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3¢ UCAR FRotkams GPS Radio Occultation
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» UCAR #eciavs ~ Atmospheric excess phase “(oswic

« Difference between true phase
path between 7, and r, and GPS/MET, 1995, doy 174, 1:56 UTC, 16.7S, 171.1E
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Observation Modeling 4@;7

MIC

L1 (t,)=c-ot . (t,)+c- o, (1, ) + p(t,)+0p,,,(t,)+c ot (t,—T)+cC-Ot, (1, —T)+
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recelrve time
speed of light in vacuum (m/s)

offset between receiver time and proper time at receive time

offset between proper time and coordinate time at the receiver due to
special and general relativity

geometric range at receive time

offset between proper time and satellite time at transmit time

offset between coordinate time and proper time at satellite
gravitational delay between receiver and satellite

light travel time in vacuum, 7, = p,(7,)/c + 6p;,,,,(t,)
ionospheric delay between receiver and satellite
tropospheric delay between receiver and satellite

wavelength of L1 signal (m)
phase ambiguity
phase noise

System delays
Local spacecraft multipath

Antenna phase center offsets and variations (Schreiner et al., 2009)
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3 UCAR e Processing Overview ~(oswic

- GPS Orbits/EOPs/
Clocks(Final/IGU) : .
- IGS Weekly Station Estimate Gr9und Statlpn
Coordinates Z'TD’s and Station Coordinates
- Ground GPS

Observations v

Estimate
GPS Clocks OR use
CODE/IIGS clocks

-LEO GPS 1-Hz
Observations

- LEO Attitude

(quaternian) data

Estimate LEO Orbit
And Clocks

A 4

Zero/Single/Double Difference
Atm Excess Phase Processing

- 1-Hz Ground GPS
Observations

- 50-Hz LEO Occultation

GPS Obs.

A

GO and WO
Bending Angle Processing
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iz COMMUNITY LEO POD at CDAAC P r—
N UCAR PROGRAMS With Bernese V5.0 \.(C:)SMIC

» Zero-Difference ionosphere-free carrier phase observables with reduced-
dynamic processing (Svehla and Rothacher, 2003)

L3 (t)=c,-LI(t)—c,  L2'(t)

* Dynamic Model: Gravity - EIGEN1S, Tides - (3rd body, solid Earth, ocean)
« State Parameters:
— 6 initial conditions (Keplerian elements)

— 9 solar radiation pressure parameters (bias and 1 cycle per orbital
revolution accelerations in radial, transverse, and normal directions)

— pseudo-stochastic velocity pulses in R-T-N directions every 12 minutes
— real valued ambiguities
— LEO clock offset
* Quality Control
— Post-fit residuals
— Internal overlaps

Sept 6-10, 2010 OPAC 2010 Graz, Austria
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COSMIC Post-Processed
External Overlaps

 —
R OS

» Inter-Agency (UCAR,NCTU,GFZ,JPL) orbit differences
- FM’s 1-6, 2006.216-218, no data gaps, good attitude control

Qrbit Position Differences ve. time: LEQORB — NCUORB: 2006.217: FM3

Qrbit Velocity Differences vs, time: LEOORB — NCUORB: 2006.217: FM3

. | Radial . ;
. Position .; = Velocity
“ Cross-track : - el ke

Radial Along-Track Cross-Track 3-D RSS

POS [cm] POS [cm] POS [cm] POS [cm]

VEL [mm/s] VEL [mm/s] VEL [mm/s] VEL [mm/s]
UCAR - NCTU 8.8 10.5 10.5 17.3
0.13 0.14 0.18 0.26
UCAR - GFZ 9.8 14.7 15.0 23.2
0.15 0.13 0.12 0.23
UCAR - JPL 8.2 13.1 9.8 18.3
0.11 0.13 0.13 0.22
(Schreiner et al., 2009)
Sept 6-10, 2010 OPAC 2010
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%€ UCAR FRocrawms COSMIC’s Bad Attitude

(oswic

L3 Residuals vs. ime:doleo0_201006100401_pl C004 L24(PODI)
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e NN METOP/GRAS Post-Processed
N UCAR PROGRAMS
External Overlaps
UCAR - EUMETSAT (2007.274-305)
Radial Along-Track | Cross-Track 3-D RSS
POS [cm] POS [cm] POS [cm] POS [cm]
(VEL: [mm/s]) (VEL: [mm/s]) (VEL: [mm/s]) (VEL: [mm/s])
Mean 0.7 0.9 2.9
(-0.01) (-0.01) (0.00)
STD 4.2 6.0 4.1 8.6
(0.05) (0.08) (0.04) (0.08)
« POD quality

- COSMIC ~ 15-20 cm (0.15-0.2 mm/s) 3D RMS
- METOP/GRAS < 10 cm (0.1 mm/s) 3D RMS

Velocity error of 0.1 mm/s results in bending angle error

of ~3e-8 rad
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Xy PROGRAMS

s COMMUNTTY Computation of excess —
HEAR atmospheric phase CGS I

Non-Occulting Reference

 Double-Difference Non-Occulting POD GPS Satellite
. GPS Satellite ‘%
— Ground/LEO clock fluctuations =) C
removed .
— Maximal noise: Fid. site MP, bél2 N
atmos. noise, thermal noise LEO Satllite 03 100 Hz . b

« Single-Difference
— LEO clock fluctuations removed

— Use solved-for GPS clocks to
minimizes ground station errors

— Noise from reference link
 Zero-Difference

Orbit Altitudes
LEO Satellite = 735 km
GPS Satellite =20,231 km

_ Assume LEO/USO CIOCk perfect 5 | RetrievalD'rfferencesfromlTloz |
- Use solved-for GPS clocks sof | ——  TID2-MCM4
o . ——  TID2-KOKB
- Minimal noise g4r
T30
2 Double Differencing:
See: Hajj et al., 2002, Wickert et al., 2002, 220f Temp. difference due
Beyerle et al., 2005, Schreiner et al., 2009 10k To multi-path at MCM4
0 1 1 | | 1
Sept 6-10, 2010 opA -0 & 6 4 2 0 2 4 6 8 10

Temperature difference (C)
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3 UCAR 5Rotkams Single-Difference details ~(oswic

LIS(t) =i+ 81,(1,) + ¢ 5tare,(tj+p (t)+c 0t (t -t 40" (1, —7) + Op!, (1) +

r
Eépa wn(t ) + (Spa tr()p(t j

Subtract ionosphere-free reference link phase, and eliminate other terms to get:
b c b b
Lla(tr) - L3a(tr) = 5pa,ion([r) + 6pa,tr0p(tr)

Smooth reference link L1-L2 to reduce L2 noise, but increases the uncorrected
small-scale ionospheric effects (Rocken et al., 1997, Schreiner et al., 1998,
Beyerle et al., 2005)

ForL1,use  L3((,) = LI(t,) +¢,(LL(1,) - L2;(1,)) () denotes
smoothing
. . with a 2 sec
ForL2,use L3((1,)=L2,(1,)+c,(LL(1,) - L2(1,)) i o

In future for COSMIC L2 excess phase, use
L35(1,) = LI (t,) + ¢, (LL(1,) - L25(1,))

Sept 6-10, 2010 OPAC 2010 Graz, Austria



# UCAR fiati Raw L1 Phase (oswic

COSMIC METOP/GRAS(ZD)
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3 UCAR %% Raw L1 Phase — Orbital Motion - (oswic

COSMIC METOP/GRAS(ZD)
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»UCAR wockavs — Subtract LEO and GPS clocks 46/5’@?

COSMIC METOP/GRAS(ZD)
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UCAR soum Bending angles from césw?

PROGRAMS . .
geometric optics

Geometric optics (GO) method - uses phase; needs single path propagation;
provides accurate solutions in the UT and above; does not work in the LT.

Be

Transmitted

wave fronts Wave vector of

received
wave fronts

From orbit determination we know the location of source and
We know the receiver orbit V . Thus we know P

_ 1 v v 1%
We measure Doppler frequency shift: f, = = = —COSY = f, —COsY
At Ax A c

Thus we know ¥ . And compute the bending angle 0 = P -

See Kursinski et al., JGR, 1997.
Graz, Austria



lonospheric correction of bending angles

lonospheric correction is performed on L1 and L2 bending angles by taking
them at the same impact parameter (Vorob'ev and Krasil'nikova, 1994)

a(a) =ca (a)-c,a,(a);, ¢ = f12 /(flz - fzz); ¢, = f22 /(flz - fzz)

Alternatively, it can be performed: a(a)=a,(a)-c, <a,(a) >;a, =a, -,
The additional smoothing <> reduces the effect of larger noise on L2
(but increases the uncorrected small-scale ionospheric effects).
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Optimal L4=L1-L2 filtering for the ionospheric correction

L2 noise is different in different
occultations. The fixed window

for L4 filtering is not optimal.
An optimal window is determined

C005.2006.271.11.32.G08

C006.2006.271.06.45.G02

Sokolovskiy et al., GRL, 2009

40

individually for each occultation.
Criterion: minimum LC fluctuation
between 60 and 80 km.
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A

S

||

B

L s e e s s

| IR |

C

0.5

1 1.5

window w4 (s)

1 -
0.5

1 1.5
window w4 (s)

2

O L
0.5 1

window w4 (s)

1.5 2

height of straight line GPS-LEO (km)

impact parameter (km)

C005.2006.271.11.32.G08

C006.2006.271.06.45.G02

80

C004.2006.271.11.27.G02

L1, L2 exc. Dop. (m/s)

C005.2006.271.11.32.G08

L1, L2 exc. Dop. (m/s)

C006.2006.271.06.45.G02

e 80 ——
L _5 L e |
| B = O —
= || =
% ; 75 | ——
= ————
—— —
— H N
= =
- = =
— L $7 — —
% e
;% e
L = B N ——
;‘,, L ———
—_— _——
= =
— = — |
== —————
60
0 -1 0 1

L1, L2 exc. Dop. (m/s)

C004.2006.271.11.27.G02
T T

80 5 80 — 80

ﬁ é Al i B IS C |

70 70 ﬁ> 170+ 1

1 [ 5

60 % 60 460 - 1

50 + - 450 - .
40 I n 1 L 40 1 | 1 40 1 Il

20 0 20 40 60 -10 0 10 20 30 40 -20 O 20 40 60

bend. ang. (1E-6 rad)

bend. ang. (1E-6 rad)

bend. ang. (1E-6 rad)



N COMMUNITY Bending angle nOise @
AR UCAR PROGRAMS between 60 and 80 km CG)SMIC

BA Noise STDWV
30 T

« UCAR/CDAAC results i COSMIC(SD) |
« 2007.274-283 zo| Average = 1.52 yrad
 BA Noise (STDV) =
rms deviation of the
observed bending angle
from the 15t guess
between 60 and 80 km
» Discard outliers with ise (i
STDV > 1e-5 rad. . BA Noise STDV
~1%, many due to |
sporadic E clouds (Zeng =/
and Sokolovskiy, 2010, 20|
GRL, in press)

15 - .

# of samples

POF (%)

METOP/GRAS(ZD) 1
Average = 1.06 prad -

15+

POF (%)

# of samples
~5,300 1

10—

O 1 2 3

Sept 6-10, 2010 BA noise (micro-rad)



%€ UCAR 5Rocrams

« METOP/GRAS(SD)

« COSMIC(SD)

« 2007.274-283

* Discard STDV >
1e-5 rad (~1%)

Sept 6-10, 2010

i

PO

FOF )

Bending angle noise ~(oswic
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BEA Noise ST DWW

# of samples Average = 1.35 prad

~5,000
L35(t,) = L25(1,) + ¢ (L15(1,) - L2(1,))

_DDDDUDDUDDDDDDDDDDEDDEED?:==_

BEBA noise (micro-rad)

BEA Noise ST DWW

# of samples Average = 1.52 prad
~15,000
L3:(t,) = L2(1,) + ¢, (L1 (1,) - L23(1,))

S ||| [ [ e

= .-d------—_?____
# of samples Average =1.43 prad
~16,200 ‘
L35(t,) = LIS(t,) + ¢, (LI (1) - L25(1,)).
Future CDAAC L2 phase
tlllim———

EA noise (micro-rad)

UPAUL ZU'1U Graz, Austria
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Bending angle noise —
vs. reference link L1-L2 smoothing CGS'V“C

oy
0 <N O AMDONDOO

« COSMIC(SD)

« 2007.274-283

* Discard STDV >
1e-5 rad (~1%)

Used less noisy reference
link for L2
L35(t,) = LI (t,) + ¢, (LI (1,) - L25(1,))

Sept 6-10, 2010
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Ba nolse (micro radd

EA Noise ST

1 sec smoothlng
1.58 prad

EeAa noise (micro-rad)

Ea Noise =T I[N\

2 sec smoothing
1.43 prad i

4 sec smoothing
1.39 yrad

BEa noise (micro-rad)
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Bending angle mean
between 60 and 80 km

COSMIC and METOP/GRAS(ZD): 2007.274-283

 BA Mean (SMEAN) =
mean difference of the
observation bending
angle from the 1st

guess between 60 and

80 km
* Discard [SMEAN]| >
3.5e-6 rad (~1%)

Different averages
are significant -

May be due to large
scale ionospheric
residuals that are a
function of local time.

Sept 6-10, 2010

PDF (%)

10

BA Mean SMEAN

(oswic

g+

Average = -0.06 +/- 0.47 prad
Average = 0.00 +/- 0.47 prad

| ] 1
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. oy OYStematic Bending Angle Differences —
e UCAR focui COSMIC VS Metop/GRAS oswic

(~10,000 Collocations within 2 hours/300 km, Jun-Dec 2009)

COSMIC (Single Difference) —
Metop/GRAS Beta (Zero Difference)
Count Raw Bending Angle Difference: 2009182—200936@(104)

0.0 0.2 0.4 Q.6 0.8 1.0

« Bending angle bias between SRR AR A SN SARM U
40 and 60km ~ -3e-8 +/- 3e-8rad [ Biasof \ ]

_ o[ ~-3e-8 rad ]
* May be due to old versionof | :
Metop/GRAS processing? £8[ STD of mean .
+ 3e-8 rad translates into N Je- :
~0.04 K (0.02%) at 20 km = |
altitude £e .

0 2 4
Difference (rad) (x10_6)
Schreiner et al., AMS, 2010
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Progress in inversion methods (derivation of bending angles
from RO signals under the assumption of local spherical symmetry)

Wave optics (WO) methods - use phase & amplitude; solve for the multipath
propagation in LT:

back propagation (BP) - propagates complex wave field measured on the observation
trajectory back to limb (in the single-path region), then calculates bending from phase.
sliding spectral (SS) methods - perform spectral analysis of the measured wave field
in a sliding aperture to identify multiple rays and estimate their bending angles.

Most advanced WO methods are based on integral transform of the whole
measured RO signal from coordinate to impact parameter representation:
canonical transform (CT, Gorbunov 2002); full spectrum inversion (FSlI,

Jensen at al. 2003); phase matching (PM, Jensen at al. 2004);

canonical transform 2 (CT2, Gorbunov and Lauritsen 2004)

CT - uses BP to straight line

FSI, CT2 - use representations of approximate impact parameter

FSI, CT2 - are computationally efficient (reduce to FFT, do not use BP)

PM - can be used for verification of other methods

The difference between inversion results obtained with CT, FSI, PM, CT2
is much smaller than other errors of RO in LT



impact height (km)

Comparison of the Full Spectrum Inversion (FSI)
and Phase Matching (PM)

Tropical occultation.

Strong fluctuation of the Statistical comparison COSMIC - ECMWF
amplitude of transformed
signal. Cycle slips possible. FSI PM
C004 2007 182 16 44 G25 ot (1)cosmicss_occt_atmprf (2)cosmicss_occt_echprf [ (1)cosmicss_occt_atmprf (2)cosmicss_occt_echprf
12 . v ‘ , ‘ i SO R 5?0 S— 10I00 R 15100 ‘ I] ' i) R 5(]]0 — lOIOO R 15]00 i '| i
Full Spectrum Inversion RN | l “
---- Phase Matching T 1
10 wf |+ 1 - |+ |
| |
8 : 1 |
y | |
6 [ <+
4 ~ T
2 L J o b l_—-——r'-/l,//./ L N W - ——r—/l///. I R
0 . 005 0 . O 1 0 . 0 1 5 O . 02 0 . 0 25 O . 03 0 . 0 ;‘:""""‘(‘;":‘:“ :‘:thm — ? (Ref(1)- Rgf(Z))lRef(l) ! ) 0(10'2) "(‘;,':"‘ﬁ" :w‘m _— ? (Ref(1)- Rgf(Z))lRef(l) ! !

bending angle (rad)

The use of one or another WO method (FSI or PM) does not introduce noticeable
difference in BA. However, there are other reasons for uncertainty (see next slides).



Upper stratosphere and lower troposphere are regions
of the maximum uncertainty of the GPS RO inversions

C002.2007.182.23.41.G27

— 1 ‘1 r v T T T T T T 1 T T T T T T T
— L1 excess Doppler (Hz)

1000
L1 C/A SNR (V/V) w WWMWMWM\J

800

1 ?‘\

600 -

400 - at what height to
. start using signal

o

200 - fori mversmn A/
0 &MH«HMMMMMWNWW M {K ‘ a{ ‘MMM TS
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In the lower troposphere: In the upper stratosphere:

the signal reduces below noise level the signal reduces below noise level
in terms of the amplitude in terms of the phase (Doppler)



Reasons for the uncertainty (inversion biases) in LT:

Atmosphere:

- ducting - results in the negative bias (RO signals propagate very deep)

- moist convection - breaks condition of applicability of WO methods by broadening
the local spectrum of WO-transformed signal and making the determined frequency
(BA) susceptible to local distribution of noise (may introduce both positive and
negative bias)

Important: changing structure of the moist LT may result in changing of the

inversion biases (and thus aliasing into the total retrieved N, water vapor)

Receiver:

- tracking depth - insufficient depth results in missing of sub-signals with largest BA
(negative bias) (see above)

- noise level - with 50 Hz sampling, local distribution of noise is asymmetric around
WO-transformed signal (may introduce both positive and negative inversion bias)

Inversion:

- truncation of raw signal - high truncation removes the sub-signals with largest BA
(negative bias); low truncation passes more noise (positive bias)

- filtering - RH filtering of the WO-transformed signal reduces positive bias induced
by the noise and introduces negative bias due to suppression of sub-signals with
largest BA

Sokolovskiy et al., JGR 2010 (in press)



Observed signal: noise band has given frequency width.
WO-transformed signal: noise band has given impact height width.
Distribution of noise wrt mean frequency becomes asymmetric.

The asymmetry results in the bias (negative near the cut-off,
positive above) when local spectrum of the WO-transformed signal
is broad.

{4 h A
observed transformed
RO RO
signal An signal

cut:off

A

CUt-Off - s+ e vomea NG e

impact height

time

>
bending angle o

N

frequency



With the 50 Hz sampling, local spectrum of noise of the WO-transformed
RO signal is asymmetric. The asymmetry increases with the increase of

the length of RO signal.

High latitudes:
WO-transformed RO signal
has narrow local spectrum.
The asymmetry of the local
spectrum of noise does not
affect determination of the
frequency (BA).

Low latitudes:
WO-transformed RO signal
has broad local spectrum.
The asymmetry of the local
spectrum of noise introduces
bias in the determined
frequency (BA).

RO signal used down to low
HSL - positive bias.

RO signal truncated high -
negative bias (at the bottom).

polar occultation

C004.2007.341.05.01.GO1

tropical occultation

C004.2007.182.16.44.G25
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Inversion biases

Truncation of RO signal with large
BA (sharp ABL top in sub-tropics)
results in the negative bias at and
below the ABL top.

C003.2006.254.11.01.G09
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Imposing additional noise when
local spectrum of WO-transformed
signal is broad (moist convection in
tropics) introduces positive inversion
bias when the full signal is used;
negative bias for truncated signal.

C004.2007.182.16.44.G25
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Difference in the inversion N-bias (COSMIC - ECMWEF) for different cut-off
heights HSL= -100 km and HSL= -150 km with (dashed lines) and without
(solid lines) additional noise. Higher truncation: larger negative bias.
Lower truncation: larger positive bias induced by noise.

1 July, 2007, all FMs
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Difference in the inversion N-bias (COSMIC - ECMWEF) for different SNR
with and without the RH filtering (Gorbunov, Lauritsen,

et al., 2004, 2006) . The RH filtering reduces the inversion

difference between high- and low-noise occultations, but results in the
mean negative difference.
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1 UCAR rocris Summary c@suvum

« ZD processing produces less BA noise than SD

« Smoothing reference link L2 more doesn’t significantly reduce BA noise
« COSMIC and METOP/GRAS SD have similar BA noise

« COSMIC mean BA is slightly smaller than METOP/GRAS

« Atmospheric ducting results in the negative bias

 Insufficient tracking depth and high truncation of raw signal result in
negative bias

* Local distribution of noise is asymmetric around WO-transformed
signal and may introduce both positive and negative inversion bias

* In moist LT, RH filtering of the WO-transformed signal reduces
positive bias induced by the noise and introduces negative bias due
to suppression of sub-signals with largest BA

« changing structure of the moist LT may result in changing of the
inversion biases
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