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Abstract

Continuum absorption plays important role in Earth’s radiative cooling and energy
balance. Its impact on outgoing longwave radiation fluxes is profound, decreasing it by
as much as 12 W/m?. Molecules contributing to continuum absorption in microwave
and infrared region (significant for OLR studies) are water vapour, oxygen, nitrogen,
ozone and carbon dioxide. Laboratory measurements of continua of some of these
molecules (specially water vapour) is difficult. To overcome this continuum models
are developed. These are semiempirical models, considers theoretical information
with laboratory and field measurements.

Comparison between two state-of-art continuum models MT_C K D (Mlawer-Tobin-
Clough-Kneizys) and HITRAN_CIA (HIgh resolution TRANsmission databse: Col-
lision Induced Absorption) is discussed to find out their impact on calculation of
Outgoing Longwave Radiation (OLR) fluxes and source of uncertainty for climate
models. For simulations Atmospheric Radiative Transfer Simulator (ARTS) is used.
MT_CKD 2.5 is the latest version of MT_CK D continuum model. MT_CKD 1.0
and HITRAN _CIA was already included in ARTS, implementation of MT_CK D
2.5 is done in this thesis. Five different atmospheric scenarios (midlatitude summer,
midlatitude winter, subarctic summer, subarctic winter and tropical) are considered
for comparison studies.

The OLR fluxes calculated using MT_CKD 1.0 and latest MT_CKD 2.5 gives
relative difference of order of 0.01%. So, difference between these two model with
respect to OLR calculation is insignificant. But, relative difference between fluxes in
some wavenumber region can be as high as 30%, which might be a source of error for
studies or instruments using those wavenumber ranges.

Difference between OLR calculated using MT CKD 2.5 and HITRAN CIA is
the order of 1%. OLR calculated using only line by line absorption differs by order
of 0.01% from HITRAN _CIA. HITRAN _CIA does not include water vapour con-
tinuum, which is major contributor in continuum absorption. OLR values calculated
by considering continuum models (in addition to the line by line absorption model)
decreases.



CHAPTER 1

Introduction

Earth, which is a home to all living beings, is surrounded by the atmosphere, which
plays a big role in their survival. It protects all the organisms from harmful solar
radiation and also maintains the temperature. Solar radiation enters the Earth’s at-
mosphere as shortwave radiation, which gets absorbed by Earth and atmosphere. The
absorbed energy is emitted as longwave radiation partly from Earth’s surface, but sig-
nificant part from higher levels of atmosphere. Balance between incoming shortwave
energy flux and outgoing longwave radiation energy flux governs the radiative energy
balance of Earth’s atmosphere. Longwave energy radiation flux can be calculated
using the absorption properties of the atmosphere [Salby, 1996].

It is important to perform accurate calculation of atmospheric radiative transfer
for understanding of the atmospheric processes and for improving performance of
general climate models. One of the major factor, which contribute to the atmospheric
radiative transfer is the gaseous absorption in the atmosphere. Accuracy of modelling
of the gaseous absorption depends on our knowledge of spectroscopy (line parameters,
line shape and continuum) [Payne et al., 2011].

In this thesis, main focus is the continuum absorption by atmospheric gases.
Continuum absorption impacts critically on the weather and climate of the Earth
[Elsasser, 1938]. For example, the radiative effects of water vapour continuum con-
tributes around 40% of the total longwave radiative cooling rate, near the surface
[Clough et al., 1992].

In addition to resonant line absorption, some molecular species shows non-resonant
continuum absorption. Continuum absorption varies slowly with frequency, which
makes it possible to distinguish it from the line absorption. It should be noted that
only total absorption can be measured. Exact distiction between line and continuum
absorption depends on the model. Generally, continuum term is used to bring the
agreement of line by line model with total absorption from experimental data [Buehler
et al., 2005].

In the Earth’s atmosphere, water vapour, oxygen, carbon dioxide, methane and
nitrogen molecules contribute significantly to the continuum absorption [Payne et al.,
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2011]. Continuum absorption is handled by empirical models based on laboratory
experiments as well as semiempirical models based on field measurements. So, here
it decided to use two models; one is collision induced absorption (C'IA) by Hlgh res-
olution TRANsmission (HITRAN) database and other one is Mlawer Tobin Clough
Kneizys Davies (MT_CK D). To perform the simulations using these models software
called Atmospheric Radiative Transfer Simulator (ART'S) is used.

There are two objectives implemented in this thesis, which are explained below:

e As MT_CKD 1.0 and HITRAN _CIA already exist in ARTS, MT_CKD 2.5
is included ARTS in form of C' + + code.

e Comparison study of HITRAN CIA, MT CKD 1.0 and MT_CKD 2.5 is
done with respect to absorption coefficient, flux and OLR, to find out whether
this is an important source of uncertainty for climate models.

An outline of the thesis is as follows: Chapter 2 discusses about radiative trans-
fer, absorption and ARTS. In chapter 3, information about continuum models used
for comparison studies are given. Implementation details of the MT_CKD 2.5 are
discussed briefly in chapter 4. Constraints required to generate the results are given
in chapter 5. In chapter 6, results are discussed. Conclusion is given in chapter 7.



CHAPTER 2

Background

2.1 Radiative transfer

Radiative transfer is a phenomenon where energy transfer happens in the form of
electromagnetic radiation. Here, we are interested in radiative transfer in the Earth’s
atmosphere. Specific intensity of radiation [, is defined as energy flux per unit time,
per unit frequency, per unit solid angle and per unit area normal to the direction of
propagation. Equation of radiative transfer states that specific intensity of radiation
I, decreases due to extinction and increases due to emission when propagates through
medium that is
1 dI,

Cv 2.1
m_— J (2.1)

x is a coordinate along the path, u, is a extinction coefficient and J,, specific emission
coefficient [Goody RM, 1989]. Extinction coefficient 1, includes absorption coefficient
a,, and scattering coefficient s,,.

[y, = oy, + 8, (2.2)

Here we consider only clear sky radiative transfer calculation, where only absorption
and emission of the medium, are considered, avoiding the scattering term which
usually occurs in the presence of clouds for infrared and microwave wavelengths

[Goody RM, 1989].

oy = (2.3)
J, =B, (T) (2.4)
Therefore, transfer equation becomes
dl,
T = —a, I, +a,B, (T) (2.5)



B, (T) (Wsr™'m~2Hz™') is the Planck’s function.

2hv3

B, (T) = 2 (ehv/KT 1)

(2.6)
h = 6.63 x 1073*m?kg/s is a Planck’s constant, k& = 1.38 x 107 m?%kgs 2K~ ! is a
Boltzmann’s constant and v is frequency in Hz.

Total absorption at any point in the atmosphere is the addition of absorption
by each absorbing species present at that point. For individual absorption there is
one more quantity absorption cross-section x; (cm?/mol), absorption coefficient with
respect to absorption cross-section is defined here

o = Ky (2.7)

a; (cm™!) is absorption coefficient from each individual absorber and n; (mol/cm?) is
number density of absorber. It should be noted that in this thesis, unit of wavenumber
is em™! (=frequency (1/s)/speed of light (cm/s)). Unit of absorption coefficient is
also cm™!, here it is referred as per unit distance.

2.2 Gas Absorption

Absorption of electromagnetic radiation is the physical phenomenon, when the en-
ergy of the photon is taken up by the matter and converted into internal energy
(translational, rotational or vibrational energy). If a photon, of the energy same as
the difference in two quantum mechanical state of the molecule, it gets absorbed and
molecule changes its state. Table 2.1 gives types of electromagnetic transitions and
spectrum where it is significantly happens.

Table 2.1: Types of Transitions

Transitions Related Spectrum

Electronic Ultra Violet (UV) and visible
Rotational microwave
Rotational-vibrational | mid infrared

The absorption that occurs due to transition between two states of a molecule is
referred as an absorption line. To calculate absorption over a spectral region, one
needs to calculate the contribution of each absorption line for all molecules in the
atmospheric layer. This technique is known as line-by-line calculation. Absorption
coefficient (a (v)) for an absorption line can be written as [Salby, 1996]

a(v)=nS(T)F (v) (2.8)
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n is the number density, S (T) is the line strength and F'(v) is called as line shape
function. For detail discussion of line-by-line calculation see P Eriksson and Lemke
[2011].

Some molecules like HyO, Oy, Ny, C Hy show continuum (broad band background
characteristic, which varies slowly with frequency) absorption in addition to the line
absorption.

For some molecules, continuum can be defined physically, while for others it is
just more or less empirical corrections for deficits in line-by-line calculation. For the
later, contribution from a uniform line shape function and spectroscopic parameters of
individual line is subtracted from total measured absorption. So, basically continuum
depends on selection of line shape function and spectroscopic database [Rothman
et al., 2013].

In this thesis, continuum due to water vapour (H0), oxygen (Os), nitrogen (Ns),
methane (C'H,) and carbon dioxide (C'O,) are considered. The reason for contin-
uum to occur with respect to these molecules are different, because of differences in
permanent electric and magnetic dipole multipole, for details see Goody RM [1989].

Water vapour has strong electric dipole moment, therefore it possess rotational
transitions in microwave range. Exact reason for continuum of H>O is still ambigu-
ous. There are several possibilities like collision-induced absorption, water polymer
absorption, contribution of far-infrared water lines in far wings [Rosenkranz, 1998] or
inadequate line shape formulation. For inadequate line shape formulation derivation
valid only near wing zone [Van Vleck and Weisskopf, 1945].

Water vapour continuum contributes at high rate to the Earth’s energy balance,
it can be as high as 40 % at the surface of Earth [Mlawer et al., 2012]. At higher
altitude its contribution decreases due to decrease in its concentration (see chapter
6). Its impact to the longwave radiation transfer is profound, it decreases OLR fluxes
as much as 10 W/m? [Mlawer et al., 2012]. So, it is important to study the water
vapour continuum.

Symmetrical molecules like oxygen, nitrogen, methane does not possesses per-
manent electric dipole. These molecules creataes transient dipole when involved in
collision. Transient or fluctuating dipole induced during collisional interaction of free
molecules (for example: Oy-Oy, Oy-Ny) absorbs radiation known as Collision Indcued
Absorption (CIA) [Frommbhold et al., 1987]. This absorption depends on density of
molecules involved in collision. For more details see section 3.1.

O, possess permanent magnetic dipole moment. It has % ground state due to
aligned spins of two valence electron. As per selection rule for magnetic dipole tran-
sitions, with resonance frequency equal to zero transitions are allowed, where these
transitions have Debye line shape function [Rosenkranz, 1993].

N5 is a homonuclear molecule, which has an electric quadruple moment of modest
magnitude in lowest order. The electric field due to electric quadruple moment of one
molecule induces a dipole moment in the second molecule. This is allows rotational
transitions as per the electric quadruple selection rule [Rosenkranz, 1993].

Continuum absorption is important in microwave and infrared spectrum of the

|



atmosphere due to influence of their absorption on the Earth’s radiative heat budget
and also their effects on remote sensing measurements [Rinsland et al., 1989][Payne
et al., 2011]. For example, in the measurement of liquid water path (LWP) for the
clouds with low optical depth accurate modelling of continuum absorption is impor-
tant, because of large contribution of continuum to the total optical depth. These
thin liquid water clouds plays important role in determination of Earth’s radiative
energy balance [Payne et al., 2011].

2.3 ARTS

Atmospheric radiative transfer simulator is an open source software which is used to
perform simulations of atmospheric radiative transfer. Radiative transfer simulators
are used for developing and designing new sensors, for processing actual measure-
ments to retrieve atmospheric parameters (for example temperature, pressure etc.)
or for doing corrections to the measurements of radiation from Earth or space for the
influence of contributions from atmosphere. ARTS assumes spherical atmosphere, in-
stead of parallel atmosphere which gives more accurate results [Buehler et al., 2006].
ARTS makes it possible to do calculations in the frequency range of microwave to
thermal infrared.

Relative to other radiative transfer softwares, ARTS is general and flexible. It is
easy to add new calculations to the ARTS and can be used for wide range of appli-
cations. It works as a scripting language. A sequence of instructions are given in an
ARTS controlfile when executed, parses the controlfile, and sequence of instructions
are executed. Controlfiles contain a list of workspace methods, which perform calcu-
lations when executed. Workspace methods take work space variables as inputs and
outputs. Workspace variables are physical quantities. It is easy to add new workspace
variables and methods because ARTS control files have well-defined syntax.

ARTS has been implemented in the C' + + programming language. It can be
installed and used on different Unix and Linux systems with different versions of
GNU gcc compiler. ARTS-data is a package which contains spectral line catalogue
and atmospheric states, which are in formats suitable for ARTS. CIRA86 [Fleming
et al., 1990], FASCOD [Anderson et al., 1986] and REFMOD99 [Rinsland et al., 1991]
are atmospheric scenarios included in ARTS-data. ARTS has its own spectral line
data, as well as it can also use JPL [Pickett et al., 1998], HITRAN [Rothman et al.,
2013] (are spectral line catalogues). In this thesis, FASCOD atmospheric scenarios
and HITRAN spectral line catalogue are used.

To calculate the total absorption, one need to define absorption species with their
tags in control file. Tags are stored in a variable called 'abs_species’ in the control
file. Tags of these gaseous absorption species specify the considered absorber, model
that it uses to calculate absorption coefficient. Types of tags and their examples are
given in Table 2.2. It should be noted that we can specify, any combination of tags
of absorption species in control file. In this thesis, line-by-line absorption species are
used with continuum absorption species to calculate the total absorption.



Table 2.2: Absorption species tags

Types

Example

Explanation

Line-by-line

H20-18

line-by-line calculation of H,O
with particular isotopologue

H50 self continuum using

Continuum | H20-SelfCont CKDMT'100 MT_CKD (For details see 4 )
Complete H20-PWRO98 H>0 complete model P Eriksson and Lemke [2011]
Zeman effect | O2-Z Oy with Zeeman effect P Eriksson and Lemke [2011]

2.4 HITRAN

HlIgh resolution TRANsmission (HITRAN) a molecular absorption database. It is
used to predict the light emission and transmission by many computer codes. The
HITRAN compilation contains several components, for details see Rothman et al.
[2013]. Here, we are interested in line-by-line spectroscopic parameters and collision
induced dataset. Collision induced dataset is discussed in section 3.1. HITRAN line-
by-line spectroscopic parameters for calculation of high resolution absorption and
radiance are available from microwave to visible spectrum. At this point, there are

47 species and respective 109 isotopologues.

In this thesis, HITRAN spectroscopic databse is used for line-by-line (LBL) calcu-
lation. For OLR calculation H,O, C'O,, O3, NoO, CO, CHy, Oy, NO, NOy, HNOj3
and N,, these species are relevant (for details see Buehler et al. [2005]).
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CHAPTER 3

Models of Continuum

3.1 HITRAN CIA

Collision induced absorption (CIA) is caused by symmetric molecules, such as Oa,
Ny, Hy and CH,. These kind of molecules do not posses a dipole moment in iso-
lated states. When involved in collisions they may have dipole moment induced in
it. In that case dipole transitions may occur in short duration of collision. Above
mentioned molecules possess high degree of symmetry, so transition is forbidden by
selection rule. Forbidden transitions are the transitions (here it means magnetic
dipole or electric quadruple transitions) which are less likely to occur, compared to
permitted transitions by selection rule (for details see Goody RM [1989]). If that
symmetry gets destroyed during a collision, a transition may happen leading to ab-
sorption. Amount of absorption due to binary CIA is dependent on the density of
both molecules involved in collision. Absorption due to CIA plays a large role in total
radiation absorption [Solomon et al., 1998], that’s why it is a very important factor
in the modelling of radiative transfer of the Earth’s atmosphere.

Here, we have decided to use binary (involving only two molecules) absorption
cross section for CIA offered by HITRAN catalogue [Richard et al., 2012] in tabular
form. The data of collision induced absorption provided by HITRAN is obtained
by pure laboratory measurements, semi-empirical models and theoretical calculations
[Frommbhold, 2006]. It should be noted that, at this point collision induced absorption
offered by HITRAN only comprises binary absorption. Knowledge of absorption
involving three or more molecules is limited and not included in HITRAN [Richard
et al., 2012].

HITRAN collision induced absorption data is incorporated in ARTS with following
variables. Absorption coefficient «;; (cm™!) is calculated from binary absorption
cross-section k;; (cm’mol™?)by multiplying it with the number densities n; and n;
(mol/cm™3) of the both molecules involved in collision. It should be noted that unit
of absorption is per distance (1/cm).

11



Q5 = ki,j n;n; (31)

1 and j represents the two involved species. When compared to Equation 2.7, it can
be observed that Equation 2.7 is for single molecule, while Equation 3.1 is for two
involved molecules.

3.2 MT CKD

As mention in section 2.2, contribution of water vapour continuum to the longwave
radiation of Earth is very high. (MT_CKD) [Mlawer et al., 2012] is introduced for
radiative transfer modelling involving water vapour continuum.

MT_CKD has been developed with the assumption that water continuum occurs
due to the interaction between water molecule with other water molecule (self con-
tinuum or self-broadened continuum) or a different molecule (foreign continuum or
foreign broadened continuum). MT_CKD uses semi-empirical approach, where Van
Vleck and Huber (VVH) line shape formalism is incorporated, which is modified using
x-function to be consistent with observations. Here, semi-empirical means a known
physical mechanism is incorporated into the adopted formalism with an objective, to
attain agreement between measured and derived values. Line shape formulation for
calculation of absorption coefficient & (v) (cm?/mol) is given by

k(v)=R(v)o(v) (3.2)
R (v) =vtanh (Br/2) (3.3)

v (cm™1) is wavenumber. R (v)(cm™!) is the radiation field term at temperature T'
with 5 = he/kT. It includes the effect of stimulated emission, for details see Clough
et al. [1989]. o (cm?/mol) symmetrized power spectral density function.

Q;

U(l/)zzgi(T)% {mx(v—w)—k

i

Mﬁx w+u)| (34

where S; (cm?/mol) is the intensity of transition at wavenumber v; and of halfwidth
a;. a; = ad(p/po) and o? is the self-broadened half-width at the atmospheric density
po, is of the order of 0.1 cm™! (0.5 cm™! for self-broadened water vapour) [Clough

et al., 1989].
1 o

Lv—y)=——-""5— 3.5
R = (3.5)
is the Lorentz line function, while x function is multiplied to line function to at-
tain the agreement between calculated and measured spectra. At y = 1, Lorentz
function in Equation 3.5 corresponds to the impact approximation. To attain agree-
ment between calculated and measured spectra, y semi-empirical function is applied
to impact approximation. Continuum absorption is obtained by excluding local line

12



contribution (which is defined for each line within +25cm™" from the center line)
from power spectral density function.

C )= Z Si[Le(v—v))x (v — 1) + Le (v 4+ 1) x (v + 15)] (3.6)

where L. (v — 1;) is the Lorentz line shape with the intensity peak at the line center
removed and is a function of wave number v;. L. (v £ 1;) is systematically defined as
follows
Q;
252 + o?
8%
(v+v;)?2+a?

1 lv+ ;] < 25em™!
Lewtv)=¢ ] ) (3.7)

— lv £ v;| > 25em™!

T
Here, it is important to mention that y function for self- and foreign continuum is
defined separately (for detail discussion see Clough et al. [1989]). x for self continuum
(xs) is dependent on temperature, while for foreign continuum (x) is independent of
temperature. For pragmatic purposes, extrapolation technique is used to calculate y.
Xs is calculated at 296 K and 338 K using least-squares fitting and is extrapolated
at required temperature. For reliability of this technique see Clough et al. [1989].
As mentioned in section 2.2, one of the reason behind existence of water vapour
continuum can be inadequate line shape. So, continuum depends on the details of
line-by-line calculation. MT_C'K D model is consistent with FASCODE line-by-line
model [Smith et al., 1978].

In MT_CKD formulation, collision induced and allowed transitions terms are
present in self- and foreign continuum [Payne et al., 2011]. Collision induced term
provides the excess absorption observed in the central region of vibrational band. The
continuum behaviour between water vapour bands obtained from measurement is less
than that associated with the far wing behaviour of the Lorentz line shape known as
sub-Lorentzian shape. For allowed transition, a second line shape is applied to each
allowed water vapour line to provide sub-Lorentzian shape.

As mentioned above, in MT_C'KD model continuum is a sum of ’allowed’ and
'weak interaction’ terms. Equations 3.6-3.7 gives allowed term, with x is defined as
follows

, 252
bt e

X' (v £ 1) lv + ;] > 25em™!

lv + ;] < 25em™!

x(vxy) = (3.8)

X' and weak interaction formulation is separate for self continuum (x%.) and foreign
continuum (x’).
MT_CKD self continuum y/, is

+ + vy _
X/S (yj:yi) = (1+u) exp (_ll/ V|> ’ "}/a:61.5cm 1 (39)
Ya Ya

13



MT_CKD self continuum weak interaction term is

s Siowi/m Cowrexp |- (” - ”Z’)Q (3.10)
02, + (v — 1) D w1 '

awr = 70.09cm™ vy = 54.05cm ™!

MT _CKD foreign continuum x/ is

lv £ v

Pa
Xf (v £v;) =exp [— ( |) 1 , Pa = 1.462cm ™ 7, = 310.5cm™  (3.11)
Ya

MT_CKD self continuum weak interaction term is

s Siwi/m Cowr ex _(”_”")2 (3.12)
02, + (v —1)° EERD Wi '

awr = 87.72cm™ vy = 306.6cm™!

In weak interaction, term for self- and foreign continuum, sum is over all 7 (species)
with strength S; and position v;. The relative strength of interaction (; v depends
on lower energy state and rotational quantum number, and taken from spectral line
catalogue. This term is same for self- and foreign continuum. For detail formulation
see Mlawer et al. [2012].

MT _CKD is a semiempirical model, where fitting has been done using labora-
tory and atmospheric measurements while it is strongly constrained by the known
physics. Only highly scrutinized atmospheric cases have been used, while in the re-
gion where measurements have not been tested, mathematical shape of each monomer
(is a molecule which may bind to other molecule to form polymer) line has been de-
veloped. MT_C'KD model can be applied from microwave to visible region, to study
the continuum absorption for water vapour (H»O), carbon dioxide (C'O3), nitrogen
(N3), oxygen (Os) and ozone (O3). To be consistent with current observational stud-
ies, some periodic updates have been done to MT_C'K D model. Major developments
in CKD and MT_C'KD models is mentioned in Table 3.1

Table 3.1: Models and release dates

Model Date Changes

MT_CKD 2.5.2 | January 2011 | Changes mentioned in chapter 4

MT CKD 1.0 | February 2003 | New formulation

CKD 0 1989 First CKD continuum model released

Until now, we have discussed about parametrization of water vapour continuum in
MT_CKD, but with water vapour, MT_C' K D also includes continuum formulation

14



of carbon dioxide (C'O3), nitrogen (N3), oxygen (Osz) and ozone (Oz). COy contin-
uum parametrization is some what analogous to HO continuum parametrization.
The major difference is line contribution within £25cm~!. For C'O, continuum, a
first-order treatment of C'O, line coupling constructed using Lamouroux et al. [2010]
databases and software using P, Q and R branches. The line contribution within
+25cm ™! of line center is reduced by above function to preserve the total absorption.
To calculate the continuum parameter, above mentioned base line function is com-
bined with all the contributions from the wings of all lines. These parameters are
calculated at 296K and stored in tabular form which is used in MT_CK D model.
For more details see [Mlawer et al., 2012]. Formulation of absorption coefficient using
this parameter is discussed in chapter 4.

For Ny and Os continuum, parametrization is taken from other sources and fur-
ther calculation is done in MT_CKD model. For N, collision induced rotational
band continuum (parameters taken from Borysow and Frommhold [1986]) and colli-
sion induced fundamental continuum (parameters taken from Lafferty et al. [1996])
has been considered in MT_CKD. For O, collision induced fundamental band (pa-
rameters taken from Thibault F [1997]), Oy v0<—v0 band (parameters taken from
Maté et al. [1999]) and Oy v0<—v1 (parameters taken from Mlawer et al. [1998]) has
been considered. Oz continuum is not discussed in this thesis.
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CHAPTER 4

MT CKD 2.5

There has been a number of well-founded measurements, after the release of MT_C'K D
1.0, which provided more accurate continuum absorption coefficients in certain spec-
tral regions, which have indicated changes in absorption coefficient in those spectral
regions. To incorporate those changes revisions of MT_C'KD 1.0 models have been
released as mentioned in Mlawer et al. [2012]. ARTS has MT_CKD 1.0 included in
it. In this thesis, MT_C'K D 2.5 has been included in ARTS.

To include MT_CKD 2.5in ARTS, MT_CKD 2.5 FORTRAN code (from EJ Mlawer)
has been studied. After comparing MT_CKD 2.5 FORTRAN code and MT_CK D
1.0 in ARTS, we realised that it is possible to use MT_C'K D 1.0 in ARTS as reference
and then with some modifications MT_C'K D 2.5 can be added to ARTS. Here, those
changes have been discussed. MT_CKD 2.5 FORTRAN code includes continuum of
H,O, CO,, O3, Oy and Ny. Oz is not included, because of limited time frame.

Continuum of H,O, CO,, Oy and Ny has been divided into different parts de-
pending on their properties, for details see Goody RM [1989]. Molecules and there
continuum parts (here mentioned as species) are discussed in Table 4.1.

Table 4.1: Continuum Species

Molecule | Continuum species Z}X?Yf number range
H,0 Self Continuum 0-20000
Foreign Continuum 0-20000
CO, CO4 continuum 0-10000
N CIA rotational band continuum 0-350
2 CIA fundamental band continuum | 2085-2670
CIA fundamental band continuum | 1340-1850
O v0<—v0 band continuum 7536-8500
v0<—v1 band continuum 9100-11000
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4.1 Formulation of absorption coefficient in ARTS

To calculate continuum absorption coefficient for each continuum segment mentioned
in Table 4.1 following formula has been used.

P T PT
(0 (V) = VMRmol No (FOTO) (FOTI) CmolR (V) (41)

where VM R, is volume mixing ratio of the molecule, ng = 2.687 x 10*mol /cm?
is the Loschmit number, P and T" are ambient pressure and temperature respectively.
Py, = 1013hPa, T, = 273K, T; is the temperature related to C,,,. Ci.o is the
continuum parameter of the species. After, going through MT_CKD 2.5 FORTRAN
code and comparing it with MT_CKD 1.0 in ARTS, it has been observed that C,,,
in MT_CKD 1.0 should be modified to incorporate the changes. R (v) is a radiation
field term, for explanation see chapter 3. According to ideal gas law,

PT
Nyor = VM R,0 0 (——°> (4.2)

P, T
N0 is the number density of the molecule at ambient pressure P and temperature
T. Therefore, Equation 4.3 can be written as

o (¥) = Ny (g%) CooR () (4.3)

4.2 H->0 continuum

For detail formulation of H,O continuum, see chapter 3. The relation between for-
mulation in chapter 3 and equation 4.3 is discussed below. Comparing equations 2.7,
3.2 and 4.3, we can say

~ PT

C=Npot | =7 | Cino 4.4
: (Pg T) : (44)

H50 self and foreign continuum formulation in MT_CKD 1.0 ARTS code and
changes done to include MT_CKD 2.5 H,0O continuum is discussed in this section.

4.2. 1 MT_CKD 1.0 formulation for H50 self continuum

H,0 self continuum parameter Cs g,o at temperature 296 K (Cs m,0.206) and 260 K
(Cs.m,0.260) 1s available in the table format for wavenumber of the range 0—20000cm !
at the interval of 10 cm ™. It should be noted that Cy g,0 depends on temperature. So,
Cs.m,0 at ambient temperature is calculated by interpolating Cs p,0.206 and C 1,0 260
with respect to temperature, formulated as follows
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T—-"1Ts

T ac = ShAn 4.5
fee ™ 260 — T (4.5)
CS Tfac
CS,HQO - Cs,H20,296 (#) (46)
s,H20,296

For wavenumber of range 820 — 960cm ™!, C z,0 is multiplied by correction factor.

4.2. 2 Changes to H>0O self continuum

Modification to self continuum in microwave range and in far-infrared range has been
done to provide agreement with measurements. Measurements in microwave range
has been done using two channel microwave radiometers (23.8 GHz or 0.8 cm™! and
31.4 GHz or 1.05 cm™') [Payne et al., 2011], while measurements in far-infrared has
been done in first phase of Radiative Heating in Under explored Bands Campaigns
(RHUBC) [Delamere et al., 2010].

To incorporate above changes Equation 4.6 is changed as follows

C, Trac 0.25
Cs,1,0 = Cs,1,0,296 <M) 1+ (4.7)
1+

Cs, H,0,296 (L)G
350

There is a big difference between self continuum coefficient calculated using M T _C K D
1.0 and laboratory measurements in near-infrared region (2000 — 3000cm™!) as pre-
sented by Burch and Alt [1984]. To get consistent results for laboratory measurements
of Bicknell and Flusberg [2006] and Fulghum and Tilleman [1991] a correction factor
[Mlawer et al., 2012] is multiplied to Equation 4.7 for the wavenumber of the range
2000 — 3000cm ™!,

4.2. 3 MT_CKD 1.0 formulation for H,O foreign continuum

H,0 foreign continuum parameter Cf m,o valid at all temperatures is available in
table format (taken from MT_CKD 1.0 FORTRAN code) for wavenumber of the
range 0 — 20000cm ™! at the interval of 10cm ™! [Mlawer et al., 2012].

4.2. 4 Changes to H,0O foreign continuum

Modification of foreign continuum in microwave and far infrared range is to incor-
porate measurements done as mentioned in Payne et al. [2011] and Delamere et al.
[2010]. Modification in 250 — 550cm ™" region has been based on analyses of Northern
Slope of Alaska data Knuteson et al. [2004]. To incorporate above changes, C g,0 is
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multiplied by the factor as given below

fao—1- 0022
1+03 (5755
2402 2402
(v — 255.67)° + 2402 + (%5;67)8 (v +255.67)" + 2402 + (—” +572.Z53'67>8

(4.8)

4.3 (CO9 continuum

4.3.1 MT_CKD 1.0 formulation for CO, continuum

COy continuum parameter Cco, [Ridgway et al., 1982] valid at all temperatures is
available in table format for wavenumber of the range 0 — 10000cm ™! at the interval
of 10cm™!.

4.3. 2 Changes to C'Oy continuum

The entire recalculation of CO, continuum parameter has been developed, for being
consistent with newly implemented line shape formulation [Lamouroux et al., 2010],
where first order line coupling of P, Q and R branches of C'O, bands are considered.
So, continuum parameter Coo, has been completely replaced.

Modification of continuum parameter in the wavenumber range of 2000—3200cm ™!
has been done by multiplying a scaling factor (SF), which has been calculated using
Knuteson et al. [2004].

At wavenumber 2385cm~! v3 band of CO, shows an interesting feature called
'bandhead’ [Mlawer et al., 2012]. Comparison with line-by-line radiative transfer
model (LBLRTM) [Clough et al., 2005] added with the measurements of other in-
struments Knuteson et al. [2004] and Aumann et al. [2003] in wavenumber range of
2385 — 2600cm ™!, showed that need to revise the MT_C'K D model by considering
temperature dependence of absorption coefficient in this range. Temperature depen-
dence of continuum coefficient in 2385 — 2436cm™! is incorporated by multiplying

following term to the Cco,
T TC(v)
= 4.
(Tl) (4.9)

Ty = 246k, TC is temperature coefficient which is a function of v.
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4.4 N, continuum

Nitrogen molecule shows two important continuums: collision induced rotational band
continuum and collision induced fundamental continuum, for details see Goody RM
[1989].

4.4. 1 MT_CKD 1.0 formulation for N, CIA rotational band

N, collision induced rotational band continuum parameters C). y, 296 at temperature
296K and C) n, 200 at temperature 220K is available in table format for wavenumber
range of 0 —350cm ™" at the interval of 5em™! [Borysow and Frommbhold, 1986]. C, y,
is a temperature dependent parameter is calculated by interpolating as follows

T T,
Ttac 4.10
fae =990 — Ty (4.10)
CT Tfac
CT,NQ == OT7N27296 (C ,N27220) (411)
7 N2,296

4.4. 2 Changes in N, CIA rotational band

In N, pure rotation band, to include the effect of Ny — Oy and Ny — Ny Boissoles et al.
[2003], scaling factors s fag and s fagp have been included for the same frequency range
as continuum parameter. As,scaling factor is also temperature dependent, it has also
been interpolated. To incorporate above mentioned effect C, n, has been modified as

follows - -
C(T fac fac
Cr.ny = Cr N, 206 (—’N2’220> 5 f296 (Sf220) (4.12)
CN2,296 5 fa96

T'tqc 18 same as in equation 4.10.

4.4. 3 MT_CKD 1.0 formulation for N, fundamental band

Ny collision induced absorption fundamental band continuum parameter C/ n,, valid
at all temperatures and temperature coefficient C n,; is available in table format, for
wavenumber of range 2085 — 2670cm ™!, at the interval of 5cm™! taken from Lafferty
et al. [1996]. It should be noted that the formulation for absorption coefficient for
this continuum, is slightly different as discussed below

PT,\> 1 T
—(=2%) —— (08387 —0.0754— | C
o) (POT) VMRNQ( To) s (V)

exp (cf,Nzt (v) (Tio - %)) Jv (4.13)

no is Loschmit number and k (v) # 0 only if volume mixing ratio of Ny (VM Ry, >
le — 25).
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4.4. 4 Changes to N, fundamental band

Nitrogen collision induced fundamental absorption band, centred at approximately
2330cm ™! based on the highly accurate formulation by Lafferty et al. [1996], includes
temperature dependence and the varying efficiencies of nitrogen and oxygen molecules
as collision partners, with the absorbing nitrogen molecule.

P Ty\?
a(v) =ng (FO?O) (vmry, + ao, vmro, + am,o vmrg,o) Crn, R (V)
1 1
T 272
o 1 1
(ﬂ) 228 272 (4.14)
nyNQ

T
ap, = 1.294 — 0.4545 (%) it represents the relative broadening efficiency of O,

am,0 = 1, it represents the relative broadening efficiency of H5O.

4.5 Oy continuum

Oxygen molecule shows three collision induced band in infrared regions. First is
collision induced fundamental band and other two are categorised according to their
vibration transitions, Oy v0<—v0 band and Oy v0<—v1 band for details see Goody RM
[1989]. Formulation for all the three species is not similar, to that mentioned in
equation 4.3. Therefore, formulation of absorption coefficient is discussed here.

4.5. 1 Oy fundamental band MT_CKD formulation

Continuum parameter Cfyo,, valid at all temperature and temperature coefficient
C't 0, for fundamental band is available in the wavenumber range of 1340 — 1850cm ™!
[Thibault F, 1997]. The formulation is as follows

o (v) = (ggf Co, oxp (cf,OQt (Tio _ %)) %R ) (4.15)

R (v) is the radiation field term.

4.5. 2 09 vO<v0 band MT_CKD formulation

Continuum parameter Cy 0, is valid at all temperatures. Absorption cross section
due to Oy v0<—v0 band is calculated over wavenumber range of 7536 — 8500cm ™!
[Maté et al., 1999]

o (v) = vmro, + 0.3vmry, (£T0

2
1o 41
0.446 f2) T) Cuo0, 11 (V) (4.16)
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R (v) is the radiation field term.

4.5. 3 Oy vO<v1l band MT_CKD formulation

O3 v0<—v1 band absorption is formulated in the wavenumber range of 9100—11000cm—*
This formulation is similar to equation 4.3, where C; o, calculated as follows, taken
from Mlawer et al. [1998].

1.66¢ — 4DAMP1 3.086¢ — 5DAM P,

1.053
Cyio, = 0.31831 2V, (4.17)
14 Dl/l 14 Dl/2 v
HW1 HW2
DVl =V — MNosec» DVZ =V — V2psc
DV1 2 0
DAMP, = Dl/
1= 176? Dy <0
DI/2 Z 0
DAMP, = Dl/z
D
176 ve <0

Vipse = 937Hem ™| vgye. = 9439cm™t, HW; = 58.96, HW, = 45.04
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CHAPTER 5

Calculation of Absorption
Coefficient and Outgoing Longwave
Radiation Fluxes

In this chapter, we are discussing formulation for Outgoing Longwave Radiation
(OLR) fluxes, assumptions and atmospheric scenarios used for generating results.
Comparison study of absorption models mentioned in this thesis is done using flux,
absorption coefficient and OLR fluxes.

5.1 Outgoing longwave radiation calculation

The upwelling radiative flux F.f (Wm™2Hz™!) is given by

1
Ff(2) = 2%/ I (2, 1) pdp
. (5.1)
= 27r/ I (0) cos 0 sin 0df
w/2

6 is the zenith angle. Monochromatic radiance I,(Wm™2Hz 'sr!) is calculated using
ARTS, for details see Buehler et al. [2005]. Total upwelling radiative flux, which is
integrated over frequency is also known as outgoing longwave radiation, calculated as
follows.

Ft () = / F} (2)d(v) (5.2)

Plot of flux (Wm™?Hz ') vs wavenumber for mid-latitude summer case is plotted

in Figure 5.1. This figure gives the general idea of how flux vs wavenumber plot looks
like.
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Figure 5.1: Flux at the top of the atmosphere vs wavenumber plot for mid-latitude
summer scenario. It should be noted that fluxes are calculated per frequency in
Hz, while plotted over wavenumber (by diving frequency by 3x10'%cm/s) for to be
consistent with literature.

5.2 Basic assumptions and atmospheric scenarios

Here, all basic assumptions and atmospheric scenarios are referred from Buehler et al.
[2006]. In this paper, detail discussion of efficient settings (frequency grid, altitude,
atmospheric scenarios, etc.) to calculate OLR fluxes (for comparison study) using
ARTS is given.

ARTS is used to perform detailed line-by-line radiative transfer calculation. Five
different FASCOD scenarios [Anderson et al., 1986]: midlatitude summer, midlatitude
winter, subarctic summer, subarctic winter and tropical are considered . Wavenumber
range of 0 — 2525cm ™ is considered. All the calculation in the ARTS is done by
considering frequency in Hz. By converting wavenumber into frequency (1Hz= lem™*
x 3x10'0 cm/s), we get the frequency range of 0-75750 GHz. This frequency range
is divided into equidistant grid of 10000 points for calculation. Although, clouds are
having big impact on radiative transfer, but for current studies only clear-sky cases
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are considered. At 95km top of the atmosphere is considered, because data is available
upto 95km only. ARTS can use different spectroscopic catalogues like JPL [Pickett
et al., 1998] and HITRAN [Rothman et al., 2013], but here HITRAN spectroscopic
database is used. Species relevant for OLR calculation are HoO, C O, O3, NoO, C'Hy,
CO, Oy, NO, NOy, HNO3 and N, considered for studies in this thesis. Difference in
OLR calculation between all HITRAN species and only species mentioned above is
less than 0.01% [Buehler et al., 2006]. For zenith angle range of 90 —180° equidistant
grid of 40 points is considered which gives accuracy of 0.1%.

Temperature profile for midlatitude summer case is plotted in Figure 5.2. From
this figure we can observe the temperature variation along the altitude.
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Figure 5.2: Temperature profile for midlatitude summer case

5.3 Absorption coefficient calculation

Total absorption is calculated by adding all the partial absorption of all the ab-
sorbers. Partial absorption for the gases which have spectral lines is calculated by
adding absorption of each spectral line plus continuum terms (which is more or less
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empirical). Details of absorption coefficient calculation in ARTS see Buehler et al.
[2005]. Continuum absorption for species HyO, CO,, Ny and Oy are considered for
two models MT_CKD 1.0 and MT CKD2.5. MT_CKD 1.0 was already included
in ARTS earlier. MT_CKD 2.5 is included in ARTS in this thesis, from FORTRAN
code by Mlawer, Tobin, Clough, Kneizys, and Davies Mlawer et al. [2012]. Changes
from MT _CKD 1.0 to MT_CKD 2.5 are explained in chapter 4. HITRAN CIA is
calculated for Oy, Ny, CHy and C'O,, details are explained in section3.1. Basically,
here absorption coefficients for four different models are calculated

e Line by line (LBL)

e LBL + MT CKD 1.0
e LBL + MT CKD 2.5
e LBL + HITRAN_CIA

Species tags (see section 2.3 for explanation) related to above models (which are
relevant for this thesis) as they are used in ARTS is mentioned in Table 5.1 with their
frequency ranges.
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Table 5.1: Absorption Species. It should be noted that there was no change in O,
continuum from MT_CKD 1.0 to MT_CKD 2.5. So, Oy continuum species for
MT_CKD 2.5 are same as MT CKD 1.0

Absorption | Species \éVaveno. Descrinti
Model Tags ang;f escription
(em™)
Li H20, 02, N2, CO2, 03, N20,
e CO, NO, NO2, HNO3, CH4

CH4-CIA-CH4-0, 0.02-990 CIA due to two C H; molecules
02-CIA-02-0, 1150-1950 | CIA due to two Os molecules

CIA N2-CIA-N2-0, 0.02-554 CIA due to two Ny molecules
N2-CIA-N2-1, 1850-3000 | CIA due to two NNy molecules
N2-CIA-CH4-0, 0.02-1886 CIA due to Ny and C'H,; molecule
CO2-CIA-CO2-0 1-697 CIA due to CO, molecules
H20-SelfCont CKDMT100, 0-20000 H50 self continuum
H20-ForeignContCKDMT100, | 0-20000 H50 foreign continuum
02-CIAfunCKDMT100, 1340-1850 | Oy CIA fundamental band conti.

MT CKD 02-vOvOCKDMT100, 7536-8500 | Oy v0 < v0 band continuum

10 - 02-v1vOCKDMT100, 9100-11000 | Oy v0 < v1 band continuum
N2-CIArotCKDMT100, 0-350 N, CIA rotational band continuum
N2-CIAfunCKDMT100, 2085-2670 | Ny CIA fundamental band conti.
CO2-CKDMT100 0-10000 C Oy continuum
H20-SelfCont CKDMT250, 0-20000 H50 self continuum
H20-ForeignCont CKDMT250, | 0-20000 H50 foreign continuum
02-CIAfunCKDMT100, 1340-1850 | O, CIA fundamental band conti.

MT CKD 02-vOvOCKDMT100, 7536-8500 | Oy v0 < v0 band continuum

95 - 02-v1vOCKDMT100, 9100-11000 | Oy v0 < v1 band continuum
N2-CIArotCKDMT250, 0-350 N5 CIA rotational band conti.
N2-CIAfunCKDMT250, 2001-2710 | Ny CIA fundamental continuum
CO2-CKDMT250 0-10000 C Oy continuum
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CHAPTER 6

Analysis of differences between
different continuum models

In this chapter comparison between different continuum models are done, with the
help of absorption coefficient and flux calculations.

6.1 Comparison between MT CKD2.5and MT _CKD1.0

For generating Figures 6.1-6.5, line absorption and MT_CK D 1.0 species from Ta-
ble 5.1 for MT_CKD 1.0 case and, line absorption and MT_CKD 2.5 species for
MT_CKD 2.5 case are defined as absorption species (abs_species) in ARTS con-
trolfile. That means, total absorption (line + continuum) is considered for generating
above mentioned figures.

Figure 6.1 shows continuum absorption coefficient vs wavenumber at the Earth’s
surface (0 km altitude), for different continuum species of MT_CK D 1.0 and MT_CK D
2.5. As it can be observed, major changes are in C'Oy continuum, which shows the
maximum difference of the order of 1072m™! in the wavenumber range of 2000 —
2500cm ™. H,0 self continuum shows difference of the order of 107>m~"' in the ab-
sorption coefficient in the same range as C'O, shows its maximum difference. While
largest difference for H,O self continuum can be observed in the order of 107m~"! in
the wavenumber range of 0 — 500cm ™. In the same wavenumber region H,O foreign
continuum shows the difference in the order of 107?m~!. It is difficult to observe
above mentioned difference in Figure 6.1, but it can be clearly observed in magnified
plot in Figure 6.2. Figure 6.2 represents same plot as Figure 6.1 in the microwave
(0 — 66.66cm™1) region. There is no change in O, continuum for MT_CKD 1.0
to MT_CKD 2.5, so only MT_CKD 1.0 continuum absorption coefficient of Oy is
plotted.
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Figure 6.1: Absorption coefficients for MT CKD 2.5 and MT_CKD 1.0 vs
wavenumber at Okm altitude. In this figure, "H20self100’ represents 'H20-
SelfContCKDMT100’, 'H20foreign100’ represents "H20-ForeignContCKDMT100’,
’O2-MTCKD100’ is addition of ’O2-CIAfunCKDMT100’, ’O2-vOvOCKDMT100’ and
'02-v1vOCKDMT100’, "CO2CKDMT100’ represents 'CO2-CKDMT100” from Table
5.1. Different colors represents different continuum species of MT_CKD 1.0, while
dashed black lines are for species of MT _ CKD 2.5. MT_CKD 2.5 dashed black lines
follows closely M'T_C'K' D 1.0 lines of related species.

32



altitude=0km
10 T T T T T T T T T

=)
T

orption coefficient(1/m)
:l

Ahsorption coefficient(T/m)
o)

- 2 ——————
1o
.-.--'—""‘--_
15 I‘_.,...--""""_ Ex
10 s e 1300 1950 2000 3050
I/ frequency(GHz)
=20
-ID 1 1 1 1 1 1 1 1 1

0 200 400 600 00 1000 1200 1400 1600 1800 2000
frequency(GHz)

Figure 6.2: Absorption coefficients vs frequency in GHz for MT _ CKD 2.5 and
MT_CKD 1.0 at Okm altitude only in microwave range. For explantion of legend
see caption of Figure 6.1. Magnified part shows that lines for water vapour self- and
foreign continuum does not overlap each other.
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Figure 6.3: Absorption coefficients for MT _ CKD 2.5 and MT_CKD 1.0 at 95km
altitude. For explantion of legend see caption of Figure 6.1

33



In Figure 6.3, absorption coefficients vs wavenumber for different species of MT_C'K D

1.0 and MT_CKD 2.5 are plotted for top of the atmosphere (altitude=95km). Leg-
end of Figure 6.3 is same as Figure 6.1. It can be observed that, at higher altitude
contribution of absorption coefficient due to water vapour continuum to the total ab-
sorption coefficient decreases. In Figure 6.3 absorption coefficient due to each species
is decreased compared to Figure 6.1. We already know that density of the air de-
creases as we go away from the Earth’s surface, which leads to decrease in amount of
absorption.
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Figure 6.4: Difference between fluxes calculated using MT_CKD 2.5 and MT_CKD
1.0 vs wavenumber for tropical scenario. For more details see Figure 5.1.

Afetr comparing continuum models considering absorption coefficient, flux com-
parison is discussed here. To compare the fluxes calculated at the top of atmosphere
using both the models, absolute difference and relative difference between the fluxes
are plotted against the wavenumber. Absolute difference gives the difference at the
specific wavenumber, while relative difference gives the contribution of deviation in
the total absorption at the specific wavenumber.

In Figure 6.4 absolute difference between fluxes vs wavenumber calculated using
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MT CKD 2.5 and MT_CKD 1.0 is plotted for tropical case. Absolute difference is
calculated using Equation 6.1,

AF = F2.5 — FI.O (61)

where F,5 and I are fluxes calculated using MT CKD 2.5 and MT_CKD 1.0
models respectively. It can be observed that the major difference is found in the
wavenumber range of 500 — 1000cm~!. Similar kind of behaviour is observed for
other atmospheric scenarios as well. From Figure 5.1, it is observed that maximum
flux at the top of the atmosphere is lies in wavenumber range of 500 — 1000cm ™ (for
more details see Figure 1 in Buehler et al. [2005]). So, small change in absorption
coefficient (see Figure 6.1) gives large change in flux at the top of the atmosphere in
wavenumber range of 500 — 1000cm~!. Which continuum species is contributing to

major changes in Figure 6.4 is discussed later in the chapter.
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Figure 6.5: Relative difference between fluxes (at the top of the atmosphere) calcu-
lated using MT_CKD 2.5 and MT_CKD 1.0 vs wavenumber. For more details see
Figure 5.1.

Relative difference is calculated using Equation 6.2, where AF is the difference
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between fluxes.
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Figure 6.6: Difference between fluxes (at the top of the atmosphere) calculated using
MT_CKD 2.5 and MT_CKD 1.0 without COy continuum. For more details see
caption of Figure 5.1.

Relative difference is plotted in Figure 6.5. In Figure 6.5 maximum change of
approximately 30% can be observed in the wavenumber range of 2000 — 2500cm .
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We checked for other atmospheric scenarios, they show similar kind of behaviour.

To find out which species are contributing most to the absolute and relative dif-
ference, we decided to calculate flux differences without C'O; continuum. For this
calculation, all the species from line absorption only and MT _C K D 2.5 block are con-
sidered except "CO2-CKDMT250’ for MT _C' K D 2.5 case and, all the species from line
absorption only and MT _CKD 1.0 block are considered except ’CO2-CKDMT100’
for MT_C'KD 1.0 from Table 5.1. Absolute difference and relative difference in fluxes
without C'Oy continuum vs wavenumber is plotted in Figure 6.6. In Figure 6.4 max-
imum difference in flux can be observed around 11 x 10~(Wm=2Hz™!), while in
Figure 6.6a maximum difference in flux is approximately 8 x 107*(Wm=2Hz!). In
Figure 6.5 maximum relative difference in flux around 30% can be observed, while in
Figure 6.6b maximum difference in flux is 1.5%. From this we can say that maximum
absolute and relative difference in flux is due to C'Oy continuum.

6.2 Comparison between MT _CKD2.5and HITRAN _CIA
model

In this section comparison study of MT CKD 2.5 and HITRAN_CIA is done.
MT_CKD 2.5 is the latest version of MT_CKD continuum absorption series and
HITRAN _C1A is recently added to HITRAN compilation. Here, for generating Fig-
ures 6.7-6.10 line absorption and MT _CK D 2.5 species from Table 5.1 for MT_CK D
2.5 case and, line absorption and CIA species for HITRAN CIA case is defined as
absorption species (abs_species) in ARTS controlfile. That means, total absorption
(line + continuum) is considered for generating above mentioned figures.

Figures 6.7 represents absorption coefficient vs wavenumber at Earth’s surface (0
km altitude) and Figure 6.8 at the top of the atmosphere (95 km altitude) for dif-
ferent species of MT_CKD 2.5 and HITRAN _CIA for midlatitude summer case.
In Figure 6.7, it can be observed that absorption coefficients for water vapour self-
and foreign continuum are having large values compared to others throughout the
wavenumber range, while at 95km C'O; continuum is having larger values than water
vapour continuum in most of the wavenumber range, as can be observed in Figure
6.8. HITRAN_CIA for CO, continuum is having larger value of absorption co-
efficient in lower wavenumber range than C'Oy continuum for MT _ CKD 2.5, but
after the wavenumber of 500cm™!, absorption coefficient due to 'CO2-CIA-CO2-0’
doesn’t exist. Absorption coefficient due to Ny continuum for MT CKD 2.5 and
HITRAN _CTA overlaps along most of the wavenumber range. Absorption coeffi-
cient due to Oy continuum for MT_CKD 2.5 and HITRAN_CIA are close to each
other, and so is for Ny continuum. C'H, is also included in HITRAN _CIA model,
HITRAN _CIA due to CHy — CHy and Ny — C'H4 molecules contributes very little
to the total absorption coefficient calculation.
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Figure 6.7: Absorption coefficients for MT CKD 2.5 and HITRAN_CIA at
Okm altitude. Legends ’'O2-CIA’’N2CIA’,CO2-CIA’,CH4-CIA’,’H20self100,
H20foreign100’, ’02CKDMT250°, 'N2CKDMT250°, 'CO2CKDMT250" de-
picts 'O2-CIA-O2-0’, ’'N2-CIA-N2-0’+’N2-CIA-N2-1’, 'CO2-CIA-CO2-0’, ’CH4-
CIA-CH4-0’, "H20-SelfCont CKDMT100’, "H20-ForeignCont CKDMT'100’,
'O2-CTAfunCKDMT100’+’0O2-vOvOCKDMT100’4+’O2v1vOCKDMT”, 'N2-
CIArotCKDMT100’+’N2-CIAfunCKDMT100’, 'CO2-CKDMT250° which are
explained in Table 5.1
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Figure 6.8: Absorption coefficients for MT _CKD 2.5 and HITRAN _CIA at 95 km
altitude. For explantion of legend see caption of Figure 6.7

Below, MT CKD 2.5 and HITRAN _CTA is compared considering fluxes. Fig-
ure 6.9 shows the absolute difference between flux calculated using above mentioned
models. Absolute difference is calculated by replacing Fiy in Equation 6.1 by Fra.
Fora is flux calculated using HITRAN_CTA model at the top of the atmosphere.

Here, we can see that large difference is in the wavenumber region of 250 — 1250cm™

and small peak around 1600cm™". The reason is same as mentioned in section 6.1.

1

1

Fluxes are having large values in the same wavenumber range, so small difference in
absorption coefficient gives large differences in wavenumber range of 250 — 1250cm 1.
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Figure 6.9: Difference between fluxes calculated using MT_CKD2.5 and CIA vs
wavenumber. For more details see caption of Figure 5.1.

In Figure 6.10 relative difference between fluxes calculated using MT CKD 2.5
and HITRAN _CITA model is plotted against wavenumber. Relative difference is
calculated by replacing F} in Equation 6.2 by Fora. It can be observed in Figure
6.10, maximum relative difference lies between 40 — 60%, either in wavenumber range
of 1500 — 2000cm ™! or in 2000 — 2500cm™*.

To find out which species are contributing most in absolute difference between
MT_CKD 2.5 without HyO continuum and HITRAN_CIA are plotted in Fig-
ure 6.11 for tropical scenario. From Table 5.1, all species from line absorption and
MT _CKD 2.5 except HyO continuum species(’H20-SelfContCKDMT250” and "H20-
ForeignCont CKDMT250°) for MT_CKD 2.5 case and, all species from line absorp-
tion and CIA for HITRAN _CIA case are considered as absorption species for ARTS
calculation. Comparing Figure 6.9 and 6.11, we can say that difference between
MT _CKD 2.5 and HITRAN _CIA is majorly coming from H,O continuum.
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6.3 Comparison between MT CKD 2.5, MT CKD
1.0, HITRAN _CIA and line absorption
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Figure 6.12: Flux vs frequency plots using different methods for midlatitude summer
scenario. For more details see caption of Figure 5.1

In this section, we are comparing four different absorption models (MT_-CKD 2.5,
MT_CKD 1.0, HITRAN_CIA and line absorption) with respect to flux and OLR
flux calculation. To find out impact of continuum models on OLR calculation.

Flux calculated using these models are plotted in Figure 6.12. For calculation of
flux for MT_CK D 2.5, ARTS species mentioned in line absorption and MT_CKD 2.5
block of Table 5.1 are included in controlfile. For MT_C'K D 1.0, line absorption and
MT_CKD 1.0, for HITRAN _C1TA, line absorption and CIA , for line absorption only
line absorption block of Table 5.1 are considered. From this figure we can observe
that plots for MT CKD 2.5 and MT_CKD 1.0 are quite similar, while plots for
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HITRAN _CTA and line absorption are similar.

It is difficult to retrieve more information from these plots, so we decided to
calculate integrated flux (flux integrated over frequency). Integrated flux for different
atmospheric scenarios and absorption model is given in Table 6.1. We can see that
integrated flux values for MT_CKD 2.5 and MT_CKD 1.0 are close to each other
(difference is of the order of 0.01% ), while HITRAN _CI A and line absorption have
close values (difference is of the order of 0.01%). Difference between MT_CKD 2.5
and HITRAN _CIA is of the order of 1%. From this we can say that HITRAN_CIA
lacks many continuum absorption parameters, for example we know that water vapour
continuum has not been included in HITRAN _CIA. Tt has also been observed
in section 6.2 that water vapour continuum is majorly causes difference in fluxes
calculated using MT_CKD 2.5 and HITRAN_CIA. So, we can predict that water
vapour continuum plays imporatant role in OLR.

Values of integrated flux is lesser for continuum models compared to line absorp-
tion. Integrated flux is also known as outgoing longwave radiation (OLR) [Buehler
et al., 2005]. Here, we can say that, compared to just line absorption, line absorption
in addition to continuum, lowers the OLR value. Difference between OLR calculated
using MT_CKD 2.5 and line absorption is of the order of 1%.

Table 6.1: Integrated Flux

Atmospheric MT_ CKD 25 | MT_-CKD 1.0 | CIA Line absorption only

Scenarilc))s Integrated flux | Integrated flux | Integrated flux | Integrated flux
W /m?® W/m? W/m? W/m?

Midlatitude

summer(MLS) 270.47 270.37 278.41 278.57

Midlatitude

winter(MLW) 222.08 221.98 225.31 2925.4190

Subarctic

summer(SAS) 254.32 254.22 261.09 261.1937

Subarctic

winter(SAW) 192.84 192.75 194.76 194.83

Tropical(T) 276.51 276.43 288.11 288.36
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CHAPTER 7

Summary and Conclusions

In this thesis, MT_CKD 2.5 continuum model is implemented in ARTS. Implemen-
tation was done by understanding the MT_CK D 2.5 model FORTRAN code. It was
little difficult to implement it, because FORTRAN code gives absorption cross-section
as output, while in ARTS we needed absorption coefficient as output for consistency
with other continuum models in ARTS. After detail study of MT _ CKD 2.5 FOR-
TRAN code and MT_CKD 1.0 code in ARTS, we found the possibility of implement-
ing it by doing some modifications to the MT_CK D 1.0 in ARTS. Modifications are
discussed in chapter 4.

Comparison study of MT_CKD 2.5, MT_CKD 1.0 and HITRAN_CIA con-
tinuum models (which are incorporated in ARTS) are done during this thesis. For
comparison studies, absorption coefficients and fluxes are calculated using ARTS and
plotted using matlab, for different atmospheric scenarios in the wavenumber range of
0 — 2525cm ™. It should be noted that while computing absorption coefficients and
fluxes, line and continuum absorption are considered.

It is observed that largest absolute and relative difference between MT _CKD 2.5
and MT_CKD 1.0 is due to difference in CO5 continuum formulation.

It is observed that largest absolute and relative difference between MT_CK D
2.5 and HITRAN _CTA is coming from water vapour continuum, as HITRAN _CTA
does not include water vapour continuum.

Comparison of OLR calculated using continuum models MT _ CK D 2.5, MT _CK D
1.0 and HITRAN _CTA with line absorption and line absorption are done. It is ob-
served that OLR calculated using MT_CKD 2.5 and MT_CKD 1.0 shows relative
difference of the order of 0.01%, while MT_CKD 2.5 and HITRAN _CIA shows rel-
ative difference of the order of 1%. HITRAN_CIA and line absorption shows the
relative difference of the order of 0.01%. From this, it can be predicted that OLR
values calculated by considering continuum models (in addition to the line absorption
model) decreases, especially absorption due to water vapour continuum.

Relative difference between OLR calculated using MT_CKD 2.5 and MT_CKD

1.0 is not very large, but relative difference between fluxes (for these models) can be as
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high as 30% in some frequeny ranges. It can be source of inaccuracy for instruments
which use those frequency ranges.

From the above discussion and studies conducted in this thesis, it can also be
conclude that replacing MT_CKD 2.5 or MT_CKD 1.0 with HITRAN_CIA for
OLR calculation might give large error, because it does not include water vapour
continuum.
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