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what’s the question ACCURATE addresses?
obtain a consistent set of climate benchmark data

Is it possible to simultaneously observe, with global coverage, high
accuracy, and long-term stability, a complete set of atmospheric
variables including on thermodynamics (temperature, pressure,
humidity), dynamics (wind), and climate/chemistry (greenhouse
gases and isotopes)? Perhaps complemented with simultaneously
measured aerosol, cloud, and turbulence information? As one
consistent state in any observed air volume, independent of a priori
iInformation?

Yes. To an unprecedented level of quality and comprehensiveness
with the ACCURATE concept. Aim is profiling of all variables above
over the upper troposphere-lower stratosphere (UTLS) region and
beyond as function of altitude with ~1 km vertical resolution.
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get a feel: how do climate benchmarks look like?
example GPS radio occultation data 1997/2001-2008
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what are the key elements of the concept?
ACCURATE implements LEO-LEO microwave
occultation (LMO) combined with LEO-LEO
Infrared-laser occultation (LIO): LMIO

Wegener Center
www.wegcenter.al
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. ACCURATE
i LMIO=LMO&LIO
{ measurement techniques:
LMO: LEO-LEO microwave
occultation (MW cross-links
at 17.25, 20.2, 22.6 GHz;
optional 179+182 GHz)
LIO: LEO-LEOQO infrared
laser occultation (SWIR
................ cross-links at 21 selected
............................................... frequencies in 2-2.5 um)

ACCURATE
climate benchmark

quality UTLS profiles:
z(t), N(z), p(z), Z(p), 3
T(z), 9(z), H,0(z), Vie(2), %,
CO,(z), 13C0O,(2), C'8O0(z)~,
CH4(2), N,O(2), O4(2), CO(2),}.,
HDO(z), H,'®0O(z) & aerosols,
clouds, turbulence (and more
below & above UTLS)




Refractivity

just one note on ACCURATE LIO&LMO synergy
SWIR refractivity (LIO) vs MW band (LMQO) dry air refractivity

MW dry-air refractivity (“Smith-Weintraub formula”) is to < 0.1% difference
equal to SWIR refractivity (“Edlen formula”) within 2—2.5 um, so that LIO and

LMO signal travel paths are very closely the same. In moist air (5-12 km) the
difference can increase to 10-20% near 5 km under moist tropical conditions,
so that the LMO-derived atm.state is used to accurately align signal travel paths.

Refractivity computed with Edlen & SmithWeintraub formula
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ACCURATE satellite system concept
enhanced from earlier ACE+ mission studies

Baseline constellation concept:
e 2 orbit planes, counter-rotating Rx vs Tx sats

o 1-4 satellites/plane (1 demo, 2-4 full), planes
drifting through all local times (i ~ 80°)
o 2 orbit heights (Tx ~595 km, Rx ~512 km; in-
orbit separation to suitably spread events)
-~ [l ~

IR Laser Signals - LIO
LMO&LIO = LMIO

(Images: Deimos, 2010; Alcatel, 2004)



X T how does the LMO method work?
# MW refraction&absorption: established by GPS RO
ol heritage and ACE+ and ATOM(M)S concepts...

LEO Tx satellite
(at ~595 km) » . LEO Rx satellite

MW Transmw Rl (at ~512 km)
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P ...thus let’s right turn to the new LIO part of LMIO
"*E___ﬁj‘” ACCURATE IR laser occultation — overview
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i ACCURATE
i LMIO=LMO&LIO
{ measurement techniques:
LMO: LEO-LEO microwave
| | : { occultation (MW cross-links
[T@] q(z), H,O(z), Vs(2), % at 17.25, 20.2, 22.6 GHz;
CO,(z), 13C0O,(2), C'8O0(z)~, o Tl ptional 179+182 GHz
CH4(2), N,O(z), O4(z), CO(2), i N LIO: LEO-LEQ infrared
HDO(z), H,'®0(z) & aerosols,| ™., e laser occultation (SWIR
clouds, turbulence (and more] cross-links at 21 selected
below & above UTLS) frequencies in 2-2.5 um)

ACCURATE
climate benchmark
quality UTLS profiles:
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veercr Carte L1O design: how to properly select LIO lines
. and create a working payload?
== e ACCURATE laser line selection within 2—2.5 um for

differential log-transmission trace species and wind measurements

inspect a 10 cm-! sub-range for CO, / H,0, as an example...
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(The RFM fast LBL radiative transfer model of A. Dudhia et al. was used for LIO
SWIR transmission simulations, such as for the channel selection indicated above:
www.atm.ox.ac.uk/RFM; RFM takes line data from the HITRAN 2004 / 2008 data
base of Rothman et al.: www.harvard.edu/HITRAN)
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payload: how do measure trace species with LIO?

EEe . . e
== i differential log-transmission over narrow delta-freq
abs. channel C1800 ref. channel abs. channel 12C0O2 abs. channel H,O
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Inspect next a 0.1 cm-1 sub-range about the C800 line
center, to see how line-of-sight wind is measured...
... check the present range with real data before...




Wegerer Conter payload: real limb spectra confirm selections
w2 "  comparison RFM to balloon-borne MkIV solar occultation spectrum

(MKIV source G.Toon/JPL; P.Bernath-J.Harrison/UoY)

abs. channel C1800 ref. channel abs. channel 12C0O2 abs. channel H,O

Simulated Data (sas.atm; z=10 km; d

~ | |
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ef6/119

2C02/120

47725 47735 47745

Wavenumber [cm-1)
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Inspect now the 0.1 cm-1 sub-range about the C200 line center
(via RFM data), to see how line-of-sight wind is measured...




payload: how to measure winds with LIO?
differential log-transmission over very narrow delta-freq,
spanning ~ the Doppler FWHM of the symmetric C*800 line
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By study of the performance by end-to-end simulations (1)
- —# | MIO simulations, using basic & advanced atmospheres
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~ study of the performance by end-to-end simulations (2)
: also EGOPS does LMIO meanwhile; but here mainly

ALPS LIO results shown, are consistent with EGOPS
=> more info Proschek et al. pres www.uni-graz.at/opac2010 Fri
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vegere: Carte what is the LMIO retrieved profiles accuracy? (1)
) I-' LMIO requirements & scientific performance:

individual-profile and monthly-mean error estimates

* Monthly-mean GHG profiles unbiased (no time-varying biases) and
generally accurate to < 0.15-0.5% (e.g., CO, < 1 ppm) (ALPS2 simulation results)

Example results: GHG and isotope species profile retrieval, IP and monthly-mean errors

CO2 vmr IP error (%) H20 vmir IP error (%) Other GHGs vmr IP error (%)
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( Profiles: Mean.Err[U.S.Std. Atm+5 FASCODE Atms], Range Bars: Spread[Min.Err(6 Atms) to Max.Err(6 Atms)] )
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’«’f what is the LMIO retrieved profiles accuracy? (2)

_mg_m', LMIO requirements & scientific performance:
== e individual-profile and monthly-mean error estimates

* Monthly-mean l.o.s. wind profiles unbiased and generally accurate

Height (km)

to < 0.5-1 m/s. Pressure/temperature/humidity profiles from LMO
accurate to < 0.1%/< 0.1-0.2 K/< 2-3% (incl. in clouds) (aLps2 and EGOPSS resuits)

Example results: line-of-sight-wind and thermodynamic retrieval, IP and monthly-mean errors

L.o.s. wind IP error (m/s) Pressure IP error (%) Temp. IP error (K) Sp. humidity IP error (%)
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( Profiles: I.0.s. wind err. from 6 FASCODE& basic wind profiles; p, T, g err. from ECWMF profile ensemble/EGOPS5 )



Ground-based initial demo experiment IRDAS-EXP
CO,-H,0-V,, 2.1um + CH, 2.3um LIO demonstration
line selection for ACCURATE LIO demo breadboard

Ch.ID Frequency Wavelength Channel Utility Ahardhr (%)
(GH2) (cm)  LMO X/K band 8-30 GHz
X1) 9.70 3.0906 p, T, Ref[H,0] ~2—7 km (Ref)
(X2) 13.50 2.2207 p, T, Abs/Ref[H,0] ~2-7 km  —28.15
K1 17.25 1.7379 p, T, Ref/Abs[H,0] ~5-12 km (Ref)
K2 20.20 1.4841 p, T, Abs/Ref[H,0] ~5-12 km —14.60
K3 22.60 1.3265 Abs/Ref[H,0] ~5-12 km -10.62
(GH2) (mm) LMO M band 175-200 GHz
M1 179.00 1.6748 Ref/Abs[H,0] ~10-18 km (Ref)
M2 181.95 1.6477 Abs[H,0] ~10-18 km -1.618
(M3) 191.85 1.5626 Ref[O4] (Ref)
(M4)  195.35 1.5346 Abs[Os] -1.792 Wavomrgth )
(cm™) (um) LIO SWIR-B band 2.3-2.5 um P SO s Iz'?s el
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nkas ; miiiias : S : @ 15 | neoftt | .
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4767.041 2.097737  Abs[C'°00] +0.0652 8 201 : Refsi1a | || |Retents =
~2 . 1 um 4767.045  2.097735 AbsLC1SOO-w2], l.o.s.wind  +0.0651 o ! H2o-4ma | || |12co2i20
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CO,-H,0-Wind+CH, LIO demo IRDAS-EXP 2010/11

.tmﬁ-’ilﬁ Canary Islands link...where the ESA “QIPS experiment” was run
= @i => more info Schweitzer et al. pres www.uni-graz.at/opac2010 Fri
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Tenerife

Microwave Signals- LMO
IR Laser Signals- LIO

Trans lTII sion Spectrum 4766.5-4776.5 rr|’ l ange i'lt He l{{h! - ]0[} km ransmission APR/day; 12[0 1302, (1300 H20, ALL; B p ctrum 4766-4776 cm
\ snY 7 I o TR e

S e e N : 'é---.—--. gy L
..(____-[" R X7 X ) <TAT 7

I
I
I

g: |

B 1y
I
I
I

— 12002 Demo

Wavenumber [em™'|

(fig backdrop upper right from Weinfurter et al., ESA-QIPS FinRep, 2007)




what’'s next? — ...on the road to ACCURATE
towards a demonstration mission

« complete LMIO scientific performance analyses for all parameters,
thermodynamic, greenhouse gases and isotopes, wind; as well as
for the complementary aerosol, cloud, and turbulence information
(projects ACTLIMB, IRDAS; on-going/next ACCU-Clouds/-EXP,...)

e produce and demonstrate a first breadboard of the LIO transmitter-
receiver system (IRDAS-EXP CO,-H,0-Wind ~2.1 um, CH, ~2.3 um)
(LMO currently proven by a stratospheric aircraft crosslink exp. in U.S.)

o start implementation of ACCURATE as space mission:
+ ACCURATE LMIO demonstration mission (1Tx+1Rx satellite
complete demo, e.g., ESA EE-8 mission...)
+ full 4-8 sats climate benchmarking mission (e.g., Europe, U.S.,...)

CH,(z), NaO(z), Ouz), COf;
HDO{z), H;'"0(z) & aerosals, ™.
clouds, turbulence {and more

below & above UTLS)
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what’'s next? — ...on the road to ACCURATE
towards a demonstration mission

ACCURATE
climate banchmark I

Hiiz), M Oi FCN J CO[ J
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ds, trbulence (a drnore
b Iuwa above UTLS)




