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__A new measurement concept.. S o] (o [ | | e

* Polarimetric RO (PRO) is a NEW MEASUREMENT CONCEPT

° It combines radio occultation links of the GNSS with the
polarimetric properties of the forward scattering off big rain
droplets (and other hydrometeors): GNSS polarimetric radio
occultations (GNSS-PRO)

* HYPOTHESIS: polarimetric information sensitive to heavy
precipitation

* If successful, GNSS-PRO would represent the only sensor that
can infer both

VERTICAL PROFILES OF ATMOSPHERIC THERMODYNAMICS
+

VERTICAL PROFILES OF HEAVY RAIN

ROMSAF-IROWG 2019 Helsinggr, 19-25 September, 2019



...to address open science questions: ;”;a“;t:tsii‘;fnces CSIC l E E C J

rrrrrr

Why are coincident thermodynamic and precipitation vertical
profiles required?

* They might help understanding the thermodynamic conditions
underlying intense precipitation

°*This is relevant because extreme events remain poorly
predicted with the current climate and weather model
parametrization

°* A better understanding is necessary towards improving
climate models and quantifying the impact of climate
variability on precipitation

ROMSAF-IROWG 2019 Helsinggr, 19-25 September, 2019
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GNSS-PRO: sesences . CSIC € E€C Y

GRAGIEMTS IM REFRACTIVITY

BEMDIMNG COF THE RADIC-LIMKS

5:_" o SR

e LEO RECEIVER
Right-Hand Circular Polarization

Right-Hand Circular Polarization

‘TYPICAL’ GNSS RO PRODUCTS: VERTICAL PROFILES OF THERMODYNAMIC
VARIABLES at the tangent point (typically temperature, pressure, humidity)
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GNSS-PRO: sesences . CSIC € E€C Y

——=HEAVY RAIN PROFILES?
W GRADIENTS IN REFRACTIVITY

— DEPCLARIZATION EFFECTS
BEMEING GF THE RABIG-LIMNKES

e - LEQ REGEIVER

H-linear polarization
W—|inear polarization

Right-Hand Circular Polarization

‘NEW’ GNSS-PRO PRODUCTS:

VERTICAL PROFILES OF THERMODYNAMIC VARIABLES (typically temperature,
pressure, water vapor)

+ VERTICAL PROFILES OF INTENSE RAIN
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‘NEW’ GNSS-PRO PRODUCTS:

VERTICAL PROFILES OF THERMODYNAMIC VARIABLES (typically temperature,
pressure, water vapor)

+ VERTICAL PROFILES OF INTENSE RAIN

ROMSAF-IROWG 2019 Helsinggr, 19-25 September, 2019



GNSS-PRO: sesences . CSIC 1€ ECT

SEJO SUPERIOF

To understand this concept it is important to keep in mind that the
big falling rain drops ARE NOT like this
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To understand this concept it is important to keep in mind that the
big falling rain drops ARE NOT like this

but rather LIKE The bigger the drop, the

larger the asymmetry
effect

More large drops in
heavier rain

(dragging of the air)

ROMSAF-IROWG 2019
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SEJO SUPE

precipitation cell

GPS — LEO
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precipitation cell
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GNSS-PRO: sesences . CSIC 1€ ECT

precipitation cell
o @ o

GPS A9  LEO

Observable: horizontally
Integrated polarimetric

. phase shift (or polarimetric
"o © ¢ phase delay):

AP = ¢y, -,
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precipitation cell
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This new measurement concept is being proved aboard the
Spanish PAZ LEO

- the Radio Occultation and Heavy Precipitation aboard PAZ
experiment

(ROHP-PAZ)

https://paz.ice.csic.es

rohp-PAZ
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ROHP-PAZ: s seences - SSI1C €€ CY

NES CIENTIFI

Spanish PAZ satellite:
— Main payload, X-band SAR

— Polar orbit (97.4 deg) at ~514 km
altitude, sun-synchronous dusk/dawn

— GPS receiver
— One 2-pol (H/V) RO antenna
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Space Sciences ...

The ROHP-PAZ experiment is led by ICE-CSIC IEEC: concept,
experiment design, technological requirements, funding responsibilities...

But it has only been possible because of the committed support,
collaboration and agreements with:

— Hisdesat: company owner of PAZ

— NASA/Jet Propulsion Laboratory: scientific interest in products
and post-processing algorithms, NASA grants for their participation

— NOAA: near-real time ground-segment operations, NRT data

dissemination of the ‘standard’ products to weather services
worldwide

— UCAR: generation of the NRT ‘standard’ products for NOAA

ROMSAF-IROWG 2019
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ROHP-PAZ: s - CSIC 1€E€CHY

Sucessful launch on February 22, 2018, by SpaceX (Falcon9).
GNSS RO experiment activated on May 10, 2018.
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* The IGOR receiver provides amplitudes and phases of each
polarization channel.

* UCAR and JPL process at level-1: SNR, excess phase ¢, at
each polarization: ¢H, ¢V - suitable to play with
polarimetry.

* |ldeally, the only difference between ¢H and ¢V would be
the larger delay induced by hydrometeors at H-pol than V-
pol (and a constant 90° shift).

* However, other systematic effects do not cancel out. Largely
the antenna phase pattern.

ROMSAF-IROWG 2019 Helsinggr, 19-25 September, 2019
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dH-¢V without further processing looks wrong (h_exL1 - v_exL1):

_phi (m)
i

Remaining cycle slips

Delta

__ A¢ ranges metersl!!

time

Helsinggr, 19-25 September, 2019
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£

dH-¢V without further processing looks wrong:

004 4

002 4

0000 4

Cycle slip corrected delta-phi (m)

—0.02 A

time

1) correct residual cycle-slips!!
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dH-oV without further processing looks wrong:
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Cycle slip corrected delta-phi (mm)

2) function of altitude and smooth (1-sec filter)
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dH-oV without further processing looks wrong:

N but still some residual
trends above 20 km...
10 I e ——
T T I
J— e L T

Cycle slip corrected delta-phi (mm)

2) function of altitude and smooth (1-sec filter)
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dH-pV now calibrated!
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Calibrated delta-phi {mm}

3) linear fit above 20km, then subtracted to the whole profile
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* After simple calibration:

GRL 2019
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Improved calibration strategy, accounting for antenna pattern:

Calibration and Validation of the Polarimetric Radio Occultation
and Heavy Precipitation experiment Aboard the PAZ Satellite

Ramon Padullés', Chi O. Ao', F. Joseph Turk', Manuel de la Torre Juarez', Byron lijima', Kuo Nung Wang?>', and
Estel Cardellach?

IJet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, 91109

2Scripps Institution of Oceanography, La Jolla, San Diego, CA
3nstitut de Ci‘encies de 1’Espai, Consejo Superior de Investigaciones Cientificas, Insitut d’Estudis Espacials de Catalunya

Correspondence: ramon.padulles.rullo@jpl.nasa.gov

Under review at Atmospheric Measurement Techniques

(Padulles et al., IROWG-ROM SAF 2019, next talk)
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AGU 100 %5, | r—
Geophysical Research Letters B

RESEARCH LETTER Sensing Heavy Precipitation With GNSS Polarimetric Radio

ey Points: E. Cardellach'2("),s. Oliveras'?(", A. Rius'2(),s. Tomas"2(",C.0. Ao*(, G.W. Franklin®

. We present the first spaceborne GNSS . Cardellac , S. Oliveras ,A. Rius ,S. Tomas ,C.0. Ao*",G.W. Franklin® ",

radio occultation signals acquired at B.A. lijima®" ", D. Kuang® ', T.K. Meehan® "',R. Padullés®> ', M. delaTorre Juirez® ",

two polarizations 3 4 . . 4 P

- The measured observables sense F.J. Turk® " ,D.C. Hunt?, W.S. Schreiner® ,S.V. Sokolovskiy?, T. Van Hove J.P. Weiss?* ",

intense precipitation and capture its Y. Yoon*, Z. Zeng* ,). Clapp® W. Xia-Serafino®, andF. Cerezo®

vertical structure

+ No other technique captures both !Institute of Space Sciences (ICE, CSIC), Barcelona, Spain, ZInstitute for Space Studies of Catalonia (IEEC), Barcelona, Spain,

thermodynamics and hydrometeor

e i 3 Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA, 4University Corporation for
profiling in intense rain phenomena

Atmospheric Research, Boulder, CO, USA, *National Oceanic and Atmospheric Administration, Silver Spring, MD, USA,
8Hisdesat, Madrid, Spain

Jan 2019
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SEJO SUPERIOR

* Results using first 5 months of data: May 10 to October 10 2018

* Co-located with IMERG 2D rain products + successful QC: 14,297
with 4,338 rainy cases

* IMERG provides 2D rain rate combined from different sources, In
30 minute interval, but ~14% detection failures

* Co-location by averaging wide areas of IMERG rain around the
GNSS-PRO central point

ROMSAF-IROWG 2019 Helsinggr, 19-25 September, 2019
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<Ap>, . for each individual profile - histograms: GRL 2019

[ Rax2=0mmh™*
1 Rax2>2mmh?
0.54
1 Ryx2>4mmh!
RAIN-FREE events:
0) I 0
» 98.4% with <A¢>, <2
0 T 0]
99.97% with <A¢>, . <4
03 . . . L .
& false intense rain positives’:
0 o)
for <A¢>, _ >4" = 0.96%
0.2 4
0.1+
I NOTE: not a detection algorithm, yet
0.0 j 1 i : 0 Exercise to check meaning of the signals,
—10 °o 10 2030 40 to understand the observables, link to
Mean differential phase shift (deq)
hydrometeors...
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<A¢>, . for each individual profile — link to rain rate:
GRL 2019

20.0

—3— 0.6°x0.6°
1751 4 27 x2°
15.0 1
12.5 1

Average of all individual (A®) (deg)

0 2 4 6 8 10 12
Rain rate (mm/h)

ROMSAF-IROWG 2019 Helsinggr, 19-25 September, 2019



STUDIES: Sensing hydrometeors

Institute of
Space Sciences

Validation of the vertical structure of A¢(h):

Height (km)
=
o
o
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9 km < cth <13 km
13 km < cth

______________________

------------------------------------

10 15 20
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25

CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

GRL 2019

All cases with R20>1mm/h
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Validation of the vertical structure of A¢(h): GRL 2019

20.0

cth < 6 km
6 km < cth < 9 km
9 km < cth < 13 km
km < cth

17.54

15.0

High sensitivity to, .
mixed phase £ /]
. X

Cloud ice

All cases with R20>1mm/h
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____________________
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A® (deg)
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* STRONG SIGNAL DUE TO FROZEN PARTICLES (cloud ice, mixed
phase...)

* OPPORTUNITY: unique new way of sensing frozen particles. Can it be
used to improve micro-physic aspects? Role of these particles in extreme

events?

* CHALLENGE: polarimetric shift mixes rain and other hydrometeors. The
Look-Up Tables (LUT) prepared for the rain retrievals did not include
contribution from frozen hydrometeors, so new LUTs need to be

developed

) real — Ry real o| — B real
I Most prob. | 10th
EREE 1| | | 25th
mEERERE |1 s0tn
| 00tH

N EEEE I I I R R R I R R R N E T M Y R T I R RaT s

{ R} (mm/h) { R} (mm/h) Ry (mm/h) Ry (mm/h) i ) Rel. humidity (%) Spec. humidity (g/kg)
Temperature (C) :

QJRMS 2018

Helsinggr, 19-25 September, 2019

ROMSAF-IROWG 2019



NN .. CSIC |€EECS

SCIENTIFIC INTEREST
THE POLARIMETRIC GNSS RO
THE ROHP-PAZ EXPERIMENT

POLARIMETRIC DATA PROCESSING

1) Sensing hydrometeors
OVERVIEW OF STUDIES —> 2) Other observables

3) Thermodynamics of heavy precipitation
DATA STATUS 4) Polarimetric bending-impact space

5) Reflectometry

CONCLUSIONS

ROMSAF-IROWG 2019 Helsinggr, 19-25 September, 2019
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* Extraction of large scale precipitation information from
intermediate observables?

20km
— | <A¢>freezing level

Htop ]
T=0 _C

Polarimetric phase shift (mm)
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* Convective precipitation from ERA-5:

poola { Al
H_>10 km
00012 - 2km = toph = Skm tOp

00010 {  toph > 10km

00008 -

0.0006 -

Convective precipitation (m}

2 km < Htop<5 km
Ht <2 km
op

2 4 & 8 10 12 11
Mean polarimetric phase shift above the freezing layer (mm)

<Ap> 20km
freezing level

4.5 months of PAZ data
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£

H top (color) <DeltaPhi=_freezing™20km (size)

-17.5

H top (km)

180° 120°W B0°W 0 B0°E 120°E 180°

May 10 — Sep 30, 2018
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STUDIES: Thermodynamics of heavy rain ;n;fct; e - CSIC IEEC"

Padullés et al., AGU 2018:

Vertical Thermodynamic Structure of Precipitation

* Convection drives the most intense precipitation events
* There is a lack of observations in deep convection

* This results in uncertainties in modeling and predicting precipitation

* Increasing evidence points to
control of convection by the free
tropospheric water vapor

A HVEWSELTREE

| We need more
PRI | | globally distributed and vertically
resolved observations

2 km

L

Helsingar, 19-25 September, 2019
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STUDIES: Thermodynamics of heavy rain ;”;a“;t:;i:;fm
Padullés et al., AGU 2018:

Vertical structure of precipitation from RO

Using RO thermodynamic retrievals and GPM IMERG
prempltatlon

q dlfreren m|r max Iq k_]l
=1

i -,
West Pacific \ | Atlantic

Difference

between g

. averaged

* -, Onmax and

%~ min precip

A “, (top axis)
by

each line:
Average of
. q of ¢’:Il||
. profiles in
. Prange

1

height (km)

) gFg

height (km)

Co-location COSMIC — IMERG precipitation

{y/ww) a3ed uley

CSIC |eeC”

Solid lines:

Specific humidity
(top) and relative
humidity (bottom)
averaged on different
precipitation ranges
as a function of height

Dashed:

Difference between
max and min
precipitation bin
averaged variable
{i.e. — lines}
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Padullés et al., AGU 2018:

Vertical structure of precipitation using PRO

Using PRO thermodynamic retrievals and { ¢,- ¢, ) as a proxy for

plﬂ&Glplt@tlQ«ni q difference r_\'1ir|_.‘]n'\a.':'. la/kg)  qdifference r_\'1ir|_.‘]n'\a.':'. (a/kg) g difference r_|'1ir|_.‘]n'\a.:'. la/kg)  qdifference r]'lin,n"rna,\_( la/ky)
= I 1 r 3 5 & L a 1 r 3 5 6 12 . 1 2 3 5 6 = a 1 r 3 5 & . . 1 2 3 4 5 &
i i

Atlantic A Indian

E
£
o
=

o
‘T
£

rs' _\.‘:
- ( bu- by )
5 75 ’ H v
q g/
RH difference min/max (%) min/max (%)
o n n 1 “n 50 &0 ¥ =0 (1]

05 < as a proxy for
02 3 precipitation

height (km]

PAZ data (no co-location)
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STUDIES: 2- i e sances - S SI1C 1€ ECHY

rrrrrr

Is the differential polarimetric bending angle, aH - aV, sensitive to
hydrometeors?

Wang et al., IROWG-ROMSAF 2019, poster P07

Rain rate (mm/hr) 6382 6382
—— 10mmy/hr —— 10mm/hr
— Bend diff. 6381 - —— 20mmphr | o | —— 20mmjhr
—— phase diff — 30mm/hr —— 30mm/hr
P — 40mm/hr — 40mm/hr
6380 - 6380 -
€
< 6379 6379 -
= @
£ 7]
< E
o g 6378 6378 -
o =
U %]
T T 6377 6377
E
6376 - 6376 1
6375 - 6375 4
6374 T T ; T T 6374 T ; T T
=100 -7.5 -5.0 —-2.5 0.0 2.5 5.0 7.5 10.0 -15 -10 -5 0 5 10 15 -0.2 0.0 0.2 0.4 0.6
% (km) alpha diff(urad) Phase diff(rad)
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* As other RO missions, PAZ accidentally captures signals
reflected off the Earth surface, too.

* Gorbunov et al.,, 2018 developed a ‘reflection index’
related to the intensity of the reflected signal.

°It Is then possible to check the ratio between both
polarizations of the reflected signal.

Is the ratio between the H-pol and V-pol components
of the reflected signal providing information on the
Earth surface?
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STUDIES: Reflectometr 's”;f;?tsii‘;fnces CSIC l E E C J

* Polarimetric ratio (in dB) of reflections off different
S u rface typeS : REFLECTED SIGNALS

Histogram of polarimetric ratio (dB) 10 Histogram of polarimetric ratio (dB)
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STUDIES: Reflectometr

Histogram of polarimetric ratio of REFLECTED signals (dB)

* Sea Ice thickness:

Sea ice thickness <1 m
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POLARIMETRIC SETS:

* UCAR has released PAZ data at CDAAC (including excess phase and
SNR at both polarizations) -~ A¢ needs to be calibrated!

* |[EEC plans to released calibrated A¢ and other derived products soon.

* JPL plans to begin releasing the PAZ data ~ November, including
calibrated polarimetric A¢p products (Level 1b).

‘USUAL’ RO SETS:

* UCAR has released PAZ data at CDAAC (including NRT). See Doug’s
presentation later.

* NOAA ground segment and UCAR processing chain are opering in NRT.
See Francois’ presentation on Tuesday.

* NOAA working for a second ground station (Finland).
* PAZ data disseminated in NRT through USA PDA system.

* NRL assimilates PAZ data into NAVGEM operationally. See Ben’s
presentation tomorrow.

* GTS dissemination only requires a ‘quick checkout’ by NOAA (any time
now?).
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* PAZ carries a polarimetric RO payload, to prove the GNSS-PRO
concept.

* New measurement concept: thermodynamics + heavy rain.
* Launched: Feb 22, 2018. RO activated on May 10, 2018.

* Polarimetric phase shift linked to precipitation, larger signals for
more intense rain.

* Vertical features in polarimetric phase shift consistent with
storms at reaching different altitudes.

* Strong signals induced by mixed phase/cloud ice.

* Use of other derived-observables (top height, signal above freezing
level, ...) - potential for convection products.

* Use of PAZ A¢ and PAZ RO moisture profiles — Direct use of PAZ
data for better understanding of deep convection system?

* Polarimetric bending space also sensitive to precipitation.
* Polarimetric reflected signals (?)

* DATA ALREADY PUBLICLY AVAILABLE, AND SOON
DISSEMINATED IN NRT.
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-PRO

* PAZ carries a polarimetric RO payload, to prove the
concept.

* New measurement concept: thermodynamis
* Launched: Feb 22, 2018. RO activz

more intense rain.
* Vertical feat
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rohp-PAZ

More info and data access:
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