02.12.2009




Introduction O | k
ciplesiefiiemote sensing — Approach to retrieve parameters Ut 00

AppliCEIBISEENaIMpPles
sSINEFEINPIERYIEsospheric Winds, Thermal Structure, and CO Distribution on Venus
2 Observations of /ERNS
re{rieve ther

Approach
Results: CO and

fior Herschel
Planned observatl
Approach
Results: Synthetic sSPEGCHERGIMINEN
Results: water CO, HGN
Conclusion
m Future of planetary observations in tHENHVSUMIM
o2.1200dVhere to consult? — e

b Frviamics | aatdes mcar
(R e e Dl s [ s Wt

\CHY




Planetary atmosphere Science:

. C S A S O o, ' _ ral Rofarenco
Remote sounding of the atmosphere temperature piafite m/ﬁgam‘zm was first suggesRA M TITI S
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Inference of Atmospheric Structure from Remote Radiation Measurements*

Lewis D. KapLan
Massaclusetls Instilule of Technology, Cambridge, Massachusells

(Received April 27, 1959)

A detailed analysis of the structure of the atmosphere, including the three-dimensional distribution of
temperature and water vapor, can be obtained from the spectral variation of its thermal radiation as viewed
from a reconnaissance aircraft or earth satellite. In order that the measurements be capable of unambiguous
interpretation, however, it is essential that the selection of spectral intervals to be used are based on a care-
fully planned interpretation scheme.

A possible program is outlined, in which the temperature distribution is obtained by measurements in the
15-1 COq band and the water vapor distribution obtained by simultaneous measurements in the rotational
band. The temperature-and-pressure dependence of the absorption coefficients must be taken into account.

The instrument should be a multiple-slit or multiple-detector grating spectrometer, capable of resolving
10 cm™ at 15 .

Spectral models and methods of analysis of the spectra are discussed briefly.
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What is the sub-mm/mm region?

Long wavelenght THE ELECTROMAGNETIC SPECTRUM
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What do we detect In the sub-mm and FIR region?

2122 pm
850 pm

thermal radiation!!!!

5 with moleculargﬂbratl ns,"
Water Vapor ©PRB

Bond length=0.964 angle=105deg First Mibrational: Symmetric Stretching
1 1

Carbon Dioxide ©PRB Carbon Dioxide @PRB

Bond I?ngth= 1,164 angle=180deg First Vibqatlonal: Symimetric Stretching Bond length=1,164 angle=180deg R01tati0n SR e s

Rotation about the Y—axis Rotation about the Z-axis
1 1




But, how the spectrum Is formed?

The absorption of gases is due to both vibration-
rotational bands and collision induced absorptions.

S
Two vibrating COZ2 molecules as they intercept (red wavy line) during a co&«@@\(\

e
Radiation is absorbed; half is trap @@9@5 the rotation of the molecules, and

\  half goes toward translation 719 the two molecules move faster relative fo

b other (b S
each other (blne m’{%@,

qC

We need:

m For deriving the temperature profile: resolve
the spectral shape

For detecting weak and narrow lines of
molecular species: very high spectral
resolution

02.12.2009 MPS Lecture




Heterodyne Technique

The source signal is combined with the
Source signal of the LO .

Beam Mixing shifts signal (preserving
Combiner N spectroscopic information)

RF signal processing, amplification,
analysis, etc. does not add noise

IR Mixer

Difference Frequency, GHz

RF Analyser

The main advantage is the capability to
Spectrum provide high-resolution spectroscopy!

02.12.2009 MPS Lecture




Thermal emissions spectra of terrestrial planets
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Thermal emission spectra of Giants and Titan
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Spectrometry of the thermal radiation

#t \Wavelength range mid — far-IR

1
#t Good sensitivity to
1
1
#t Both day and night side observations

#t Multiple scattering is usually of minor importance

02.12.2009 MPS Lecture




How? Ingredients

Observations

Deriving information from the spectra )
Forward model — Inversion Algorithm

To model the expected observed emission spectra

\4

To retrieval physical parameters as the mixing ratio

MPS Lecture
02.12.2009




Technique to retrieve profiles of temperature and

volume mixing ratio [paiiﬁiim ]. [Azﬁgge]. -
\ &

Optimal estimation algorithm

RT
Comparison . Synthetic
with data Spectra

Svnthetic spectra

T profile

P profile

Vmr profile

|

Fitting algorithm

30 layers

ui:absorption coefficient

New set of parameters

<
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Physical and mathematical basis of the
forward and retrieval models ¢

RT : Asuming LTE,

Specific intensity of the radiation at S,

10 = Lae™ ) 4 [ o (B (e ds

o
e

Radiation entering the atmosphere

opacity Absorption coefficient

Tg= brightness temperature

h= Planck's constant Source function
c= speed of light
kg= Botzmann'‘s constant

02.12.2009 MPS Lecture




Retrieval model: Inverse problem and

y=F(xb)+e,

- o g
—_— . > ?
I - I ( y! b } E ) . .iC.Z;' ) pie g (b) Dragon

_ Tigure 1.5 (a) The direct problem: Describe the tracks of a given dragon. (#) The inverse
y = measurements problem: Describe a dragon from its tracks.

F = Forward model
X = unknown parameters to be retrieved (T, abundances)
b = remaining model parameters

c = additional parameters (a priori)

Ey = error

X, = a priori state vector Apsus
S, = error covariance matrix fory K. — dF (x,b)
S, = error covariance matrix por x, * Ox

XDy

OEM Xp41 = Xq +(K;r ) Sl_] - K, ‘i_Sa_] +7 U)_]

solution <KL Sy {(y — F(Ruy b)) + Ks - (B — Xa)} +7 - UGhn — xa)]
Gamma = Levenberg-Marquardt parameter
MPSyeetyiiit matrix (S, 1) 15



Principles of the temperature remote sensing

M |n strong bands thermal radiation forms at different altitudes
depending on wavelength ( )

 Gas should be well mixed, not variable, with known abundance
M | ocal thermodynamic equilibrium (LTE)

® Vertical resolution ~ half a scale height

MPS Lecture




Vertical sounding of the temperature structure
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Ground-based observations of planetary atmospheres

02.12.2009 MPS Lecture




The Earth’s Atmospheric Window

Space-based the Earth’s atmosphere is partially transparent
astronomy

100% ~
o
9%

Ground-based astronomy

Atmospheric
Opacity
3

01nm 1nm  10nm 100nm 1pm  10pm 100pm 1 mm 1cm 10¢cm m 10m 100m

Wavelength

numerous water vapour
absorption bands:

i i) observing sites have to be
B observable Radio Waves observable Radio Waves
Gamma Rays, X-Rays and Ultraviolet from Earth, ::::rsl:’e:s:;;z from Earth. ) d ry COOI an d W| th S tab I e

Light blocked by the upper atmosphere ith
(best observed from space). oL gasses (best

itorton,  observed weather conditions

from space).

Most of the

These various
atmospheric 'windows'
determine which kinds of
astronomy can be done
from the ground, and
which have to be done
from space. ’1

MPS Lecture




Ground-based observations

v

on of Tl eatoine
R e :
e,

*‘ oise T ;,s"* served flux that is, in
K in ante erature units)

' ;

=good performance of the telescope \ -‘ o
=excellent and stable atrg ‘ ,_ Mininsiig “-...I 113 --

Anntenas must be very large
Detectors must be very sensitive
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Example 1

Why study:Vegusie
atmoespherc. dy e cs

*To understand the possible
consequences of future climate
changes on Earth

-
g = | p o A - T
B e o - il -
—— e — . g - =t +* i
AL~ . " -
" -

Polar'bear foragés on dry. ground; Barfow.AK - & 2002 Braasch.

——

Abrupt Transitions in the Summer Sea Ice J‘
1980-1999 Avg SEPT aice 2010-2019 Avg SEPT aice 2040-2049 Avg SEPT aice ﬂ
. - ’ - ‘. -

» Gradual forcing results in
abrupt Sept ice decrease
—“Abrupt” « Extent decreases from 80 to
transition 20% coverage in 10 years.
‘ » Relevant factors:
Observations : » Ice thinning
Stmulated « Arctic heat transport
S-year running mean « Albedo feedback
» Winter maximum shows
smaller, gradual decreases

Sept Extent 10° km*®




Why study Venusiamsss

atmospheric dynamlcs m S
. _h'-l-*l" :

Example 1

I
*T0 assess extrasolar pIarTeT .}
habitability

-
—
—

MP! Lectu




Example 1

Why study:Venusjan
atmosphenrc dynamics 2

*To learn about Venus itseh
- Venus International Reference

The atmosphere of Venus can.begwértically splitifie" - L1955)
three different dynamical regions™ &
(1) the troposphere. below 70 km:
(2) the thermosphere;aboveZ=20%:
(3) the mesosphere, between z=70 and 1! i E——
% Combination of two different windiregimes deck
sub-solar to anti-solar flow pattern =
time-variable retrograde super rotation®
“*acts as a transition region

80 km upper haze

a4

e D1EBTEKM middle cloug
deck

altit@ude (km)

0
MPS Lect : 100 200 300
temperature (°C)




Example 1

On 5th June 2007: NASA MESSENGER spacecraft encompassed a flyby to Venus
ESA’s Venus Express orbites around Venus

MESSENGER

Second Venus
Flyby

Credits:JHU/ APL

Both spacecrafts carried out multi-point observations of the Venusian atmosphere for

several hours.
02.12.2009 MPS Lecture 27




Example 1

A 1st coordinated observational campaign [23 May — 9 June (later) 2007]:
Remote sensing from Earth - radio,
/ \ submillimetre, infrared and visible -

Space @ ating

i .

Credits:]HU/ APL

IRTF Texes
JCMT-15m
~_ VLT-UVES
Spacecrafts & Satellites: o Keck-HIRES
Venus Express ‘Qw Q ﬁﬁ% 2 OHP/Sophie

Messenger 2. Nobeyama

Bl

i :‘““’
’ l/ ’f ((' Ji
27.11.2009 MPS Lecture M i .
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Example 1

A 2nd coordinated observational campaign [January — June 2009]:

Remote sensing from Earth - radio,
/ \ submillimetre, infrared and visible -

Space i B

[l
l l il
‘.

Keck-HIRES
T WY APO/ARCES
Credits;JHU/ APL v "~ CFHT/ESPaDONS
A -- - "Okayama/HIDES
_ AAT/IRIS 2
JCMT-HARP/ACSIS

” -& ASWA

Spacecrafts & Satel
Venus Express

\ary e _ltt Peak/THIS

27.11.2009 MPS Lecture” a ' 29




Example 1

Science Goals

During the coordinated
ground-based campaigns,
observations by the different
teams  focuses on
atmosphere above Venuss
cloud layer and include:

Brature vertical profiles

Wind measurements at 8l profiles of CO
different altitudes

- cloud top level: visible

spectroscopy

- mesosphere (90-105 kegg)k

mm/submm spectroscopy

- thermosphere (120 km)Eio,

LM observations

Morphology of the mesosphErE

airglow emission (O, 0O2)

Mesospheric compositioNBIEeEastiements of wind from Doppler
(H20, SO, SO2, HCI) SINEIRE® liIne and mapping the wind velocity
Deep atmosphere nightside variatiGiien the Venusian disk

composition

MPS Lecture Credifi° ESA




Example 1

How? Ingredients

Observations

Deriving information from the spectra )
Forward model — Inversion Algorithm

To model the expected observed emission spectra

\4

To retrieval physical parameters as the mixing ratio

02.12.2009 MPS Lecture




Example 1

Il.- Spectral Line Observations of Venus

Between 7.6.07 and 16.6.07 (1st campaign)

Results:

36 spectral line observations of Venus
with the lines

10-m Submillimeter Telescope COJ=3-2 - 15 mi_n - SIS-345
(HHSMT, Arizona) 13CO J=2-1 - 30 min - 1.3mm ALMA
Instrumentation used: 12O J=2-1 -150 min - 1..3mm ALMA

Receivers: 345 SIS, 2mmJT/1.33JT ALMA
[320-375] [210-279] GHz

Backends:

*Chirp Transform Spectrometer (40 kHz)

*Acousto-Optical-Spectrometers (AOS’s)

*Forbes Filterbanks (FFBS)
27.11.2009 MPS Lecture

at 15 different beam positions at the
Venus disk




Example 1

Fractional disk illumination N

Apparent disk of Venus for 2007 Jun 8 and 16 at 20:00 UT L
%

Venus Venus

Sub—FEarth lon 202.6 lat -2.3 Sub—FEarth lon 221.9 lat -1.7
Sub—-solar lon 292.8 lat -1.1 Sub—-solar lon 317.4 lat -0.5
Phase 0.499 Diameter 23.5" Phase 0.452 Diameter 25.8"

49.9 %, 45.3 %

02.12.2009 MPS Lecture




Example 1

02.12.200¢
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Example 1

Spectra Morphology for the 12co J = 2-1 line for different backends

12CO0J=2-1-30min
at center of Venus
CTSA

. . b ’ . L
2.305 10° 231 10° 2.305
Hesl F Freg

_ _ Hartogh, Jarcho, 56, 1688, 2008
Very narrow, deep absoption lines

are obtained!
02.12.2009 MPS Lecture




Example 1

lll. Technique to retrieve profiles of temperature and

CO volume mixing ratio [paiiﬂ‘éim ]. [At;ﬁgge]. -
Optimal estimation algorithm ™

RT

Comparison . Synthetic
with data Spectra
T profile

Svnthetic spectra

P profile

Vmr profile

|

Fitting algorithm

30 layers

ui:absorption coefficient

New set of parameters
02.12.2009 .

<
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Example 1

V.- Results: Thermal structure and
CO Distribution

02.12.2009

:h.{
-
El
]
o
o
E
]
w
2
=
=
o

brightness temperature {K)

150
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120
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temperature (K)
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gtitude (km)

altitude {km)

0.0 0.2 0.4 0.6 0.8

awveraging kerngls (dimensionlzss)

=
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1.0

Rengel, Hartogh, Jarchow, PSS 56, 1688, 2008




Example 1

V.- Results: Thermal structure and
CO Distribution

3
e
3
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o
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w
2
=
5
o

brightmess temperature (k)

27.11.2009

CO (2-1) 230 GHz nadir

-B0 -40 0 40 80

offset frequency (MHz)

-40 i 40
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dtitude {km}
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altitude {km)

o Hf

o f

xT
"t F

100 200 300

temperature (K]

o 200 400 @00 200 1000
volume mixing ratio (ppm)

1200

atitude {km)

altitude {km)

f FII ‘r\w
f,: i

2 0.0 0.2 0.4 0.6 0.8
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[=]

0.0 0.2 0.4 0.6 D.8 1.0
averaging kernzls (dimensionless)
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Example 1

V.- Results: Thermal structure and
CO Distribution
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400 aDD 300 1000
wolume mixing ratio {ppm)

200 1200

altitude (km}

altitude {km})

-0.2 0.0 0.2 0.4 0.6 D.&

[=]

averaging kernels (dimensionless)

0.0 0.2 0.4 0.6 0.8 1.0
averaging kernels (dimensionless)
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Example 1

V.- Results: Thermal structure and
CO Distribution

CO (2-1) 230 GHz nadir

atitude (km}
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E W
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f
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Actl

V.- Results: Thermal structure and
CO Distribution

CO (2-1) 230 GHz nadir
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Example 1

V.- Results: Thermal structure and
CO Distribution

02.12.2009
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1200

gtitude (km)

altitude {km)

0.0 0.2 0.4 0.6 D.8

averaging kernzls (dimensionless)
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“R7.- Results: Changes |n=the T

Structure

5200 (2-1) (14— 15 June 2007)

Night
Day
5—7 p.n1

. SPICAV Orbit 1(
A mrmmimemees SPICAV Orbit 1
4PV Night Probe [1978]

Altitude [km]

a0
O

Temperature [K]

02.12.2009 MPS Lecture

FRA [aresec]

detection at 90-100 km —
thls seems to support the
qgvyly found of the extensive

o P

%m;ﬁ/%f gffvarm air detected

by SPICAV (Bertaux et al.
2007).

*Day-to-night temperature
variations ~25 K at 100 km
(15 June)

* Temporal diurnal
temperature variations ~10
K at 80 km and nocturnal at
100 km. 43




Example 1

IV.- Results: Wind Velocitieg,

2CO (2-1) (14 — 15 June 2007)

120

Altitude [km]

os
o
|

02.12.2009

Wind Velocity [m/s]
MPS Lecture

*Day-to-day variations of
the wind velocities (at 92
km and 105 km altitude)

44



Example 1

V.- Results: Wind Velocities

Field of view of Venus

30 |

20 g_ \ __-'_,'-'__'_-:"_--"F':...:C'.. _; 4DD B | ]

: A E
F s AETTTEEG 3 i
:IU ;_ I'.'.—’z/‘.-'._.—’ # 1 -_,E- i
= P i . W
8 01T e E 200 . i
8 = - E
=] b B

E N

10 B
Fos, ws
£ .

S Ewa ™

30 F -
SETTARERTERRET] IFEETTRTET] i AERTER ARl "P AR P L ARRTRRRENE AR =
30 20 10 0 =10 -2 -30

RA [arcsec) .

-200 ; .
5 W |

S
Wind Velocity [m/is)

8 10 12 14
Beam position number

Fig. 15. Retneved wind wvelocity measurements for diferent beam
positions on the Venus’ dise for two observing days. Squares: 14 June,
tnangles: 15 June. Retneved velocity error bars are mdwated. E: East, W:
Wesl

02.12.2009 MPS LecRigngel, Hartogh, Jarchow, PSS 56, 2008, 1368



Example 1

date

Winds measurements

reference

observatory

Dec 1985,
Oct 1986,
Mar 1987

Apr. May
1988

Oct 2002
Nov 2002

9916

105 101

Sone

B
105
105

75115 120 £ 20

132+10

SRR G CH e T e

994

95

EEESHEL R

7540 e 20
dominant -
dominant

Goldstein etal.
1991

Shah etal.
1991

Clancy 2005

IRTF, 10 micron
heterodyne.

dayside only.

OVRO, interferometer
12CO (1-0)

o AR
Hosanguist 1 FEOGEO&RD-
ééiieta§|é55159i9é5éiiiiééé§éééééééaééééééééééééééééééééééééééé

JCMT, single dish
12C0 (2-1)

May-Sep
2007

Strong variability

#1 VEX - GBO
Campaign
(PSS 2008)

IRAM, APEX, JCMT, SMT
PdBI, NMA

Table credits: Sagawa




Example 1

Interferometric CO observations

o QQQ‘Q‘I

‘B "'L"‘"" A ‘ ¥ & a..‘m g iy

T 'H&f_.. ——

SMA CARMA —>Succesfully
=3 (submillimeter Aray) {Combined Array for Researd in
| It Mmeasurements of the

wind map at night
hemisphere
—>Strong spatial
Inhomogenity in the
wind pattern

Obsemvad Dang
Yenus Diametear
- status:

Data analysis Confguratr @ e e

Artenna gx 6m# 6x10dm9xé1m
Basaline length 95-30m 11-150m VAT
Observed Lines | .

Wind Sensing Alt#2 - 95-105km 105-110 km g5-100 km

FOV (FWHM) 48" 32" 60" {10m-antenna) #
Spatial Resolution 4.3 X 3.0" 55" X 1.7" 49" 4.6"
Freq. Resolution 100 kHz 30 kHz

Simultaneous retrieval of T(2), Visualize the wind patbem around
CO, wind vertical profiles by the antisolar palnt, and map the
using 3 CO lines. enhancement of CO at nightside.

Final Gaoal

Sagawa, Hartogh, Gurwell, Rengel, Moullet, in preparation



bxampgl. Conclusion Lsfli=X@inple

m  We have carried out sevej
observations on differe
around the MESSEN
mission

nd 13CO J = 2-1 line
Sc during June 2007
tions from Venus Express

From the spectra y

Jerature, CO distribution,
and wind velocitie .

Venus

Changes in the sphere are detected

Day-to-night smgliNEigpEicitiENaalvnsand shori-termi(day-to-day) on a
time scale as shEjiESEISHENEYAZIENGNSIoWINCSIanditemperature are evident
in our data.

This is consistegimmiiNsENICHlENerdramancvananility of the Venus
mesosphere witlifiGENEESHINEPErEUIE GCCUIIT g on short scales
(Clancy et al., 200

Retrieved winds shé

Jetween the winds on 14
June and those on 1 :

i

>0 J = 21 and retrieved

mperature peak detection at
painereiftherextensive layer of warm air
S EXpress.

ecture = 48

HHSMT line observation
thermal profiles of the me
90-100 km) seems to suppOf

£i)
detected by SPICAV onboard¥

JEN
= f1Y]

\Y,
id Sulehria, hitp:/fwww.novacelestia.com



Example 1

VI. - Outlook for the future

Dec. 2010 - Jan. 2011 3rd coordinated campaign

A proposed coordinated campaign in
support of VEx-VCO at

VCO orbit insertion in Dec. 2010

VEX and VCO orhijis

———

&
i
ViSO & =30 =.”]
gl = o
= S— - I 2
= 3 e T
T — e EEE—— il o —— e

JAXA's Venus Climate Orbiter
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A\PEX( @bs eryati trj@njs

Based of the ESO project E-081.F-9812A-2008
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Example 2

—
)
o
o
Rt
Q
|-
=32
wn
w0
Q
Ll
o

Temperature profile

thermosphere

stratosphere

troposphere

100 150 200
Temperature [K]

1655 Christiaan Huygens
discovered Mimas
1847 John Herschel suggested the

~ name of Titan (sisters and

11400

Altitude [km]

‘brothers of Cronos, the Greek

Saturn.)

The atmosphere of Titan can be vertically split
into four different dynamical regions :

(1) the troposphere:. below 45 km

(2) the stratosphere, between z=45 and 250
km

(3) the mesosphere, between z=250 and 500
km

(4) the thermosphere, above z = 500 km




Example 2

Why Titan?

= The origin of; TitaniSiatipespiere is poorly

understood aneNSICHEIISUYASICOmplicated:

* CH, Is/ therseconuiieseisiifeElfissidEcic detected
*HCN IS thermoesticisHigeENgis n]tr]le or) Tlizl
*CO orlg [Splatywall Uriclersic O(J

(IDT = 1.5 h)

Titan observations

Water, CO, % :ﬁ \M B \with SWS/Grating
been detecte :N N of two water lines
gl T at43.9 and 39.4
R um respectively,
MM ) along with the off-
source spectra.
Comz‘ems et al. A*A. 336, 1.85-1.89 (1998)

SEEN Sen_1inar 52
Coustenis et al .




Example 2 The APEX Swedish Heterodyne Facility
Instrument (SHFI) was installed on the APEX
12m telescope on Chajnantor in 20C

m Test feasibility and capaeiliies
of APEX-1 and APEXESHio);
planetology, In paltichli2iFioe)
Titan s atmospherie
observations. Full=disk
spectroscopy of Titam:

m Investigate possiblevericzal
profile retrievals of €
HCN with APEX-1.

MPS Lecture Credits: BSA




Example 2

How? Ingredients

Observations

Deriving information from the spectra )
Forward model — Inversion Algorithm

To model the expected observed emission spectra

\4

To retrieval physical parameters as the mixing ratio

02.12.2009 MPS Lecture




Example 2

Spectral Line Observations of Titan

Proposed lines: Time allocated: 11.5 hrs
8.2 hrs observed - 2.5 hrs in very bad weather

APEX-1:

Frequency Integration Time
HCN(3-2) /[ 265886 GHz | 60 min (PWV 2 mm. rms 0.04 K, FFTS 16384)

258.156 GHz | 39 min (PWV 2 mu., rms 0.04 K, FFTS 16384)

230538 GHz | 36 min (PWV 2 mun, rms 0.033 K. FFTS 16384)
56 mm (PWV 2 mum, oms 0.025 K, FFTS 16384)
1.4 h(PWV 2 mm rms 0025 K FFTS 16384)

430.235 GHz 2h (PWV 0.5 mm, ms 0.08 K. FFTS 16384)
461.040 GHz 1.9h (PWV 0.5 mm, mms 0.09 K. FFTS 16384)

12-m APEX Telescope (Chile) _ 1.6h (PWV 0.5 mm, rms 0.055 K. FFTS 16384)
Between 21.3.08 and 27.6.08

Instrumentation used: Results:
| | -Improvement of the control software. After this
SHFI Receivers: APEX-1 yrgiact it was possible to properly point and track
Rl2ilt)] (i data on a moving target.

Backends: . : :
FFTS1 (up to 122 kHz - spectral line observations of Titan

Bandwidth 1 GHz) with the lines
Mode: Position switching CO J=2-1 - 13 min

02.12.2009 HCMnder3e2inr19 min




Example 2

The atmosphere above Llano de Chajnantor during these observations

Atmospheric window at Chajnantor Annual variation of PWV at Chajnantor

Chajnantor PWV
APEX, Llano de Chajnanter, alt. 5100m 75%; quartile
50% quartile
25% quartile

.6

@
£
@
o

0.4

0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov

Month

02.12.2009 MPS Lecture




Example 2

Results: Titan s spectra

1 TITAN

HCN(3-2)

RA: 10:25:24.622 DEC: 11:41:57.79 (2000.0) Offs: 0.0 0.0 Eq
Unknown  Tau: 4.5560E-02 Tsys: 284.0 Time: 18.84 El: 55.15

N: 255 10: 128.0

FO:  265886.000 Df:  3.906 Fi:

B ef: 1.000
H20 : 0.68053 Pamb:

VQ: —8.002 Dvi —4.404 LSR
253885.089

Fef: 0.9500 G im: 0.1000
552.5 Tamb: 268.3 Tchop: 287.0 Tcold: 73.3

Tatm: 0.0 Tau: 4.55608eBZitydkmis) 0.0 Tau ir 4.1287E-02

300

24565, 24867, 24569, —500

AP—H201-F102 O: 23—JUN—2008 R: 23—JUN—2008

2.656 10°

2.658 10° 2.66 10°
Rest Frequency (MHz)

Smooth 5

CO@2-1)

23; 1 TITAN co(2—1)

RA: 10:25:24.170 DEC: 11:41:59.93 (2000.0) Offs:
Unknown  Tau: 6.1966E-03 Tsys: 191.9 Time:

Nz 63 10: 32.00 VO: —8.008
FO:  230538.000 Df:  15.62

B ef: 1.000 Fef: 0.9500
H20 : =7.1931E-02 Pamb: 552.3

AP—H201—-F102 O: 23—-JUN-2008 R: 23-JUN-2008
0.0 —.723E-02 Eq
12.59 El: 55.11
—20.32 LSR

218537.092

0.1000
Tamb: 268.8 Tchop: 287.1 Tcold: 73.3

Tatm: 0.0 Tau: 6.1966Be@BITdimM/S) 0.0 Tau i: 5.3034E-03
500 —500

245600 24562,

2.304 10° 2.306 10°
Rest Frequency (MHz)

First observations of a planet/satellite with APEX-1

But not optimal for retrievals of vertical distributions... However
MPS Lecture

02.12.2009

10°

Smooth 7

2.308 10° 2.31

SIN=5

57




Example

.- Modeling procedure

3rd step:
Integrate and convolve with the antenna pattern

2nd step:
Calculate RT along each ray path

1st step:
Calculate absorption
coefficient at each layer

/ Z=0 — 600 km

02.12.2009




Example 2

Adopted Titan‘s thermal and pressure profiles for the opacity calculations

g
2
=
=
s
=
=
4

100 150
TEMPERATURE (K)

Hidayat et al. 1998

Profile based on Coustenis and B ezard
1995 & Yelle et al. 1991.

Atmospheric composition based on

oL _ :
o 1w’ 1wto 003 006
Volume mixing ratio

Marten et al. 2002 Kok et al. 2007

Also used by:
Gurwell 1995, 2000 CO
Marten et al. 2002 HCN

The resulting spectra allow the retrieval of stratospheric CO and HCN profiles

02.12.2009

MPS Lecture 59




Example 2

V.- Results

We investigate the possibility to retrieve the mixing ratio profiles of CO and
HCN

= Mixing ratio of CO (2-1)

assuming that CO is constant with altitude, we just compare
observational and synthetic spectra

CO 70 ppm
CO 50 ppm

CO 10 ppm

~—
=
f—
>
=
L
©
+—
o

0.5
-600 -400 -200 0 200 400 600
v — vo [MHz]

With 15 MHz spectral resolution: spectrally resolve the absorption line

02.12.2009 MPS Lecture




Example 2

Table 2. OO mixing ratios

Altitude [km] Mixing ratio (ppm) Wavelength Facility Reference
Stratosphere 30-180 115.27 GH= Modeling 30
Stratosphere G040 2.6 mm Owens Valley /2 elements interferometers !
Troposphere -Hf_r'.,fj'] 1.57 pm Kitt Peak /Fourier transform interferometer 4
Stratosphere 2:? 2.6 mm IRAM-30m/3-mm SIS receiver 4
Stratosphere BO+10 2.6 mm Owens Valley/6 10.4 m diam. antennas 43
Troposphere lli;-f:l)l' 4.8 mm UK IR Telescope /CG54 spectrograph 44
Stratosphere i 1.3 mm Owens Valley /antennas 35
Stratosphere 51+4 345 GHz SMA /5 and 6 antennas 17
153350 G0 4.504.85 pm VLT /ISAAC =h
Tropo-Stratosphere 45415 4.64 pm Cassini /CIRS e
Stratosphere 47TL8 3060 cm Cassinl/ UIHS =

Rengel, Sagawa, Hartogh, submitted to AdGeo

02.12.2009 MPS Lecture




Example 2

m Mixing ratio profile of HCN

-Try to retrieve the HCN vertical profile with the nomimal T1 profile = no fits
- Try to retrieve the HCN vertical profile with T2

; HCN(3-1) 4 MHz resolution [ manann a prior

- — retrieved |

Total Flux [y]

—”'L1

‘luﬂz'"I"""'|'--|---I...: L
-600 -400 =200 0 T7 200 400 -6 0 1.0

HCN log (VMR) Avrg. Kernel

v = vo [MHz]
Rengel, Sagawa, Hartogh, submitted to AdGeo

Simulated observations and fitted spectra, HCN distributions for the simulated
observations

02.12.2009 MPS Lecture




Example 2

Poor S/ N bhere

Comparing these results must be considered cantionsly. . .

Table 3. HCN mixing ratios

Altitude [km]

Mixing ratio

Wavelength

Facility

Reference

Stratosphere
Stratosphere
Stratosphere
Stratosphere
Stratosphere
Stratosphere

83

300

400

400

400

400

500

~600
700
700

88.6 GHz
713 em !
88.6
713 em—1!
88.6 GHz
713 em—1?
77.26 GHz
177.26 GHz

88.6 GHz

712.25em 1

3 pm

[RAM-30m /SIS receiver
Voyager/IRIS
IRAM 30-m/SIS receiver
Voyager/IRIS
IRAM 30-m/SIS receiver
ISO/SWS
SMA /5 and 6 antennas
SMA /5 and 6 antennas
Model prediction
Model prediction
TRAM-30m /SIS receiver
Model prediction
Cassini/CIRS
Keck II/NIRSPEC
Model prediction
Model prediction

2
40
41

Rengel, Sagawa, Hartogh, submitted to AdGeo
02.12.2009




x HCN Although still in progress, the retrieved HCN mixing ratio suggests higher
HCN abundances than Marten's result, in particularly at altitude of 200-300

km km. 500 e
------ a priori ::
400 _——retrreued i 7
Vertical profiles set up by photochemistry and — 1 i 3.2 times
condensation can be modified by atmospheric £ 300} '
dynamics. = :
HCN profiles retrieved from CIRS data: £ 20 .
- HCN is enriched in the north compared to the 100+ i

south

0 : ! !
-9 -6
HCN log (VMR)

58S (T6) 15S (Th) 67N (T7) 82N (T4)

400

300

ALTITUDE (k)

200

2

10® 107 10® 10°10° 107 10® 10°10® 107 10° 10°10® 107 10® 10° ~-[ —
vmr vmr vmr vimr

Teanby et al. 2006

Marten et al. 2002

1078 10
MIXKING RATIO

64



m HCN Although still in progress, the retrieved HCN mixing ratio suggests higher
HCN abundances than Marten's result, in particularly at altitude of 200-300

km.

...... a priori
400 | e retrieved

Maybe this layer is an enriched HCN layer

Enriched air from the north pole becomes
entrained in a Hadley type circulation cell
and is advected to lower latitudes

 ALTITUDE (km)

. Marten et.al, 2002
02.12.2009 MPS Lecture 1™ o :u;:'n\::: I 10




Example 2

V.- Conclusion 2d Example

We report the firsirelsEleIRENsiciECRYI the
APEX-1 instrumentenicysieiEieiy/Seielieretinosphere
taken during SVENCO(Z2=1) e RGN (EERZYNsIININiaN. l
These obsen/ationsHmpIeyELRERAsIgusIEsEiillere of the
APEX telescope; neyiNcHsEESsERoRiElstaslcinets

We mvestl l ,r.e 're €Ozl FICIN cornpositior oEEIRS

02.12.2009 Planeten Seminar




Example 2

VI.- Work to do

m 1.3 THz Observations at the APEX Telescope

This receiver covers a frequency band that won't be
observed with the HIFI instrument of Herschel, and
therefore both instruments could benefit from each
other. The HIFI band 5 currently reaches 1271 GHz,
therefore at least the CO(11-10) and CS(26-25) are

observable with both receivers, which |s ver |mortant
for cross calibration purposes. oI R T e -

Increase pointing measurements

= only initial relative offsets were

found between the different bandSEEisE |V
Risacher et al. 2009

02.12.2009 MPS Lecture 67




Example 3

3rd Example

Atmospheric Gases of Titan
Predictions from Herschel

5_,.,,.\

™
Ny

02.12.2009 Credits:ES A/ AOES Medialab -




Example 3

|l.- Herschel-based observations/simulations

Herschel Space Observatory will observe the ,, cool universe®

W
. et
Key Programme with guaranteeg\\ﬂ‘%e:
( F& — "Water and Related Chemistry Q@Q@‘Solar System*
- T \ P.1.: Paul Hartogh (MPS Lingé)
S \ Hartogh et al. PSS 57,6 13, p. 1596, 20009.

-
-

o~
- A
~

Credits:ES A/ AOES Medialab

The Program will result in a

comprehensive set of sensitive and

well-calibrated spectra of water, its

isotopologues, and chemically related

species in Solar System objects: Mars,

Outer Planets, Titan and Enceladus, Hss& ,

corfefs?009 MPS Lagjwi%er and Relate;LChelﬁfstry in the Solar Systém

Guaranteed Time Key Programme with the Herschel Space Observato




Example 3

2

Marek Banaszkiewicz’,
Frank Bensch?
Edwin A. Bergin3
Francoise Billebaud*
Nicolas Biver®
Geoffrey A. Blake®
Maria I. Blecka’
Joris Blommaert?°
Dominique Bockelée-Morvan?
Thibault Cavalie, (Associate)
José Cernicharo’ (mission scientist)
Régis Courtin’®
Jacques Crovisier®
Gary Davis?
Leen Decin?®
Pierre Encrenaz® (mission scientist)
Thérese Encrenaz’®
Trevor Fulton
Thijs de Graauw’ (ex HIFI-PI)
Armando Gonzalez (Affiliate)
Paul Hartogh' (PI, coordinator)
Damien Hutsemékers'?
Christopher Jarchow'" (Col)
Emmanuél Jehin'?
Mark Kidger??
Michael Kiippers
Arno de Lange

11.204%a-Maria Lara’3

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
é

HSSO Participants

Sarah Leeks

Emmanuel Lellouch?®

Dariusz C. Lis®

Rosario Lorente22

Jean Manfroid21

Alexander S. Medvedev'’ (Col)
Raphael Moreno5

David Naylor14

Glenn Orton15

Ganna Portyankina

Miriam Rengel’ (Col, HIFI Calibration Scientist)
Hideo Sagawa (Associate)
Miguel Sanches-Portal22
Rudolf Schieder16

Sunil Sidher17

Daphne Stam18

Bruce Swinyard17

Slawomira Szutowicz1

Gillian Thornhill22

Nicolas Thomas19

Miguel de Val Borro (Associate)
Bart Vandenbussche20

Eva Verdugo22

Christoffel Waelkens20

Helen Walker17




Example 3

Planned Spectral Line Observations of Titan

Instruments onboard Herschel:
Heterodyne Instrument for the Far-Infrared (HIFI).
£, Helmich, SRON
’ ‘of  Resolutions: 140, 280, 560 kHz, 1.1 MHz

515 Technology HEB Technology
THz D48*004 —*080 —*006 —*1.12 —*127 141-+10

pm: 825™488 375 *312 s 238 2137157

480 — 1150 GHz 1410-1910 GHz

-
d,"..”\\-" M

i‘r

‘A'¥Arr’ay Camera and Spectrometer (PACS).
55 — 210 pm

" Photometer ;e SPEC*'W’T S ey
Credits: ESA SEEC NGy g sy s & J
%I _'metﬂcl aging Receiver (SPIRE)
1V, rlffkn'“‘tardlff University
S Photometer: 250, 350, 500 um
02.12.2009 MPS Lecture Spectrometer. 194- 672 7&m_




Example 3
Hel;scbel and Planck launch: Fantastic Iaunch, good performance, great ground segment.

N8

F-"t."
il

e

i

i

= Al three instruments started up without problems

== .




Example 3

Table 8: Detailed list of outer planet observations

Target Instr. Line Freq, Resol, Tirme SN Repetinon  Total Gioal
(GHz) /Maode (hour) ihour)

Jupsiter HIFI
HIFI

HIFI

HIFI
PALCS
PACS
PaCS

Salum HIFI
HIFI

HIFI

HIFI
PACS
PACS
PaCs

Titan HIFI
SPIRE 3 e e i i Line (GHz) Uranus Neptune Titan
Pars o Faltrange N E A i |3 3458 Exnloratici Mot 4600 2250 2250 4100

AN : I SEER AR A byt gt hbomizorng 4512 250 250 500

Pacs Tlimes  Bimescane 3785 0 hes 3TRA Vasl. profite 4469 el L

PACS 4512 Line scan 7

PACS

Enceladus PACS
Uranus HIFI
SPIRE

PACS

PACS

PACS

PACS

PaCs

PACS

Neplune HIFI
SPIRE

PACS

PACS

PACS

PACS

PACS

PACS
U Per resolution element for HIFL: per line for PACS line scan: on the continuum for SPIRE and PACS full mage spectra

d Relateg.Chem‘iStry in the Solar System

e Key Programme with the Herschel Space Observatory

Table 9: Observation times (sec) for HoO line spectral scans with PACS

: : 3977 350 350 650
50 Jtimes  0.440 Ha O variab. 3654 1100 1100 2000
2774 290 290 550
2392 2040 2040 3800
Total Zh Zh 35h

Investigate possible vertical
profile retrievals of H,O,
HCN, and CO with HIFI and

PACS for the expected
signal-to-noise ratios.

73




Example 3 I I I

Modeling procedure

3rd step:
Integrate and convolve with the antenna pattern

2nd step:
Calculate RT along each ray path

1st step:
Calculate absorption
coefficient at each layer

/ Z= 0 — 1400 km

02.12.2009




Example 3 _ _ _
Adopted Titan‘s thermal and pressure profiles for the opacity calculations

| .
\ Lara et al. 1996 '

..... r— —
/ /f
simulating the spéctra CHa

Niem a&n et al. 200 .

0 2 4
VMR [¥]

02.12.2009 MPS Lecture




Example 3

V.- Results

m Synthetic spectra of the Herschel Spectroscopic
observations of Titan

B We show model calculations of the synthetic spectrum of Titan's
atmosphere (CH4, H20O, HCN and CO) with the SPIRE (0.04 cm-1),
PACS (1-4 GHz) and HIFI (1 MHz) spectral resolutions.

| (\' HIF]
: Expected Wat

| H20 }109?.3} GHz spectra
observations

| f\ Wl \ith HIFI
PACS /

< 1 : ' H20 556.9 GHz |

20 30 40 50 6 0 20
Frequency [THz] v — vo [MHz]

02.12.2009 MPS Lecture




=P’ Results - PACS

We determine a temperature profile from the emission spectra of CH4
We retrieve the mixing ratio profiles of the species

m [emperature profile

|} s Temperature weighting functions for CH4

low samp.
\ [GHz]

Results after considering PACS spectral
resolution and range Scan mode.

1.0 0 1.0 :
Weighting Function [Jy/K/km]

PACS

I :
T | | tange s Temperature retrieval from the PACS CH4
" range scan mode (S/N 100).

Blue : used to calculate the synthetic spectra
Red: retrieved profile

\

—
=]

‘ Averaging kernels of the retrieved temperature
. N

40 80 120 160 0 1.0
Temperature [K] Avrg. Kernel

27.11.2009 MPS Lecture




Exampl&&trieval simulations of water mixing rations

lLine scan

HIFI HIFI mode
Combinati
on of 10

lines

T
1097 GHz : J 1097 GHz
: ’|
il
|

B
=
o

Flux [yl
Altitude [km]

(o]
=
(=]

N

- \

= —true H

: f = true
apriori o

e TE1T, [// pr® = apriori

0 1 L | L 8w L retr.

=20 -10 0 10 20 -9 -6 0 0.6 1 1 I I 1 1
Frequency, v — vo [MHz] In(VMR) Avrg. Kernel

-7 —'5 .
HCN log(VMR) Avrg. Kernel

mixing ratios \

PACS mixing ratio retrievals
require the use of multiple-line
observations with different line

opacities for each specie. |
02.12.2009 MPS Lecture CO VMR [ppml] Avrg. Kernel

Altitude [km]




Example 3

V.- Conclusion 3rd Example

We have calculated the expected full range spectra of
Titan"s with HIFI, PACS and SPIRE.

More than 10 CH4 rotational lines are expected to be
detected by PACS, but it is not able to resolve the
shape lines. - A combination of lines lets to retrieve
the Titan"s atmospheric temperature at 20-140 km.

10

10°

High spectral resolution spectra of water is expected to . wemesmee

be observed with HIFI, which enable us to retrieve the “ .

® 10°

water mixing ratio at the altitude range of 100-400 km. ¢ ﬁ ,‘I |

10 stratosphere
It is also expected that the line scan observations of i i
o o o o o 10 1
multiple water lines with PACS will contribute to < Tropospmee

0
150 200 250

constraints the water abundances. MU S

Altitude [km]

These results in preparation for Herschel show out technique
to be a promising tool for the analysis of Titans atmospheric
data.

27.11.2009 MPS Lecture




Example 3 Cassini Mission Overview

Four-Yaar Prime Tour + Two-Year Extended Mission (Propozsed), July 2004 - July 2010

Extended Mission
Year of Tour ' 5 6

Orbits | 39 21 26 Titan flybys

Titan

» Seasonal-Temporal Change
— Determine seasonal changes in the

Proposed Cassini-
Huygens Solstice MiSSiOn methane/hydrocarbon hydrological cycle

— Determine seasonal changes in the high

(additional 7-year phase) latitude atmosphere

Determine the types, composition,
distribution, and ages, of surface units

Determine internal and crustal structure

Measure aerosol and heavy molecule
layers and properties

02.12.2009




Future of planetary observations in the mm/submm

m Atacama Large Millimeter
Array Project (ALMA)

0.3 mm — 9.6 mm
50 12m dishes
Ready 1n 2012

James Webb Space Telescope
(JWST)

0.6 um — 28 um
Telescope 6.5m
Launch: 2013

02.12.2009 MPS Lecture
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nsult?

AT M’(_)S'PH ERIC
nsingo b REMOTE
&0 SENSING BY
MICROWAV E
tor) RADIOMETRY

Giant Planets of Our SolalgSysic

Atm 1 mpositiolanid,
tmospheres, Compositioupaiay . - PLANETS

OF OUR
Structure SOLAR SYST

Pﬂtl’j(,'k G,‘[, II‘WjI] (Autho Atmospheres,ium

and Structure

Second Edltnun

. Patrick Irwin B9

_}F»
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cilre and winds on
netary and Space
Coordinated
nd emlp EXIESS Coorrlmrnre d Ce mr)rh‘u , August 2008,
Pages 1368 1384. DOI informatiBEOMOIG/NISSHZ005:07 004!

m Titan - APEX

m Herschel plans/pi@]

Hartogh P., Lellouch E., Crovisier ).
P JJ!’rlm for rJ&‘fSQh’:‘J”, P
0CI072009

= Titan : preparations fc
Rengel M., Sagawa H., Hartogh P.

Herschel observations of Titan". Advance If
02.12.2009 | MPS Lecture
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