another important factor when assessing radiative fluxes is the influence of
cloudiness. Clouds can scatter incoming shortwave radiation from the sun and
therefore cause a global cooling. In addition, they increase the global reflection
of shortwave radiation and cause an overall higher albedo. At the same time,
however, they absorb and emit longwave radiation and can also have a warming
effect. Consequently, cloud radiative forcing, the radiative impact of clouds, is
negative for the shortwave component and positive for the longwave component
(Calisto et al., |2014). In total, the energy loss through scattering and reflection
mostly outweighs the gain leaving clouds with an overall cooling effect. The in-
clusion of clouds into the model therefore reduces the radiative forcing. According
to the work of |Pinnock et al.| (1995), the impact can be as large as 35-40 %.
Table based on |Pinnock et al.| (1995) and |Jain et al.| (2000) shows several
radiative forcing values estimated with a narrowband model with a Global Annual
Mean (GAM) atmosphere for a 0—1 ppbv increase in concentration. For the same
gases, several of the above mentioned assumptions are made and the percentage
deviations to the adjusted, cloudy-sky forcing values are presented. Table
emphasizes the need for a clear documentation of the assumptions made when
radiative forcings are calculated. Furthermore it offers a possibility to compare

values that are derived under different assumptions.
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Table 2.2: Radiative forcings for a GAM atmosphere and a 0-1 ppbv concentration
increase based on the work of Jain et al. (2000) and |Pinnock et al.| (1995)). The
percentage values can be interpreted as percentage offsets from the adjusted,
cloudy-sky radiative forcing value.

Gas Adjusted/ Adjusted/ | Instantaneous/ | Instantaneous/
Cloudy [W/m?] | Clear [%] | Cloudy [%] Clear [%]

CFC-11 0.269 +36.3 -6.4 +27.0
CFC-12 0.340 +335 -5.3 +28.2
CFC-113 0.319 +32.3 -3.6 +28.7
HFC-134a 0.181 +37.2 -7.2 +27.3

CCly 0.153 +28.2 -3.1 +25.1

CF, 0.091 +26.6 -3.1 +23.5







Chapter 3

Calculation of radiative forcings for

several halocarbons

This chapter briefly describes the radiative transfer calculations with ARTS. Addi-
tionally, all further steps towards the final radiative forcing values are documented

and explained.

3.1 Radiative transfer calculations with ARTS

ARTS is an open-source line-by-line model used to perform simulations of atmo-
spheric radiative transfer. Radiative transfer calculations are made using the gen-
eral radiative transfer equation (Equation which includes all processes (such
as absorption, emission and scattering) that can decrease or increase radiation on

its way through the atmosphere:

W = —K{v,r,n) - 1{v, ;1) +je (v, 1, n) + (v, 7y 1) (3.1)
with
_I_
= [ (3.2)
u
_V_

The left part of Equation can be interpreted as the change of the Stokes vec-
tor | along a distance s in the propagation direction n. On the right side, K

represents the propagation or extinction matrix containing absorption and scatter-
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ing effects, j. is the thermal emission and j, the scattering from other directions
into the propagation direction. All 3 are functions of the frequency v, the atmo-
spheric position 1 and the propagation direction n (Buehler and Eriksson, 2017)).
The Stokes vector | (Equation consists of 4 different intensities, the full inten-
sity of the radiation I, the difference between horizontal and vertical polarisation Q,
the difference for +45° polarisation U and the difference for left and right circular
polarisation V. With the aid of the Stokes vector the whole polarisation state of
incoherent radiation or in other words the orientation of oscillations of electromag-
netic waves (such as light) can be described (Buehler and Eriksson| 2017)).

Radiative transfer calculations in ARTS can be made from any position along
any direction through the model's atmosphere which can be either one- (1D),
two- (2D) or three-dimensional (3D) (Eriksson et al., [2011). Radiative transfer is
here performed for a set of monochromatic frequencies (depending on the input
variable frequency grid) along pencil beam directions and the outcome of these
calculations is the Stokes vector for each frequency whose dimension varies de-
pending on the process considered. ARTS spectral range goes from the millimetre
to the sub-millimetre range and thus covers mainly radiation from the microwave

to the infra-red.

3.2 Flux calculations

Looking back at Table[2.2]from Section 2.3 we can see that it is very important to
clearly state the assumptions made in the model before spectral fluxes and hence
radiative forcings are derived. In the following section a step-by-step explanation
is given of how the final radiative forcing values are calculated and which were the
underlying assumptions.

The radiative transfer calculations are performed with ARTS (see Section
and all further calculations are made using the programming softwares Python and
Typhon. One input-data required by ARTS is information about the atmospheric
conditions. Atmosphere data from the Radiative Forcing Model Intercomparison
Project (RFMIP) was used which contains temperature values and concentration
data for atmospheric gases in 61 altitude levels. Since the focus is on present-day
conditions only the first 100 atmosphere sets were extracted from the complete
data, whereas "present-day" can be interpreted as the year 2014 (Pincus et al.,
2016). Each atmosphere set has a profile weight w; depending on its global
position. In order to get a global and annual mean (GAM) atmosphere and forcing,
which would be comparable to most literature values, the radiative forcings for
the first 100 atmospheres were calculated and the weighted average was derived.
The calculated radiative forcing as described in Section is the change in net
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irradiance flux. The direction for fluxes in ARTS is set positive for upwards fluxes
and negative for downwards fluxes. In order to gain a better understanding of the
following steps towards the final radiative forcing values a brief description of the
radiative transfer calculation used for this set-up is necessary. A more detailed
explanation of radiative transfer calculations by ARTS will not be a part of this
thesis but can be found in |Buehler et al.| (2005) and the ARTS User guide (Buehler
and Eriksson, 2017)).

First of all, ARTS reads either the spectral line data or the absorption cross-sections
from the HITRAN catalogue depending on the absorption species. One method to
calculate absorption by atmospheric gases for example like water vapour and ozone
is to use explicit line-by-line calculations. Another method which is used for the
newly implemented halocarbons is to calculate their absorption by broadening of
the cross section data from HITRAN and interpolating onto the current frequency
grid. Using both methods ARTS generates a gas absorption lookup table. The
idea of a lookup table is to pre-calculate absorption for a discrete number of
combinations of variables (e.g. pressure, temperature, gas species concentration)
and to adapt the table to the specific calculation by interpolation. A lookup table
contains all information necessary to extract absorption data. The absorption data
is then used for the radiative transfer calculations. In the calculation clear-sky
conditions are assumed (particles are ignored) with no scattering. We can therefore
simplify Equation [3.1]from Section[3.I] Without scattering the extinction matrix K
contains only the extinction through absorption by species and the last scattering
term in Equation [3.1] vanishes completely. Additionally, clouds and hence particles
are not included in the calculation which leaves us with the following equation

known as the Schwarzschild Equation:

dI(v,r,n)

— A, 1+B-aq, .
s +B-a (3.3)

v is the frequency, r the atmospheric position, n the propagation direction, s
the distance along n, A, is the absorption vector for clear-sky calculations, | is
the Stokes vector, B is the Planck function describing blackbody radiation (scalar
value) and a, is the first column of the absorption vector. There is no scattering
and it is assumed that molecules don't have a preferred orientation which makes
absorption unpolarised. Is that the case it is valid that only the first component of
the Stokes vector (I=full intensity of the radiation) is considered and the dimension
of the Stokes vector is set to 1. Equation is solved numerically so that we
get the one-dimensional Stokes vector per frequency or in our case the spectral

radiance 1 [W/m?.sr-Hz|] which can be interpreted as intensity per solid angle and
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frequency. Our spectral resolution is set to 0.1cm™' over a spectral range from
10cm™" to 3250cm~'. This covers radiation from the thermal and mid-infrared
to the far-infrared. The spectral radiances I are then integrated over the angle
and frequency grid specified in ARTS in order to get the upwards and downwards
irradiance flux Ly, and Lg, [W/m?] (see Equation [3.4). The net irradiance flux
Liet [W/m?] results from adding the upwards and downwards flux (see Equation
and is calculated for each of the following ARTS simulations:

= Full simulation including all CFC gases (baseline case)
= Simulation with CFC gas x concentration set to zero (experiment case)

The differences of the net fluxes for the full simulation and each simulation with
one gas missing (see Equation gives us the effect of each CFC gas. We are now
left with net irradiance flux differences for each gas in 100 atmosphere profiles with
each 61 vertical layers. From this the TOA values are extracted and the weighted
mean as well as the weighted standard deviation are calculated using Equations
and [3.8] The result is the GAM instantaneous radiative forcing value for CFC
gas x at the TOA.

Lup/an = J‘V Jm [ dndv (3.4)
Liet = Lan + Lyp (3.5)
RF; = Lyet(experiment) — L. (baseline) (3.6)
100
RF, = ;Wi . RF; (3.7)
100

stdy = | > wi(RF; —RF)? (3.8)
i=1



Chapter 4
Results and discussion

The following chapter gives an overview of the results calculated by ARTS. In order
to validate the new scheme implemented into ARTS, its reliability and applicability
is checked by comparing the results to literature values and values derived by other

radiative transfer models.

4.1 Results of radiative forcing calculations

Table presents the radiative forcing values for several halocarbons calculated
as described in Section [3.2] According to [PCC| (1990)) the form of the radiative
forcing and concentration relationship depends primarily on the gas concentration.
If you have low/moderate/high concentrations, the form can be approximated by
a linear/square-root/logarithmic dependence of radiative forcing on concentration
(IPCC, 2001)). Since the concentration of halocarbons can be described as rela-
tively low (see Chapter 2)), a linear fit would be reasonable. The limit of this linear
relationship is set to a concentration of 2 ppbv (IPCC| |1990). We can therefore
assume that we have a linear relationship between radiative forcing and gas con-
centration for the CFCs calculated by ARTS. Consequently, we can linearly rescale
the radiative forcing values in column 3 to reflect the impact for a 0-1 ppbv (=
0-1-1077) increase in concentration. This is helpful when the results are compared
to other studies because this is a common way of presenting radiative forcing val-
ues. The rescaled values can be found in column 4 of Table 411

Before comparing the results from Table we will have a look at the influence
of temperature correction which is newly included into the scheme and considers
the dependence of the absorption cross sections of gases on temperature and pres-
sure. |Christidis et al.| (1997)) announced the significance of including temperature

dependent spectra to be very little with a percentage influence below 1 %.
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Table 4.1: Table of radiative forcings for several atmospheric gases calculated with
ARTS. The last column gives the linearly rescaled forcing values for a standard
increase in concentration of 1 ppbv.

Gas Concentration | RF £ std RF £ std
[ppb] [W/m?] | [W/(m?-ppbv)]

CFC-11 0.2331 0.0941+0.0219 0.407+0.094
CFC-12 0.5206 0.2595+0.0653 0.498+0.125
CFC-113 0.0727 0.0347+0.0083 0.477+0.115
HFC-134a 0.0805 0.0212+0.0054 0.264+0.068
CCly 0.0831 0.021940.0045 0.264+0.054
CF4 0.0811 0.0107+0.0027 0.133+0.034

The results of our own analysis can be found in Table[4.2] Column 4 in Table
shows the percentage deviation or percentage influence calculated with equation
from Section for all included gases except CF4;. 4 of the 5 calculated
deviations are below 1 %. Only for CFC-113 does the temperature correction seem
to have a bigger influence. With this exception, our results agree well with the
conclusion of |Christidis et al.| (1997)) and we find the influence of the temperature
correction to be negligible. We can therefore assume that the missing temperature

correction for CF4 won't have a significant effect on the resulting forcing value.

Table 4.2: Influence of the temperature correction (TC) in ARTS for 5 of the 6
included atmospheric gases.

Gas RF Ar7s with TC RF Arts without TC | Deviation
[W/m’] [W/m’] [%]
CFC-11 0.0941+0.0219 0.0944+0.0220 0.32
CFC-12 0.2595+0.0653 0.2586+0.0651 -0.34
CFC113 0.0347+0.0083 0.0327+0.0080 -5.76
HFC134a | 0.02122740.005430 | 0.021223+0.005430 -0.02
CCly 0.0219+0.0045 0.0217+0.0044 -0.91
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4.2 Comparison to literature

4.2.1 Comparison to the IPCC

There are basically two ways of calculating radiative forcing values. One is to
run a radiative transfer model like ARTS but since the calculation of radiative
forcings is rather computational expensive depending on the model type, it is
very common to refer to empirical fits or "simplified expressions" as given by the
Intergovernmental Panel on Climate Change in 1990 for several atmospheric gases
(IPCC| |1990). These expressions for deriving adjusted radiative forcings were
modified and presented again in 2001 with revised constants (see Table [4.3)).

Table 4.3: Simplified expressions for the calculation of radiative forcing by CFC-11
and CFC-12. X is the concentration in ppb and X, unperturbed concentration in
the year 1750, therefore Xy=0. The same expressions are used for all CFCs and
CFC replacements, but with different values for o (see [PCC| (2001))).

Gas | Simplified expression: Radiative forcing AF [W/m?] | Constants
CFC-11 AF=c(X-Xo) 0=0.25
CFC-12 AF=a(X-Xo) 0=0.32

When comparing our values derived with ARTS (RFagrs) to the IPCC radiative
forcing values (RFipcc) one has to keep in mind that the simplified expressions
generate adjusted, cloudy-sky forcings as described in Section 2.3] According to
Jain et al.| (2000) and |Pinnock et al.| (1995]) the IPCC values should be lower than
the instantaneous, clear-sky forcings by about 27 % for CFC-11 and 28.2 % for
CFC-12 (see Table 2.2). To compare the ARTS results to the IPCC values the
instantaneous, clear-sky forcings from ARTS (RFagts) for CFC-11 and CFC-12 are
adjusted with percentage values from Table using Equation [4.1] The results
are shown in Table . One can see that the adjusted ARTS values (RFqgjusted)
continue to be higher than the RFpcc but are well within the standard deviation.
Even though this does not allow an extensive comparison one can get a first idea
of how plausible the ARTS values are.

RFarTs
1+a

RFadjusted = (41)
4.2.2 Comparison to other studies

In addition to the previous comparison to |IPCC values Table shows a sum-

mary of radiative forcing values for several halocarbons derived in different studies.
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Table 4.4: Adjustment of RF agrs values according to |Pinnock et al.[(1995) in order
to compare them to RFpcc values from IPCC (2013). The adjustment percentage
a can be understood as the percentage of the adjusted, cloudy-sky value.

Gas RF ArTs Adjustment a | RFgjusica (ARTS) RFpcc
[W/m?-ppby] [%] [W/m?-ppbv] | [W/(m?-ppbv)]
CFC-11 | 0.40740.094 27.0 0.3204:0.074 0.261
CFC-12 | 0.49840.125 28.2 0.381-20.098 0.322

During the 1990s there have been a lot of studies on the absorption and radiative
forcing impacts by CFC gases and other halocarbons as possible replacements.
However, only studies which calculated the radiative forcing under comparable as-
sumptions were extracted, hence only for instantaneous and clear-sky conditions.
This considerably limits the number of comparison values but at the same time
increases the significance of the comparison. All comparison values were calculated
using narrowband models (NBM) in contrast to ARTS which is a line-by-line model
(LBLM). Due to high computational expenses it is common to use NBM rather
than LBLM. Several studies also investigated the magnitude of difference in the
radiative forcing values calculated by the two model types. |Christidis et al.| (1997),
for example, found out that their narrowband model can indeed reproduce the
line-by-line model quite well but differences of varying magnitude occur depending
on the gases spectral features. We can therefore assume that the comparison of
the ARTS values to NBM values is quite reasonable for the purpose of putting the
newly derived radiative forcings into general context.

In order to gain a better idea of the significance of deviation between ARTS and the
other values the percentage deviation using Equation was calculated. RFgqy
is the forcing value from literature or later in Sections 4.3 and [4.4] the forcing value
derived by each model. RFxgrs refers to the radiative forcing values for each gas
as listed in Table 4.1l

RFgtuay — RFagTs
RFaRTs

Deviation = -100 (4.2)

The comparison of the radiative forcing values shows that the ARTS values tend
to be slightly higher for the chlorofluorocarbons (CFC-11, CFC-12, CFC-113) but
deviations stay below 20%. The ARTS values for CFCs are in best agreement
with the values from Jain et al.[ (2000) and |Christidis et al.| (1997)) who both used
a narrowband model with a spectral bandwidth of 10cm™'. The HFC-134a value

is also in best agreement with [Jain et al.| (2000) whereas other comparisons show
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discrepancies of up to 15.8 % for CF4 and even up to 27.7 % for CCly;. However,
since the radiative forcing value from Jain et al. (2000) is the only available liter-
ature value for CCl; one can't draw any conclusions from this comparison. For all
gases (except for CCly) the deviations of the ARTS value to the literature values
lie well within the standard deviation of ARTS. The comparison therefore verifies
the overall plausibility of the radiative forcing values derived by the new absorption
scheme. However, one has to keep in mind that a certain magnitude of variations
for all gases is bound to occur when one compares the results of different studies.
The usage of different model types (e.g. broadband, narrowband or line-by-line
models), as described above, as well as different spectroscopic and atmospheric
data will naturally cause a certain discrepancy between the results. Furthermore,
all of the studies are older than 12 years and the accuracy of spectroscopic data
has widely improved since then. Nevertheless, the goal in this section was only
to give the reader a general idea of the plausibility of the state-of-the-art ARTS
values. A more precise comparison can be made in the following sections when
the ARTS values are compared to the RRTMG and the LBLRTM model which are

both run with the same atmospheric data.

4.3 Comparison to RRTMG

RRTMG is a narrowband radiative transfer model which calculates shortwave
fluxes, longwave fluxes and cooling rates for application to general studies of at-
mospheric radiative transfer and for implementation into general circulation mod-
els. It is divided into sixteen contiguous bands in the longwave from 10cm™' to
3250cm~'. The modeled molecular absorbers are water vapor, carbon dioxide,
ozone, nitrous oxide, methane, oxygen, nitrogen and several halocarbons (CFC-11,
CFC-12, CFC-22 and CCLy4). This allows the intercomparison of radiative forcing
values for CFC-11, CFC-12 and CCL4. Since the RRTMG values are calculated for
instantaneous and clear-sky conditions using the same atmospheric data there is no
need for scaling. Table[4.6]shows the values derived by ARTS in comparison to the
radiative forcing values by RRTMG. The values for both chlorofluorocarbons are
in good agreement, with a slightly higher deviation for CFC-11. While the ARTS
values for the CFCs were constantly higher when compared to studies which used
older spectroscopic data (see Section , they are now distinctly lower than the
ones derived by RRTMG which, like ARTS, is based on newer spectroscopic data.
It could therefore be a possibility that radiative forcing values for the 2 CFCs have
been widely underestimated by radiative transfer models so far.

The deviation for CCL4 in contrast is negative (meaning that the ARTS value is
higher than the RRTMG value) and remarkably high. The forcing value by RRTMG
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Table 4.5: Summary of radiative forcing values for several halocarbons from liter-

ature.
Gas Study/ RFtuay Deviation

Reference [W/(m?-ppbv)] [%]

ARTS (2018) 0.407+0.094
Pinnock et al.| (1995) 0.342 -16.0
CFC-11 | Jain et al. (2000) 0.356 -12.5
Christidis et al. (1997) | 0.35340.022 -13.3
Sihra et al. (2001)) 0.328 -19.4

ARTS (2018) 0.498--0.125
CFC-12 | Jain et al. (2000) 0.436 -12.4
Myhre et al.| (2006]) 0.400 -19.7

CEC.113 ARTS (2013) 0.477+0.115
Jain et al.| (2000) 0.411 -13.8

ARTS (2018) 0.264+0.068
HFC-134a | Pinnock et al. (1995) 0.230 -12.9
Jain et al.| (2000) 0.278 +5.3

ccl, ARTS (2618) 0.264+0.054
Jain et al.| (2000) 0.191 -27.7

ARTS (2018) 0.133+0.034
CF, Jain et al.| (2000) 0.112 -15.8
Sihra et al. (2001)) 0.135 +1.5
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is even lower than the one derived by Jain et al. (2000) from Table [4.5] Since the
values of both models for the 2 CFCs were in quite good agreement this raises
the question whether there might be a significant difference in the spectral data
of CCl, that could be the reason for the big disagreement amongst the models. A

question which could not be further investigated within the scope of this thesis.

Table 4.6: Radiative forcings for 3 atmospheric gases calculated with the RRTMG
model (instantaneous, clear-sky).

Gas ARTS conc. RF AgrTs RFrr1Mmg RFrrtMmc Deviation
[ppb] [W/m’] [W/m’] | [W/(m?*ppbv)] | [%]
CFC-11 0.2331 0.0941+0.0219 | 0.1062+0.0300 | 0.4556+0.1286 12.9
CFC-12 0.5206 0.2595+0.0653 | 0.2823+0.0816 | 0.5422+0.1567 8.8
CCly 0.0831 0.0219+0.0045 | 0.0127+0.0034 | 0.1530+0.0412 -42.0

4.4 Comparison to LBLRTM

4.4.1 Results

LBLRTM is an often-used, efficient and flexible line-by-line radiative transfer
model that includes all significant molecular absorbers. It uses spectral parameters
based on HITRAN 2004 data. LBLRTM is a line-by-line model like ARTS which
uses the same atmospheric data from RFMIP so that the radiative forcing values
can be derived in the same way as the ARTS values (see Section resulting
in instantaneous, clear-sky GAM radiative forcings which offer the best possible
comparison to the ARTS values.

The comparison of values in Table shows that the radiative forcing values for
the main CFCs, CFC-11, CFC-12, as well as for CFC-113 are in good agreement.
The percentage error is below 10 % and all global mean values lie well within the
standard deviation of each other. The results show further that even though the
models use the same atmospheric input data and calculate fluxes over the same
spectral range the forcing values differ by up to 32 % for the other halocarbons.
Figure shows the radiative forcing values calculated by both models for each
gas and all 100 atmospheres in comparison. The overall good agreement for the
CFC gases is identifiable. The forcing values for gases with higher deviations,
hence CCly; and CFy4, spread more widely. In order to see the distribution of the
atmospheres with the highest deviations between the two models their position is
plotted on a world map, coloured differently depending on the magnitude and sign
of the deviation (see Figures to . Once again, when looking at the maps
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for each gas, one can notice a similar pattern for CFC-11 and CFC-12 and more
significant differences for the other halocarbons. The CFC-11 and CFC-12 forcing
values derived by ARTS are overall slightly higher than the LBLRTM values
whereas the deviations are lower in the equatorial zone and increase towards the
mid-latitudes and poles. The magnitude of the deviations lies within 20-30 % of
the ARTS forcing value for both gases (see Figures and [4.3). Figure [4.4] for
CCl, shows the same pattern of the smallest deviations near the equator and high
deviations towards the poles but with a higher magnitude of maximum 54 % of
the ARTS value. The gases CFC-113 and CF,; show the opposite pattern. In
almost all cases the sign of deviations for both gases is negative, which means
that almost everywhere the LBLRTM forcing values are higher than the ARTS
values. Furthermore, the highest magnitude of deviations occurs in the equatorial
zone and the difference between the models decreases towards the poles. Even
though they show the same pattern, the magnitude of deviation for CFC-113 is
far lower (about 40 % at most) than the one for CF4 which reaches deviations up
to 81 % of the ARTS forcing value (see Figure and Figure |4.5)).

Table 4.7: Comparison of RFs calculated by ARTS and LBLRTM (instantaneous,
clear-sky). The last column presents the percentage error between the 2 models
for each gas.

Gas RF agts RF agts RF R RF sLrM Deviation
[W/m?] [ [W/(m*ppbv)] | [W/m’] | [W/m’ppbv] |  [%]
CFC-11 | 0.0941+0.0219 0.407+0.094 0.0873+0.0238 | 0.374+0.102 -7.3
CFC-12 | 0.2595+0.0653 0.498+0.125 0.2389+0.0668 | 0.459+0.128 -7.9
CFC-113 | 0.0347+0.0083 0.477+£0.115 0.0381+£0.0117 | 0.524+0.161 9.8
CCly 0.0219+0.0045 | 0.2635+0.0539 0.016+-0.005 0.1944-0.060 -26.3
CF4 0.010740.0027 | 0.13254-0.0337 0.01440.005 0.17540.062 321
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Figure 4.1: Comparison of radiative forcings for 5 atmospheric gases calculated
with ARTS and LBLRTM. Each red dot represents the forcing values for one of
the 100 atmospheres. The green dotted line is the linear regression of the values

whereas the gray one is the 45 degree line.
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Figure 4.2: Worldmap showing the geographic position of the atmosphere data
each colored differently depending on the magnitude of deviation between the
ARTS and LBLRTM value for CFC-11.
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Figure 4.3: Worldmap for CFC-12.
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Deviation ARTS-LBLRTM for CCly
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Figure 4.4: Worldmap for CCly.

Deviation ARTS-LBLRTM for CFC-113

0.010

0.005

0.000

—0.005

—0.010

Figure 4.5: Worldmap for CFC-113.
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Figure 4.6: Worldmap for CF,.

4.4.2 Spectral differences

An explanation for the discrepancy between the models and also between the
atmospheres could be differences in the spectral data. In this context the spectral
upwards irradiance flux at the TOA is plotted for both models and as the mean over
all 100 atmospheres (see Figures to . Shown are the spectra for every gas
as calculated with both models. The bottom plots present the spectral irradiance
flux in the spectral range from 500cm~" to 1500cm~". The plots for the gases
CFC-12 and CFC-113 can be found in the appendix (Chapter [5)). If integrated
over the whole spectrum the area under the line can be interpreted as the total
radiative forcing value.

The comparison for CFC-11 is shown in Figure 4.7 The radiative forcing values
for CFC-11 for both models in Table are in good agreement. The spectral
features display the same good agreement although one can identify that the
peaks in the LBLRTM spectra indeed have the same shape but are slightly smaller
than in the ARTS spectra. The spectra for CFC-12 and CFC-113 (Figures[5.1] and
show the same good agreement which fits to the relatively small deviation in
the radiative forcings. When looking at the spectra for all gases calculated with
LBLRTM one notices a spike at wavenumber 2000cm~' which occurs in every
spectrum at the same wavenumber and in a similar magnitude. This spike will
be further discussed in the next paragraph. Before analysing the spike and its
impact it is important to first have a look at the spectra for CCly and CF4 which
had rather high deviations between the models. Figure shows clearly that not

only the spike at wavenumber 2000 cm™" influences the forcing values for CCl; but
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also the distinctive difference in the shape and magnitude of the spectral band
located around 800cm~'. The ARTS forcing values for CCl; are overall higher
than the LBLRTM values (see Figure which is in line with the smaller and
more narrow band shape. For CF, radiative forcings had the biggest differences
between the models. LBLRTM forcing values were here mostly higher than the
ARTS values. Figure shows that the main band located around 1250 cm™!
has a similar shape in both models but the magnitude of the ARTS spectrum is —
contrary to expectations — bigger than the LBLRTM spectrum even though the
LBLRTM has the bigger radiative forcing value. This indicates that the abnormal

1

spike at wavenumber 2000 cm™" seems to have a big influence on the resulting

radiative forcing values for CF,.

A closer look at the conspicuous spike located at wavenumber 2000 cm™' is pos-
sible in Figure [4.10] From the standard deviation one can see that the spectral
irradiance and therefore the area of the spike varies between 0.02 pW/m?-Hz and
0.11 pW/m?-Hz depending on the atmosphere data. The different magnitude of
the spike and therefore the different impact on the forcing values could be the
reason for the difference in deviations depending on the atmosphere data as shown
in Figures [4.1] 4.2 [4.3] and [4.6] The working hypothesis is that the spike
causes bigger deviations for CCl,; and CF; because their radiative forcing is of
a general smaller order of magnitude than the forcings of CFC-11 and CFC-12.
In order to quantify the impact of the spike the radiative forcings excluding the
spike were calculated by integrating over the spectrum in the range from 0cm™'
to 1500 cm~". The resulting forcing values can be found in Table[4.8] The revised
deviation of the forcing values for CFC-11 and CFC-12 increases slightly whereas
the deviation for CFC-113 and CF,4 decreases. Especially remarkable is the fact
that the ARTS forcing value for CF4 is now, in contrast to earlier calculations,
higher than the LBLRTM value. This result agrees better with the comparison of
the spectra for CF4 and underlines the impact of the spike on the resulting forcing
value. Furthermore, the revised deviation for CCl, is striking. A percentage devia-
tion of now -52 % matches the already mentioned differences in the spectral band
around wavenumber 800 cm~'. The difference between the models increases and

the LBLRTM values are now even lower than the ARTS values as before.
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Figure 4.7: Comparison of mean spectral upwards irradiance fluxes at TOA for
CFC-11 calculated by ARTS and LBLRTM. The 2 bottom plots present the spectral
irradiance flux in the spectral range from 500 cm™" to 1500 cm™".



4.4. COMPARISON TO LBLRTM 29

Spectrum for CCls (ARTS)

0.150 —— L_up mean TOA
0.125
0.100
0.075
0.050
0.025

0.000

Spectral irradiance [pW/m? Hz]

0 500 1000 1500 2000 2500 3000
Wavenumber [em~1]

Spectrum for CCly (LBLRTM)

0.150 —— L_up mean TOA
0.125
0.100
0.075
0.050

0.025

Spectral irradiance [pW/m? Hz]

0.000

0 500 1000 1500 2000 2500 3000
Wavenumber [cm™1]

Py Spectrum for CCl, (ARTS)

—— L_up mean TOA
0.08

0.06

0.04

0.02

0.00

Spectral irradiance [pW/m? Hz]

600 800 1000 1200 1400
Wavenumber [cm™1]

Spectrum for CCly (LBLRTM)

0.10
—— L_up mean TOA
0.08
0.06
0.04

0.02

0.00

Spectral irradiance [pW/m? Hz]

600 800 1000 1200 1400
Wavenumber [cm™1]

Figure 4.8: Comparison of mean spectral upwards irradiance fluxes at TOA for
CCly calculated by ARTS and LBLRTM. The 2 bottom plots present the spectral
irradiance flux in the spectral range from 500 cm™' to 1500 cm™".
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Figure 4.9: Comparison of mean spectral upwards irradiance fluxes at TOA for
CF4 calculated by ARTS and LBLRTM. The 2 bottom plots present the spectral
irradiance flux in the spectral range from 500 cm™' to 1500 cm™".



4.4.

COMPARISON TO LBLRTM

31

0.10

0.08

0.06

0.04

0.02

Spectral irradiance [pW/m?2 Hz]

0.00

Spectrum for CF4 (LBLRTM)

—— L_up mean TOA
std
1960 1980 2000 2020 2040 2060

Wavenumber [cm™1]

Figure 4.10: Zoom of the spike in the LBLRTM spectrum for CF4 at 2000 cm™~".
The dotted green line presents the standard deviation of the spectral fluxes over
the 100 atmospheres.

Table 4.8: Revised comparison of RFs calculated by ARTS and LBLRTM (instan-
taneous, clear-sky). The last column presents the percentage error between the 2
models for each gas.

Revised Old Revised

Gas RF ArTs Old RFigirtm | RFigirTm | deviation | deviation
[W/m’] [W/m’] [W/m’] [%] [%]
CFC-11 | 0.094140.0219 | 0.0873+0.0238 | 0.0795 -7.3 -15.5
CFC-12 | 0.2595+0.0653 | 0.2389+0.0668 | 0.2262 -7.9 -12.8
CFC-113 | 0.0347+0.0083 | 0.0381+0.0117 | 0.0317 9.8 -8.6
CCly 0.0219+0.0045 | 0.01640.005 0.0105 -26.3 -52.0
CF4 0.0107+0.0027 | 0.01440.005 0.0086 32.1 -20.0
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In conclusion, ARTS and LBLRTM show good consistency for the main CFCs,
CFC-11, CFC-12 and CFC-113, and more striking differences for CCl; and CFy.
We assume that the main differences are caused by discrepancy in the spectral
data and also by the spike in the spectra at wavenumber 2000 cm™". At this point,
we know that the spike and the resulting error in the forcing values was caused by
the use of malfunctioning line data in the LBLRTM model. But even without the
impact of this spike the deviations between the 2 models remain. Nonetheless the
good agreement of the 2 state-of-the-art models for the main CFCs, CFC-11 and
CFC-12, indicates that the radiative forcing values for CFC-11 and CFC-12 might

be higher than was assumed until now.



Chapter 5
Conclusion and Outlook

The main goal of this thesis was to validate a new gas absorption scheme which
was implemented into ARTS by analysing the resulting radiative forcing values
for 6 atmospheric gases. We found that the results of this validation vary a lot
depending on the gas which is studied. According to the|IPCC|(2013)) halocarbons
contributed 0.337 W/m2 to the total adjusted radiative forcing, whereas CFC-11,
CFC-12, CFC-113 and HCFC-22 account for 85 % of this forcing value. Their im-
pact on the Earth’s energy balance is therefore non-negligible and state-of-the-art
calculations of their forcing contributions could be of great importance for future
climate projections. Since HCFC-22 has not yet been included into ARTS, the
focus of my thesis was on the chlorofluorocarbons CFC-11, CFC-12 and CFC-113.
Additionally, CF4, CCl; and HFC-134a were investigated but proper comparison
was only possibly for the 3 CFCs, CF4 and CCl,.

The comparison of the radiative forcing values to IPCC and other literature values
showed, that the ARTS values for CFC-11 and CFC-12 were in good agreement
and deviations are assumed to be mainly caused by the use of different kinds of
models and input data. The intercomparison with the RRTMG model also reflects
the good conformity for CFC-11 and CFC-12. Especially the last comparison to
the LBLRTM model confirms the good plausibility of the ARTS results. Devia-
tions lie below 8 % of the ARTS value whereas ARTS estimated a higher forcing
than LBLRTM. Comparisons with the other gases didn’t conclude in the same
conformity. The deviations for CCl,; and CF4 were striking, especially in the in-
tercomparison of ARTS and LBLRTM, which were run in the same way using the
same atmospheric input data. Deviations up to 32.1% for CF4 occurred. Fur-
ther investigation into CF4 showed, that differences in the spectral data of the 2
models most likely cause the high deviation. Additionally, we identified a strange
spike around wavenumber 2000 cm~" in the LBLRTM spectra which occurred for
all gases at the same location and in similar magnitude. At this point we know

that the reason for the bug in form of the spike lies in malfunctioning line data.
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Revised calculations and comparisons excluding the spike result in a largely better
agreement for CF4 and slightly worse agreement for CFC-11 and CFC-12. This
corroborates our hypothesis that the spike mainly influences the forcing values of
gases with generally smaller forcing values.

The results of my thesis could serve as starting point for improved and more de-
tailed comparison of the 2 models in the future. In this context, it would be helpful
to in-depth examine and discuss differences in the radiative transfer calculations.
Especially the application of broadening mechanisms for the different gases and
the source and use of spectral information should be reviewed. Furthermore, the
question of how big the influence of the temperature and pressure dependence of
absorption by CF, is, as described in Section could be further investigated. In
this context it would be interesting to know how the temperature and pressure
dependence of absorption is handled by LBLRTM and whether this might also
contribute to the uncertainty in the radiative forcing values. Even though the
overall influence described in Section was fairly small for most of the gases,
the temperature correction for other gases might have a non-negligible impact on
the forcing values and should be further reviewed.

Concluding the intercomparison of radiative transfer models, the difference be-
tween LBLRTM and RRTMG is surprising. Both models are maintained by the
Atmospheric and Environmental Research (AER) group and differ mainly in the
way gas absorption is calculated. Nonetheless, one would not expect the differ-
ences in forcing values, calculated line-by-line with LBLRTM and narrowband with
RRTMG, to be this big. It is further surprising that RRTMG derives the biggest
forcing values for CFC-11 and CFC-12 of all 3 models. ARTS calculated the second
highest values and LBLRTM the lowest for the 2 CFCs. In contrast to that the
forcing values for CCly calculated by RRTMG and LBLRTM are in good agreement
whereas the ARTS value for CCly is remarkably higher.

Regarding the main goal of my thesis | can say that in my discretion the scheme
implemented into the state-of-the-arts radiative transfer model ARTS works well
and produces overall reasonable results. The results of my thesis show that the
impact of CFC-11 and CFC-12 in terms of radiative forcing may have been under-
estimated until now. Their fairly high forcing, long lifetime and ozone depleting
effects underline once again the importance of the Montreal protocol in 1989.
There are more halocarbons and other radiatively active atmospheric gases which
have not been included into the ARTS model yet. The future goal is to further
enhance and validate the scheme implemented into the ARTS radiative transfer

model and to integrate more radiatively active species.
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Figure 5.1: Comparison of mean spectral upwards irradiance fluxes at TOA for
CFC-12 calculated by ARTS and LBLRTM.
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Figure 5.2: Comparison of mean spectral upwards irradiance fluxes at TOA for
CFC-113 calculated by ARTS and LBLRTM.
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