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1. Scientific Imperative

Atmospheric composition is driving climate change

Primary radiative forcing by trace gases & aerosol
Indirect effects through chemistry and aerosol-cloud
Feedbacks via water vapour, cloud & trace gases

ESA Advanced Atmospheric Training Course

Challenges for Troposphere — B.Kerridge 15-20" Sept'08, Oxford, UK



(N

\\

\

-
17

=
N

2= @3a giientific objectives for sounding
tropospheric composition from space

p:

1. Processes controlling distributions of key trace gases
within height-range important to climate

2. Links to biogenic, pyrogenic and anthropogenic emissions

Advances will be made in future by resolving finer-scale
structure to understand processes.

Requirements are stringent.
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2. Operational Applications

Composition — Climate Interaction

— Height-resolved monitoring of key gases and aerosol which
cannot be monitored adequately from surface.

— Generation of long-term (decadal), self-consistent data sets.
Pollution & Air Quality

— Satellites observe atmosphere above and between surface sites
Ozone and surface UV

— Tropospheric column contributes ~10%
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New Operational Applications for

Satellite Composition Data

Pollution monitoring and air quality forecasting
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3. Evolution of models and
assimilation systems

* Models are evolving rapidly.
 Increased computer power enables:
 More complete atmospheric physics, dynamics & chemistry
 Integration of troposphere and stratosphere
e Couplings with land and ocean for climate-composition interaction
» Assimilation systems in development to exploit satellite data in
addition to surface level observations, analogous to NWP
* Model resolution to increase in coming decade
* Processes that were sub-grid scale will be resolved (eg convection)
 To critically test future models, satellite observations of increased
resolution will be needed.
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4. Challenges imposed by physics

o Spectral line interference  pressure broadening

o Water vapour & other continua

 Clouds

« Discriminating surface  especially critical for aerosol

e Seeing through stratosphere and upper atmosphere  nb O,

* Vertical resolution in tropopause region and near-surface layer
— where height leverage from T profile is minimum

o The challenge is:

— to achieve significantly higher vertical resolution, horizontal resolution
and spatio-temporal sampling

— while preserving/improving accuracy
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5. Advances In Observing Techniques

ESA Advanced Atmospheric Training Course Challenges for Troposphere — B.Kerridge 15-20" Sept'08, Oxford, UK



Limb Emission Spectrometry

Profiling mid/upper troposphere & lower stratosphere
where climate sensitivity IS greatest
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MLS maps — 215hPa 12-18™" Jun’05

* MLS CO and O4 higher than in GEOS4-CHEM
— under investigation
* HNO, added recently

Jonathan Jiang, MLS team, JPL
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Zonal-Mean Cross-Section of CH,
from MIPAS for 12-days in Aug-Nov’'03

Preliminary data,
G.Stiller, pri.comm.
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Zonal-Mean Cross-Sections of
Ethane & PAN from MIPAS

Ethane (C,H;) — 16/11/02 PAN 10-day mean 4/10-1/12 2003
ppr pptv

Glatthor et al, ACPD, 7, 2775-2787, 2007
G.Stiller, pri.comm.

Anthropogenic Biomass
emissions burning PAN: secondary product

from VOCs & NO,
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Impact on ECMWF O, & H,O analyses
of MIPAS 4D-Var radiance assimilation

O, [ppmv] H,0 [%]
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MIPAS-CTL (ppmv) (MIPAS-CTL)/CTL (%)
1000
Latitude Latitude
—2DRTM N. Bormann, pri. comm.
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Advances: Limb-sounding

Profiling mid/upper troposphere & lower stratosphere:
* Improve vertical resolution, horizontal resolution & coverage
* Improve accuracy eg handling of cloud
Tomography (2-D  3-D)

Foreseen technology developments:

» Optical : detectors photon noise limited in mid-ir
— Fixed staring 2-D detector array, coupled to FTIR

« mm-wave : system noise limited  scope for improved technology
— Receiver array: rugged planar mixers with integrated IF amps
— Sub-harmonic image rejection mixer  both side-bands are SSB
— Back-end spectrometer with broad bandwidth (eg DAC)
— Antenna: strong regs. on beam width & knowledge
— SIS mixer (cryogenic): Tg, lower than RT Schottky
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Visible/IR Imagery

For finest geographical resolution on aerosol
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Aerosol optical depth at 0.55um

Elevated aerosol in Po Valley, Italy

Sampled at 10am on 9th & 10th Sept’2004

SEVIRI



Advances: vis/ir imaging

Vis/ir imaging of aerosol for monitoring & forecasting

» Derive aerosol type and particulate mass (PM) in addition to size & shape
from optical properties (AOT, w,, asymmetry / phase-function, polarisation)

* Further optimisation of | ’s, polarisation, and view angles (for polar orbit)

ESA Advanced Atmospheric Training Course Challenges for Troposphere — B.Kerridge 15-20" Sept'08, Oxford, UK



Solar Shortwave Spectrometry

Sensitivity to near-surface layer
where primary emissions occur
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Comparison of Tropospheric NO, from SCIA and OMI

~10am ~1:30pm ~1:30pm

Courtesy: van der A and Dirksen, KNMI  (www.temis.nl)
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Methane Annual Mean - 2004
Comparison of SCIAMACHY & TM5

SCIA seasonal / latitudinal bias
w.r.t. surface obs
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Optical Depths in SWIR

Co,

CH,

|

SCIA
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Correlation of SCIA CH, retrievals

with column water vapor
I
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Methane Annual Mean - 2004
Comparison of SCIAMACHY & TM5

Seasonal varn. in bias removed by
improved H,O (& CH,) spectral data
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Comparison of SCIA & TM4 CO over land
Annual mean: Sep’03 — Aug’04
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- SCIA — TM4 monthly mean difference spatially correlated with SCIA monthly mean noise
- SCIA errors dominated by 2.35mm detector noise; potential improvement for future sensor
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Simulations of O, A-band for MTG

Sun-normalised radiance

O, A-band: opaque at line centres
o Effective scattering height a strong fn(l )
O, mixing ratio known
Retrieve scattering profile
Sensitive to dl , S/N and other errors

Requirements assessed for height-resolved
aerosol retrieval from an MTG UVS A-band

0.1cm? resolution

Siddans et al, EUM/CO/05/1411/SAT, 2007

5cm-?! resolution

Wavelength / nm
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Height-resolved aerosol retrieval
from the O, A-band (764nm)

4% Jun’03  0.55mm extinction  Single-layer multi-channel imager retrieval

A band — Near-surface aerosol discriminated from
cirrus & aerosol in higher layers

— Scattering profile errors for UVS trace
gas retrievals also mitigated
- less stringent reqs on A-band
dl ~3-10cm, S/N ~250

O, A-band retrieval:

dl =1cm, S/N=2500, dz = 1km
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Spectral Intensity of Backscattered
Solar Shortwave Radiation

Geostationary satellites orbit 36,000km above equator

~40x higher than polar orbiting satellites

Photon flux / s from specified ground pixel ~1600x lower

For comparable photometric precision, this must be compensated by
(a) integration time and (b) optics dimensions

Practical 300nm< | <1000nm, where backscattered intensity sufficient.
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Nadir IR Spectrometry

Sounding free troposphere
where pollutants transported
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Height-integrated CO retrieved from
IAS| 4.7mm and MOPITT: 23 July’08

Desert
reflectivity
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Spectral resolution for CO 4.7mm

IASI, MTG—,
CriIs—

Spectral resolution critical for CO: lines few and well-separated
Idealized simulation:
All instrument parameters held constant except: Dn,,and NEBT a 1/Dn,

S,: 100% errors on 2km grid; diagonal only.
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Laser Heterodyne Radiometry

Quantum cascade laser technology
Atmospheric spectrum mixed with laser LO
Heterodyne:

intrinsically high spectral resolution
intrinsically high spatial resolution: W~12/A

Ozone profile from LHR

IR:
— height-sensitivity complements solar shortwave

Useful attributes for nadir-sounding of trace gases
from space, eg possible option to FTIR for CO

* Prototype for ozone developed & deployed in field

Prototype LHR
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Advances: Nadir-sounding

Improve accuracy:
» Discriminate aerosol more cleanly from cloud & surface
» Discriminate trace gases more cleanly from aerosol, cloud & surface

Improve height-resolution:
« Spectral resolution in O, A-band for aerosol
« Spectral resolution in vib-rot bands (eg CO)

Improve sampling of lower trop. monitoring/forecasting

« Polar orbit:
— later afternoon in addition to 9:30am & 1:30pm
— smaller ground-pixel to see more often between clouds

* Geo orbit:
— denser spatio-temporal sampling of observable disc (if px size the same)
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Advances: Nadir sounding (contd.)

Foreseen technology developments

e Spectrometry:
— Acousto optic — FT IR, TF UVNS
— Laser heterodyne — IR
spec res over selected wavelength intervals
couple to 2-D array for continuous imaging from geo

e Detector arrays:
— Improve performance in swir (detector noise >> photon noise)
— Increase no. of pixels
— Photomixer array for LHR (high electrical b/w, fast read-out)

ESA Advanced Atmospheric Training Course Challenges for Troposphere — B.Kerridge 15-20" Sept'08, Oxford, UK



Advances: DIAL

COo,
CH,

 LIDAR aerosol profiling demonstrated (CALIPSO)
* DIAL possible candidates: CO, & H,O (swir) and O, (uv)
— Differential absorption in ~1km layers sufficient
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Advances: DIAL (contd)

» Aerosol scattering coeff. >1nm falls rapidly with height and |
eg scattered return at 3.3nm insufficient for CH, profiling
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Advances: satellites & orbits

Sun-synchronous high-inclination (polar) orbits can
provide global coverage.

Lower inclination orbits precess (eg UARS), allowing
different local times to be sampled, though high latitudes
cannot be observed.

Geostationary orbits allow all local times to be sampled
within their observing disks. Latitude and longitude
ranges restricted by viewing geometry.
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Possible Configuration of Future
Operational Satellites
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Geostationary Platform in Stratosphere

Bridge the gap
from street-level
to satellite
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6. Integrated Approach to
Tropospheric Sounding

1. Limb/nadir
- Accurately characterise stratosphere & upper trop.
—  Derive lower trop (eg O;, HNO,, NO,, CO & CH,)

2. Nadir-shortwave/thermal
: Discriminate near-surface layer (eg O,;, CH,, CO & NO, )

3. Spectrometer/imager
—  Sub-pixel cloud, aerosol & surface reflectivity in RTM
— O, A-band (polarised) for near-surface aerosol

Consistent trace gases, aerosol (+ cloud & surface)
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Observational Geometries

vAg
< >
L Y, Q
Nadir-Viewing
— Near-surface layer seen
between cloudbut

— Little or no vertical resolution

Limb-Viewing
— Vertical profiling down
to mid-troposphere
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Vertical Profiles: Volume Mixing Ratio
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Vertical Profiles: Number Density
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Column average CH, mixing ratio

Strat. CH,

~10% CH, column <200hPa, where global distribution much more variable
Must be characterised very accurately for regs. in lower trop. to be met.
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Limb-nadir Synergy

Ozone prior distribution

' '

UV nadir retrieval (GOME-1) UV nadir + IR limb retrieval
(SCIA)  (MIPAS)

Ajewoue
dnueny yinos

Envisat orbit 2509: 23rd Aug’ 2002
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Limb-nadir Synergy

MLS — OMI

Schoeberl et al.
2007
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Atmospheric limb transparency
In Ir and mm-wave windows

~1mm

» Estimates from ECMWF T, q, liq & ice cloud sampbtddbally 1 day in 10 over 1 yr
—mm-wave penetration controlled by J@  high probability of viewing upper trop
—ir: penetration controlled by cloud viewing to mid-trop in absence of cloud

» Sensitivities to aerosol & T also complementary
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Simulation of combined nadir/uv-ir O4 retrieval
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Ozone from combined OMI +TES

From Worden et al., 2007
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Spectrometer - Imager

Cloud and surface properties affect radiative transfer in non-linear ways
Many scenes viewed by spectrometers are inhomogeneous
Co-located imager  sub-pixel distributions of cloud, aerosol & surface properties
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7. Conclusions

* There is a strong scientific imperative to sound tropospheric composition
from space, to complement surface observations.

» The challenge is to resolve structure on finer scales while maintaining and
Improving accuracy.

» Links to higher layers critical, both for science & retrieval/assimilation

* Advanced technigues (eg retrievals & assimilation) are in development to
better-exploit data from existing satellites.

 New satellite missions are needed to address the identified scientific issues
& to serve new operational applications (GAS)

* These will be designed to exploit new technology and to exploit synergies
between different observing techniques.
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