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Modern (global and annual averaged) Earth
energy budget

Incoming TOA imbalance 0.6x0.4
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Incoming solar radiation

Measured Total solar irradiance (TSI) S, (used to be
known as the Solar Constant) at solar minimum is about
1361+£0.5 W m-2. This implies that the Sun is emitting as a
black body at a mean temperature, T, of about 5760 K
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Will show later that precision of total solar irradiance does
nottranslate into good knowledge of the spectral
distribution of incoming solar radiation
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Incoming solar radiation (continued)

Average solar irradiance absorbed by Earth is
S, 7.1’
Ar. r

- (1-a,) = O(1 a,)=240 Wm™

where a, the planetary albedo, (by clouds, gases, aerosols and
the surface) and r,is the Earth’s radius. Satellite
observations indicate a, =0.3

Given a long term balance between the energy absorbed from
the Sun and the energy emitted to space by the Earth-
atmosphere system and assuming (for now!) that the Earth-
atmosphere system emits as a black body to space at a

temperature 7, then S .
>(1l-—a,)=0oT,
4

T. = 255K.

e
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Spectral variation of incident/emitted radiation

Planck function describes the spectral variation E, =
of radiation emitted by a black boc

Spectral Irradiance (W m™=2 m™')
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[The bottom plot is plotted so that equal
areas give equal irradiances, and shows
that the amount absorbed by Earth is

about the same as the amount emitted by

Earth]
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y: (eXIO(C%T) -1)
The top plot shows the

| Planck function for the Sun
-~ | and Earth temperatures (in

reality they are not black
bodies

i The Sun’s emission is
| diluted by the inverse
| square law and the amount

absorbed per unit area of
Earth requires multiplication
by (1-0,,)/4. Bottom plot
show the effect of both of

these factors
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Absorption and emission by atmospheric gases

Characteristic spacing between energy levels (and hence the
wavelength of absorption/emission) depends on the type of
excitation

It takes, in relative terms, a lot of energy (and hence a high
frequency/small wavelength) to lift a molecule’s electron into
an excited state, but less energy to get it to rotate faster

Transition wavelength and  wavenumber
range
Electronic et 0.1-1 pm (vis, UV)
|@ (10,000 - 100,000 cm-1)

Vibration o 1-20 pm (near-IR and IR)
(10,000 — 500 cm1)
7 S
20-1000 pm (far IR and micro-

& wave): (500 — 10 cm-1)

_ _ Unwersrtyr of
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Absorption mechanisms

For a molecule to absorb or emit a photon is it must possess a
electric (or magnetic) dipole (either a permanent one (e.g. H,0) or
as a result of vibration (e.g. CO,))

The most abundant molecules (nitrogen and oxygen) do not have
an electric dipole, and so play a more minor role in atmospheric

radiation

A v
2

Molecules can possess (and
change) simultaneously
electronic/vibration/rotation— the
__,. large number of possible
- —. vibration-rotation transitions is
- —, what leads to the complexity in
the molecular spectra

Energy

Ground
State 0

Electronic + Vibration + Rotation

Petty, G. A First Course in Atmospheric Radiation, Sundog
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Vibration-rotation spectra

Diatomic (N, Oy CO) When N, and O, vibrate, there
Fyam 3 IS no change in dipole moment

(except when an electric field is
imposed from outside, as in
Rayleigh scattering)

CO, has no permanent dipole

00 000 O00 ,ihneno pure rotation

Symmetric stretch Bending Asymmetric stretch SpeCtrum ; |t can pOSSGSS d
i V2 "3 dipole moment when it vibrates

and therefore have a vibration -
Nonlinear Triatomic (H,0, O3) rOtat|On SpeCtrum
Water vapour and ozone have a
B B A permanent dipole and hence a
pure rotation spectrum as well

as a vibration-rotation spectrum

Linear triatomic (CO,, N5O)

Symmetric stretch Bending Asymmetric stretch
\’1 \’2 \’3
Petty 2004. Animations from g Unwersltynf
http://www?2.ess.ucla.edu/~schauble/molecular_vibrations.htm Read lng



Vibration-rotation spectra (continued)
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Fig. 17.13. The formation of P, Q, and R branches.

T Aking ). (1952) Phomical Chaswichy (mM)

Because

the rotational energy levels
are not equally spaced in
energy and

* not all molecules start at
the same energy level

this leads to molecules
possessing absorption bands
where there are lots of
transitions in a relatively
narrow wavenumber region

g Unwersrty of
Reading



Line Broadening

Absorption

Absorption

(a) without broadening

Wavelength

(b) with broadening

Wavelength

Petty 2004

|

Transitions are not at discrete
wavelengths because of line
broadening. In the atmosphere this
is dominated by

Collision (or pressure) broadening,
due to the collisions between “air”
molecules and emitting/absorbing
molecules

- Doppler broadening, due to
relative motion of
absorbing/emitting molecules

In some cases, this broadening,

can be so large, relative to the line
spacing, that it is hard to actually
see the individual lines, and we

have more of a continuum of
absorption B3 Reading




Vibration-rotation spectra

Carbon Monoxide M&)
O~

Symmetric stretch Bending Asymmetric stretch
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Figure 18 The 4.65 micron fundamental of carbon monoxide is shown

or paths from space to 0 and 10km altitude.  [vowa h;r.q.
(J‘lf‘l Dp%rfvm )A?ssiu,oﬁh‘:ﬁgg}lsmoﬂ . ﬂf‘;m-
Spectra for a simple molecule —
carbon monoxide, ... regular
equally spaced lines

Petty 2004

Wavenumber (cm'1}

By contrast, water vapour
has so many modes of
vibration and rotation,
that its spectrum looks

almost random

University of

Reading



Major absorption bands —
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solar and terrestrial Planck functions

Unwersrtyr of
Reading

-



Major absorption bands — water vapour

SPECTREA. Data:HITRAM; HZ0-161F Havenumber range! B.872859-268680 cm-1. Stick spectrum at T=29ck, C=18@8X.

Pure rotation spectra.iao.ru/en/home/
Z2.5e-18 - band
combinations of vibrations
le \ \/ J
> 020, 100, 001 110, 011 021,200, 101

More complicated structure is because water vapour
absorption is due to many modes of rotation and vibration

that overlap g uRnwe égy of
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Other molecules

The plot shows the
transmittance of a
vertical path through
the atmosphere for a
range of gases

irance

Transm

This includes the strength -
and abundance of the
molecules — note that :
even some apparently -
weak bands in earlier
sliders, are still
completely absorbing
over atmospheric

paths
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The Boltzmann
Distribution

N(E;) = N.exp(—E; /kT)

For a molecule to be excited from a
lower state, it must be in the lower state
to start with!

In thermodynamic equilibrium, the
number of molecules in a given state Is
determined by the Boltzmann
Distribution

Under atmospheric conditions (below
=80 km), collisions determine how many
molecules are in which state.

They maintain the Boltzmann
distribution, a state called “local
thermodynamic equilibrium”

Profoundly important! It explains

(1) why the Planck Function can be used to determine
atmospheric emission

(2) how the loss or gain of radiative energy by the (radiatively
active) molecules is thermalised and shared by all

molecules

g Urm.*ersr'c::,ur of
Reading



Radiative transfer calculations

To calculate the irradiances and heating rates for any
particular atmospheric profiles, we need various inputs

vertical profile of radiatively
active gases (H,0, O,, CO,

...) and temperature radiative
database of spectroscopic tralqaﬁrefi(égle spectral and
properties of molecules solution of the wavelength
(e.g. HITRAN, GEISA) radiative integrated
_ _ —" irradiances
properties of) clouds and equations and rates
aerosols teChanue for
calculating
solar spectrum, solar zenith | | transmittances.
angle ... & ”Rl”é"'f.’fé




Real (non-black-body) spectra
Thermal IR
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IF. QQ@ YEAR.THEN. NEW HITRAN VERSION

Journal of Quantitative Spectroscmpy & Radiative Transfer 130 (2013) 4-50

Contents lists available at ScienceDirect

Journal of Quantitative Spectroscopy &
Radiative Transfer

ELSEVIER journal homepage: www.elsevier.com/locate/jgsrt

The HITRAN2012 molecular spectroscopic database

LS. Rothman **, LE. Gordon?, Y. Babikov °, A. Barbe®, D. Chris Benner*,

P.FE. Bernath®, M. Birk', L. Bizzocchi?, V. Boudon”, LR. Brown', A. Campargue’,
K. Chance ®, E.A. Cohen’, LH. Coudert”, V.M. Devi“, B.]. Drouin’, A. Fayt,

J.-M. Flaud ¥, R.R. Gamache ™, ].J. Harrison ", ].-M. Hartmann *, C. Hill °,

]J.T. HodgesP, D. Jacquemart 9, A. Jolly¥, J. Lamouroux “™, R,J. Le Roy", G. Li?,
D.A. Long”, O.M. Lyulin®, CJ. Mackie *', S.T. Massie °, S. Mikhailenko ",

H.S.P. Miiller , O.V. Naumenko”, A.V. Nikitin®, J. Orphal”, V. Perevalov °,

A. Perrin®, ER. Polovtseva®, C. Richard ?, M.A.H. Smith", E. Starikova °, K. Sung’,
S. Tashkun®, |. Tennyson °, G.C. Toon ', VI.G. Tyuterev ©, G. Wagner’

University of
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The updating process

1E-19

b "0, HITRAN-2008
1E:21 |
1€-22
1E-23
1E-24
1E-25

Line intensity / cmvimol

1E:26
1827

1€-28

1E-28

Basic rules

Includes both
new
measurements
and theoretical
analyses

« reasonable bounds for parameters
= selecticn rules obeyed; no duplicated transitions

* no coalescad multiplels

* zero point energy correct

» standards and units OK- 298K isotopic abundance correct

* consistent partiton sum

* consistency of quantum notation, uncertanties, and references

* correct format of parameters obeyed

Errors & Outliers. Compare 10 previous line lists, plot

Comparisons with observations: Examine residuals from simulation of
atmosphenc high-resolution observations, or independent raw laboratory
measuremeants

HITRAN committee: Final evaluation by commitiee members

£ 184

HITRAN Infensity, cm '/imolecuie cm )

lues of Lodk et at {5} (iladk square:

S ——
127 1E28  1E2S 1B 1E3

MITRAN200S with the valoes of 872 [20] (re
lac he 4

0»0 feedback
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Line positions, intensities and widths are vital

Table 1

Description of the quantities present in the 160-character records (transitions) of the line-by-line portion of the HITRAN database.

Parameter Meaning

Field length Type

Comments or units

M Molecule number 2 Integer HITRAN chronological assignment
I Isotopologue number 1 Integer Ordering by terrestrial abundance
v WVaouum wavenurmber 12 Real® cm~!
5 | itensing 10 Real® cim— i molecule cim —2) at standard 296 K
A Einstein-A coeMicient 10 Feal 5!
Lrarr Alr-broad ened half width 5 Beal HWHM at 206 K {in cm™ " atm™ ") |
Yot Sell-broadened half width 5 Feal HWHM at 296 K (in cm— ! atm—")
E Lower-sLate &ner gy 10 Real cm !
fl Temperature-de pendence 4 Real Temper ature-dependent exponent for yo;
coefiicient
F Alr pressure-induced line shift 8 Real cm~atm ! at 296 K
Vv Upper-state “global” quanta 15 Character See Table 3 in Rell [2]
Ul Lower-state “global” quanta 15 Character See Table 3 in Rell [2]
o Upper-state “local” quanta 15 Character See Table 4 in Rel [2]
g Lower-state “local” quanta 15 Character See Table 4 in Rel [2]
lerr Uncertainty indices & Integer  Accuracy for G critical parameters (v, 5, ¥an Feear. ML &), s2€ Table 5 of Ref [2]
lref Reference indices 12 Integer References for 6 critical parameters (v, 5, yun Yoo 0, 8)
& Flag 1 Character Pointer to program and data for the case of line mixing
& Statstical weight of upper state 7 Real See details in Ref. [3]
ol Statistical weight of lower state 7 Real See details in Ref. [3]

2 Double precision is recommended for these parameters in order o preserve significant digits and to accommodate some intensity values with very
low exponents.

g University of
Reading



47 species with line data available plus more

with cross-section data

Table 2

Molecules and isotopologues represented in the line-by-line portdon of HITRAN.

Molecule Isobopo logue” HITRAN2012 spectral HITRAN2008 spectral HITRAN2012Z number HITRAN2008 number
coverage (em') coverage (em~') of transitions of transitions
(1) H30 161 0-25711 0-25.233 142,045 37432
181 0-19,918 0-14,519 39,9403 4753
17 0-19,946 10-14473 27,544 6992
162 0-22.708 0-22.708 13,237 13,238
182 0-3825 0-3825 1611 1611
172 1234-1599 1234-1599 75 175
(2) 00 626 345-12,785 352-12,785 169,292 128,170
636 406-12,463 438-12 463 70,611 49,777
[ 0-9558 0-11,423 116482 79958
627 0-9600 0-827 72,525 19,264
638 489-6745 4B8-G745 26,737 26,737
637 5836769 583-6769 2953 2953
824 491-8161 491-8161 7114 7118
827 6265047 626-5047 a1 a1
i 535-6933 ‘ 5187 ‘
38" 45994888 45994888 121 i
(3) 05 BGE 06997 0-5787 261,886 248456
668 0-2768 0-2768 44302 44 302
GRG 1-2740 1-2740 18,887 18,887
667 0-2122 0-2122 65, 106 65,106
676 0-21m 0-2101 31535 31935
(4) N0 446 0-7797 0-7797 3,074 33,074
456 5-5086 5-5086 4222 4222
546 4-4704 4-4704 45492 4592
444 542-4672 542-4R72 4250 4250
447 550-4430 550-4430 705 1705
(5) €O 26 3-8465 3-8465 1019 917
36 3-6279 3-6279 7 T8O
28 36267 3-6267 770 760
) 3-6339 3-6339 728 728
38 3-6124 3-6124 72 712
7 1807-6197 1807-6197 580 580
(6) CHy 21 0-11,502 0-9200 36,830 212,061 . .
an 0-11319 0-6070 72,420 28,793
212 7-6511 7-6511 54,550 45024 g LI “Iversl-ty ﬂf
312 950-1695 959-1695 4213 4213 RE a d I ng
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Between the water bands ... the water

vapour continuum

SFECTRA. DataiHITRAN; H20-161; Havenumber range:

----------------------------------
HITRAN-2001 with CKD-2.4

—— Dimer: Schofield and Kjaergaard (2003) ]

—— CKD-2.4 model

——————

111111

Absorption

10-5
1000 2000 3000 4000 5000 6000 7000 cm-l

L L L L L B B T T T T T T
987 6 5 4 3 2 mcr

e |Leading importance in the 10 micron mid-infrared window,
but also important between the other water vapour bands

e Not settled scientific cause — could be a mix of far-wings of
water vapour lines, collision-induced absorption and/or
due to water vapour dimers

e But more importantly its strength in the near-IR windows
is uncertain. That is what will concern us here
B3 Reading



The CKD (Clough-Kneizys-Davies) continuum
model

o A magjor step forward in the representation of continuum
(rtweb.aer.com) — used in most radiative transfer schemes
for models and satellite retrievals

e Based on empirical modification of the line shapes in “data
rich” spectral regions to force agreement with continuum
observations: this modified line shape is then used at all
wavelengths

e Continually updated since 1980s ... latest version is
(Mlawer-Tobin) MT-CKD_2.5 with a somewhat different
formulation

e Semi-empirical formulation means that it does not explain

the continuum
g Univt-rsi_tynf
Reading



’ \
*
00 1 \ / o 4500
Sv=v )— — s X (V=1,)
T (v—v ) +a’
y -functions: CKD continuum formulation
1E+1
/ﬁ%/\\
1E+0 — \\\
1E-1 \
—— Foreign continuum \ \
= E —— Self continuum \ \
1E-3 e~ L

10

Wavenu

100
mbers from line ce

nter (cm)

1000

10000

Original CKD model

e Limited spectral
regions to fit the
model to
observations

e Therefore,
continuum in many
spectral regions lack
experimental support

See Mlawer et al. (Phil
Trans Roy Soc A, 2012)

-
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Beyond CKD ...

e TO characterise the continuuim over
broad spectral regions and broad range
of conditions in both lab and field

o To explain the continuum via advances
in understanding of water spectroscopy

e CAVIAR ... Continuum Absorption in the
Visible and Infrared and its
Atmospheric Relevance ... multi-
institute consortium led from Reading

from 2006-2011

g University of
Reading



e Continuum absorption, especially

in near-IR, is very weak over “lab  Experimental
distances” Challenges

e Hence we need a combination of
nigh vapour pressures and long-
nath lengths

o Water vapour condenses too
easily! To get high vapour
pressures we must observe at
high temperatures

e But conditions are then not
“atmospheric” — need to
extrapolate to atmospheric
conditions

! * Science & Technology Facilities Council
X ” Rutherford Appleton Laboratory Molecular Spectroscopy Facility g U“WETS“.]F of

Reading



Summary of CAVIAR near-infrared continuum
measurements

A 2 —————————— ———————r— ——————————— .
e T ---—— Tipping & Ma (1995), 206 K 3
z : —— MTCKD-2.5, 296 K 3
% 102 . * CAVIAR, 293K 3
8 1023
° 3
. G
g 1077
3 -
-24
Qg’ 100<°
105
B
=~ 1023
£ :
& 1024
lg :
S 10273
g 10%y \*.f j
3 3 \\)‘ RS \% o
P I Tipping & Ma (1995), 296 K -\
- 10273 = \, /
) E MTCKD-2.5, 350 K oy,
] FO relglf CAVIAR, 350-400 K
{ (1 BcorlSrn 7 o % o OO [ PR [ B o i e el TS . T e . TR SR T MR T S oy O e S
2000 3000 4000 5000 £000 7000 sooo  cm’
PP TP oT PP et r y . y .
6 5 4 3 2 um

Fig. 3 Self- and foreign-continuum cross-section (upper and lower panels respectively) as retrieved from
laboratory measurements in Prashnik et al. (2011b, 2012) (CAVIAR), along with their associated
uncertainties, compared to the far-wing model of Tipping and Ma (1995) and the MTCKD-2.5 continuum
model

(Shine et al 2012, Surveys in Geophysics)

(MT)-CKD self
continuum appears
incorrect by typically an
order of magnitude in
some near-IR windows

But there is
considerable
controversy/uncertainty
especially in the 1.6pum
window ...

University of
g Reading



Continuum strength

—— MT_CKD V2.5 (296 K)
»  CAVIAR (293 K)

1074 o Ptashnik et al, 2013 (289 K)
*  TW (302 K)
] * Mondelain ef al, 2013 (296 K)
< : & Bicknell et al, 2006 5298 Ka
E 1074 &
© 3 ‘,F:l'-:’ "
‘o
2 -
[e) =22 -
NE 10 §
e
3 o
” 23
o 10 E
107 1
107

| T T T | T T
5500 6000 6500 7000

Wavenumber (cm'1)

Mondelain et al. (JGR 2014)

Temperature dependence of the water vapor
self-continuum by cavity ring-down
spectroscopy in the 1.6 um

transparency window

D. Mondelain'?, s. Manigand"z, S. Kassi'"?, and A. Calmpalr»;;l..le"2

Different laboratory
techniques lead to
dramatically different
characterizations of
continuum strength in this
window

Is one right? Is one better
suited for understanding
atmospheric absorption?

University of
g Reading



Temperature
dependence

500 450 400 350 300 T(K)

1(a) Ptashnik 2013

1x10%%4

C, (em’molec'atm™)

1x104

1x10%%4

D, KT

1x10%

I
I

Towards the edge of

window, CAVIAR and CRDS

are consistent with an
assumed temperature
dependence

Temperature dependence of the water vapor
self-continuum by cavity ring-down
spectroscopy in the 1.6 pm

transparency window

D. Mondelain'?, S. Manigand"z, S. Kassi'?, and A. Campargue"2

500 450 400 350 300 T(K)
(b) Ptashnik 2013 i’
8121 cm"I

Bicknell 2006

CAVIAR

D, kT

But near the centre of the
window this is not the case -
surprisingly little
temperature dependence in
CRDS

Mondelain et al. (JGR 2014) g University of

Reading



Global impact of new

continuum for clear skies
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Ptashnik et al. (Phil Trans Roy Soc, 2012)
Radel et al. (QIRMS, 2015)

New continuum
increases the global-
mean clear-sky
atmospheric shortwave
absorption by 2%
compared to CKD.
Would be even more,
if the 1.6 ym band is
as strong as shown in
some measurements

In a warming world,
this absorption
increases by 12%
more using CAVIAR

continuum g University of
Reading



Impact on remote Satellite retrievals of cloud droplet
sensing of cloud .. (and much else) use 4900
properties cm ! window (amongst others)

o X szt If new continuum is used, it could
% 1 systematically reduce the retrieved
" .| droplet radius by typically about 1
0 I % Mm (in 10 pm). Depends on cloud
el mEm gl 7 height and location
20— 800 hPa / 0=60° 800 hPa / 0=30° 700 hPa / 8=60°
st Shine et al.,
5 oF Surveys in
1 'DE Geophys, 2012
Hm
005 Trop MLS I'1.|'|IL‘1."1.|r Trop MLS I‘n.u'IIL"."1.lr | Trop MLS MLW University of

Reading




Where next at 1.6 pm?

uuuuuuuuuuuuuuuuu

Analysis of sun-pointing FTS N | =
measurements made during N o
CAVIAR (NERC student with NPL)

Coupling RAL spectrometer to a
new “super-continuum light

source” — to increase path and e
signal-to-noise
Need for a tight intercomparison % 00
1 = 100
of laboratory techniques for g 18
measuring continuum 2 M
Is there subsidiary evidence (e.g. % S v" \\'*-Z :
remote sensed versus in situ S MENEEEEE
data) ? T et

University of
g Reading
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e Some of my group’s work 2: incoming
solar spectral radiance in the near
infrared

gUnwe ity o of
Reading



Incoming top-of-atmosphere solar
radiation in the solar near-infrared

NPL FTS and sun-tracker

e A quite surprising and little
known controversy on a
rather “basic” number

e How much solar radiation
(and what is its spectral
distribution) is there in the
solar-near infrared? = -

e Our analysis of ground-
based observations
indicated existing solar
spectra may be wrong by .. Menang et al. (JGR 2013)
7-8% (i.e. we have "lost” & = e = e e
about 30 W m-2 of total
solar irradiance ®)

Spectral Irradiance(W m™%/cm’")
o (=] o o

University of

Reading




Subsequent

studies ...

e Subsequent support from
other both ground-based
and satellite-based

0.00 A

-0.05

Fractional Difference Relative to ATLAS 3

LI B

| NN (LI N B B N N B B N I B N B N B

oost Thullier et al. (Sol Phys 2015)  sorari (e

Ol
IRSPE RAI) (B |

al., 2014) .

T T | T T 1T

[, 2014)
f,2(114)
o o

analyses

e But has led to real
uncertainty about the
calibration of the space-
based instrument

e A lack of closure — most
recently a revised
calibration of some space-
based data has removed
the discrepancy but this
remains contentious!
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e Incoming solar radiation

o A brief introduction to molecular
spectroscopy and the HITRAN database

e Some of my group’s work 1: water
vapour continuum in the near-infrared
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