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EUROPEAN SPACE AGENCY

History of Cloud and Precipitation Radar Missions

« TRMM-GPM-PMM (Precipitation)

« rainCube-INCUS (US small satellite)

« CloudSat-EarthCARE-WINVERN (Cloud)
TRMM and GPM

* MIssion overview

« example of observation
PMM

e MIssion overview

* mission purpose, scientific objectives

« Doppler velocity measurement
Summary

Contents
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EUROPEAN SPACE AGENCY

Spaceborne Cloud/Precipitation Radar Missions '~ 4 @esa

*: Earth explorer 11 mission

1995 2000 2005 2010 2015 2020 2025 2030
r Europe
e ESA WIVERN*
tapan o s P o Q) LY
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u-band (13.8GHz) w-band (94 GHz)
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b‘ 2014-
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TRMM & GPM
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Launch: Nov. 1997

Science target:
Quantitative measurement
of tropical rainfall, which
drives the global
atmospheric circulation.

AN \

LIS
(Lightning Imaging
Sensor)

VIRS
(Visible Infrared
Scanner)

Achievements:

« Quantitative estimation of
global surface rainfall

« 3D rainfall in global basis

« Characterization of
extreme precipitation

« Estimation of latent
heating profiles

Earth’s Radiant Altitude: 350 km (-2001) [N Global pattern of diurnal

Energy System) G 402.5 km (2001-2014) A

Swath width: 215 km « Global reference for
- Inclination angle: 35 °

CERES
(Cloud and the
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Global Precipitation Measurement (GPM) ” Jpa Q@esa
Expanded TRMM concept to combined radar and multi-satellite radiometer observations for frequent global
precipitation estimation and expanded the partnership of JAXA, NASA with International partners

radiometer satellite Scientific Achievements

constellation Better esti.ma’Fion of glob_al_ su.rface precipitation py DPR_.
b" Characterization of precipitation (conv/strat., solid precip.)
; Global distribution of extreme precipitation events.

Societal Applications

Application for numerical weather forecasting
Development of global precipitation map (e.g. GSMaP) and
apply it for flood forecasting.

core observato:l/

Y,
GSMaP Hourly gIobaI preC|p|tat|on map (©JAXA)
(dual freq. ra ’J’% - s e S R

radiometer)

.ts.{ 4. ..‘f- ; > G
Launch: Feb. 2014 SN = n‘*
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EUROPEAN SPACE AGENCY

Gp Global Precipitation Measurement Mission
b, lk Core Observatory
High Gain
Antenna |

‘ Avionics / Star Trackers ’

GPM Microwave
Imager (GMI)

Propulsion Module /
Reaction Wheels

Solar Array

Dual-Frequency Precipitation
Radar (DPR) Ku-Band (13.6 GHz)

YDPR gpm.nasa.gov

Sensors: Dual frequency precipitation radar (DPR) and GPM Microwave Imager (GMI)
Satellite altitude: 407 km (—Nov. 2023) , 442 km (Nov. 2023-)
Swath width of DPR: 245 km

Inclination angle: 65 degrees, covering tropics to mid-latitudes
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orecipitation record by TRMM and<6PM % Cesa

EUROPEAN SPACE AGENCY

No significant increasing/decreasing trend, both for unconditional and conditional rainfall.
This may be inconsistent with the IPCC AR6 report.

mm/day TRMM/PR (2001-2014) & GPM/KuPR (2014-2023)
- unconditional R (mm/day)
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ossible answer = E-1 esa
p

Global monthly anomaly trend

0.8

0.6 r i
04 . Kato et al. (2025) analyzed radiative flux trends
9 using CERES and GPCP data and showed that
w.: the near-neutral trend in precipitation can
- be explained by a balance between increased
2 o4l 1 shortwave heating associated with rising
= ooz | 1 water vapor and longwave cooling.

-0.8

(% Kato et al. 2025

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK
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precipitation trend from precipitation radar

(displays only significant trénd area)

esa

EUROPEAN SPACE AGENCY

Ku 30N-
(occurrence) ,.

10N 1.
EQ-
1084

2002-2022

2054\ 8
3051 .
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0

(%/yr)

0.015

0.01

0.005

0

-0.005

-0.01

-0.015
(mm/day/yr)

0.6

0.3

. - unconditional rain rate
-0.3 shows almost neutral trend
[ except for around ITCZ

-0.9

-1.2
(mm/day/yr)

0.3

0.2

0.1

0.05

0

-0.05

-0.1

* significance level of b % by
Mann-Kendall test

 conditional rain rate
decreases except for tropical
region (e.g. ITCZ)
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(displays only significant trend area)

2002-2022

STH _ 3N {5

(30dBZ) 208{ "
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STH _ 30N
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205\
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EQ

105 18

208
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(km/yr)

0.08
0.06
0.04
0.02

0
-0.02
-0.04
-0.06
-0.08

e storm top height decreases
most of the region

* increasing trend over maritime
continent

e no significant change over
ITCZ, SPCZ, Indian Ocean, etc.

e storm top height with higher
threshold shows similar
pattern with precipitation trend

* increase in precipitation

corresponds to the increase in
storm top height

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK
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Drop size distribution trend 44*4 Cesa

(displays only significant trend area)

2002-2022

« epsilon: adjustment parameter

epsilon_ 3oy

(35—45 de)ZON- s, . 1 T ol lel  -F - oL ' for k_Z relatlonshlp
10N - A OB e - _ o . .
28 ' - smaller epsilon: larger drop
10S 4 - - Vo - S E Vi - IR .
205 e - larger epsilon: smaller drop
303. ... by

0003 . 2535 dBZ & 35-45 dBZ

(zsgp§g°332)§g:ﬁ- > -~ - epsilon decreases almost all
122: g z‘zz;s region indicatin_g the increasing
105 L trend of drop size.
20S - _
30s- -4 H-0.0005 e 15-25 dBZ

-0.001

« No clear trend for high
precipitation region.

epsilon 30N-
(15=25 dBZ),,,J.
10N+

EQ+

1054

208

30S-
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Precipitation Measuring Mission (PMM)
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EARTH
SYSTEM

OBSERVATORY

INTERCONNECTED L= . - PoISIR
CORE MISSIONS N .. e P e PMM
‘ : ~ ' et FALCON-Lidar

FALCON-Radar

SURFACE BIOLOGY i Wil Wwewenr nl IR
AND GEOLOGY | ’ - L CONLide
EAGLE-VSWIR W T P e Tl STRIVE
EDGE ™~ T 3

EAGLE-TIR

SURFACE DEFORMATION O i MASS CHANGE
AND CHANGE ) *

GRACE-C
NISAR

*contributing, competitively-selected missions

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK (from Dr' St Germai nls (NASA) presentation) 16
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Fleet for the Atmosphere Linking
Commercial Observations with NASA

FALCON

PMM (JAXA/GSFC)
Precipitation profiles

FALCON-Lidar (GSFC/LaRC)

Atmospheric structure and composition
measurements

FALCON-Radar (JPL)

Cloud profiles to improve understanding
of severe weather drivers.

FALCON-Radiometry (Commercial)
RFI| Released this week for contribution
options

weiboid 3ybij4 eousiog yjieg

Iiion
b

pos

R
¥
2 W
WS i
, &4 N

\

.%!

Joining the FALCON fleet
+ INCUS (CSU/JPL)
12 * PolSIR (Vanderbilt/ GSFC)
« STRIVE (UW/GSFC) L
EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK (from Dr. St. Germain’s (NASA) presentation) ;

Profiles
Com

e




EUROPEAN SPACE AGENCY

PMM (Precipitation Measuring Mﬁ“ ior T @osa

« Evolution processes of precipitation system
 Cloud-precipitation interactions

« Improvement of global precipitation map

Joining to NASA’s FALCON (Fleet for the Atmosphere Linking Commercial
Observations with NASA)

- PMM satellite is under development by JAXA
Launch: 2029-2030 (by NASA)

KuDPR: Ku-band Doppler precipitation radar (JAXA)
- Doppler radar: nadir direction (DPCA: displaced phase center antenna)
« scanning radar (similar to GPM/KuPR) for long-term precipitation record
« currently it is in critical design phase

C20MODO (CNES): 89 GHz, 183 GHz and 325 GHz radiometer (expected to be tandem flight
with C20MODO satellite).

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK
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Scientific ob]ectlves/offPMM —xa  @esa

- Convective Dynamics _
« Updraft structure of deep convections Loxioss » +*Be s
and tropical cyclones | Q‘*‘*"" H{A gﬂz;efm{’"a,,&:’%:
- Cloud-Precipitation Processes -

« Understand the global precipitation oc
system incl. microphysical processes

Ice crystal (~80%) processes

A (a) STEPS: Cold-based clouds (Control run)

»
o]
'S
Warm—graupel ;8
Cold-graupel/hail »
Raindrop l
Warm-rain Process :
:N e Crystal Process

CCN
Warm Surf. Precip
Cold_Surf. Preci|

VAR Warm-rain (~20%) and
lce crystal (~80%) processes
driven surface precipitation
over convective region

driven surface precipitation

» Improvement of GSMaP

- Climate Response of Precipitation (Gupta et al., 2023)
 long-term trend of precipitation

G S MQ :" — TRMM/PR (2001-2014) & GPM/KUPR (2014-2023)
: T uncondmonal R (mm/day) ‘ j
s - I
3_“ l \ | " A “‘
N \s ‘ i \. M |
bbb W
VIl b / \ \ (J

EarthCARE 2026 Sci  ux 2005 2010 2015 2020



The transformation of satellite observatl

esa
by Doppler velocit measurements )%M
TRMM & GPM EarthCARE & PMM

Deal the Earth as static system Deal the Earth as dynamic system
. Kinematic information (Doppler velocity) allows to
Try to understand the characteristics of : .
analyze the interaction between processes.
each parameters e R
* Precipitation characteristics j“&g
e Cloud physical quantities i " ERER
*:‘ff“’, .aeI'OSO|TC|OUd e 3 *'°§‘,’f§u'§on dynam|cs
.« interaction PU 4
» FECYCLES- .a';mn Turbu/e, QJ“ d"a Y
‘8.0‘,0 W .b.oo?e\‘r,a *2' ;;,-’ Nce Ph ‘ z
s «»f’z.»« s g cloud-precip.
et N\ mteractlon
RS e 05 D Fc“oﬂs :
L e -

circulation
e thp;;ﬁun. N ] V Y

arth system elementary

(NOAA)
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PMM Ku-band Doppler radar (KuDPR)<%

Major characteristics
The Ku-band Doppler Precipitation Radar

(KuDPR) will be two-antenna system that

Frequency 13.6 GHz

adopts Displaced Phase Center Antenna (DPCA) Observation - Doppler obs. (at-nadir)
approach (Durden et al. 2007, 2023, Tanelli et modes * Dense sampling (near-nadir)
al. 2016, Nakamura and Furukawa 2023). * Wide swath obs. (similar to GPM)
> The DPCA approach can lead to more footprint size 5 km
accurate Doppler measurement. swath width 250 km (wide swath)

Ku-band Doppler Do ler obs. Dense sampling obs.

Precipitation Radar (KuDPR)

R '[,.

An experimental

observation of doppler beam
scanning to measure
horizontal winds is also
planned.

! wide swath obs.

(c) NEC

Lal Ui AL cueu .,L.CNE.S. ﬂadiameIEI.up | (.a d;esrgﬁLlTﬁe\.dfesl-l?@% +-§))<ford, UK 21
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Basic concept of KuDPR L2 Precip_.ﬁﬁpbler 5I§mitﬁ-‘ma

EUROPEAN SPACE AGENCY

Three modes in one scan Cycle Doppler obs. Dense sampling obs. Wide Swath obs.

- Doppler obs. (DP) nadir \ -
/ \ ‘x49

 Dense obs. (DS) near nadir
Beam scan pattern Along Track direction

 Wide swath obs. (WS) 250 km
swath width

w

Distance [km]

3

-20 =15 -10 -5 0 5 10 15 20

Beam scan angle [deqg]
Plotted on the geographic map l Close up

EarthCARE 20288665305 0asdonwiah 0@5@@@ 8T PREE S AP UK 229
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i Along-Track m 2.1 x 2
SR Cross-Track m 2.1
Measurement Mode - DPCA Doppler Dense Normal
Doppler Measurement Accuracy 0.89
(assuming perfect bias correction, with m/s @S/N=6.13dB
uniform precipitation) (Z=16dB2Z)
Spatial Resolution Along-Track km 5.3 5.3 5.3
@Nadir & 430km Cross-Track km 5.3 5.3 5.3
Spatial Sampling Along-Track km 1.66 1.66 5.0
@430km Cross-Track km No Scan 1.76 5.3
Range Resolution m 500 500 250
Range Sampling m 250 250 125
Swath @430km km No Scan 8.8 270
: : < +- 13.49deg km 17 20 20
ISR lnf2e > +- 13.49deg km N/A N/A 18
Transmit Pulse Width uS 3.2 3.2 1.6
Zs @Nadir dBZ 717 7.16 14.73

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK 23
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Standard Products (KubPR) (1) W

Product Sampling Resolution e e
Level (repres-entatlve Major geophysical variables Sensor | Unit | Swath spatial | Vertical | Spatial | Vertical R
variable)
SRR Received echo power Orbital e dliimy) | 20y 5x5km S Itrr]aen);triri':caeldc/arg(t:):\lodn ec;(vr\)/irrl?nedn::etzitﬁzllcrl::zgiir\:jlue o
echo power P 255km [5x5km  [125m 250m P

value shall agree within =1 dB.

L1 . . .
Doppler velocity (primary correction),

Pulse Pair Covariance, Spectrum Orbital |5km 1x5km [250m  [5x5km [500m  |Evaluated by Doppler velocity (final correction)
Width

Doppler velocity
(primary correction)

[Rainfall] ~ £10% of surface rainfall
[Snowfall] 90% or more quantitative detection of snowfall
(D) near the surface at nadir and observable by the

Radar reflectivity factor, satellite ; .
rf k
Precipitation rate If’lrjec?ceralcic;jeC i(c)?iﬁtezer(%)l Orbital plam Ly | 2l 5x5km PO D =100 XZde/ZSi
P e NADIFE: 255km [5x5km  [125m 250m =

DSD, Precip type,

where, S indicates snowfall rate [mm] observed by a high-
Non-uniform parameter etc.

sensitivity sensor located at nadir of the satellite and near
the surface where the satellite can observe. Sd indicates
L2 snowfall rate[mm] observed by the high-sensitivity sensor
detected by KuDPR.

D'oppler veIoFity Doppler vglocity '(ﬁnal correction), Orbital I5km 1x5km  Psom  I5xskm |500m Doppler measurgment accuracy of about 2 m/s or less just
(final correction) |Vertical Air velocity etc. below the satellite

Achieve either a zonal mean difference in equivalent
precipitation, which is the vertical accumlation of

LatentSHpszj:ir:l (SLH) Latent heating profile, type, etc. Orbital [255km |5 x 5km [250m  [5x5km [250m |precipitation and latent heat heating from KuDPR, of less
g than = 20% or less than 0.5 mm/day in each latitudinal
band.

Long-termK dataset of precipitation [TRMM/PR,

P N J NN ncickantwith-DAMA-LKAPPRICPA/P PR
A NG o CONSISTENTUWItI T ivivi/ IKUD T WO Vi DTN

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK 24
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Standard Products (KuDPR) (2/)
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EUROPEAN SPACE AGENCY

. ) Grid resolution Required
Leve . . . Observation Time
I Product Major geophysical variables Sensor ranae resolution spatial | Vertical accuracy
9 P (success criteria)
Syrecolisian @ Statistics of Precip rate profile, phase, DSD Sl 0.05° x01 or5 |
Doppler velocit e glliezl monthly |05 layer(s) Evaluatedin L2
Y Statistics of Doppler velocity KuDPR oo Y
Spegtral EICE Statistics of SLH Global Monthly 0;5 o 80 layers |Evaluated in L2
heating o
Long-term precipitation dataset Daily 0.05° xO1 or5 :
Long-term data consistent with KuDPR TRMM/PR, el monthly |05 layer(s) Evelugtzd i (L2
L3 record - i ith GPM/DPR™ °
Long-term SLH dataset consistent with Global Monthly 0;5 x0. 80 layers [Evaluated in L2
KuDPR 5
KuDPR,
GIOba.I Stz Mean surface precipitation rate, Multl_- 5 GSMaP daily
Mapping of : : N passive Hourly 0.1° xO0. .

LT observation pixel counts, precipitating . Global ® N/A rainfall
Precipitation el counts. phase infornation microwave /monthly |1 ~ +40%
(GSMaP) P P radiometers R

(PoR)

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK




Structure of product

KuDPR Precip.Doppl

DP

DS

PRE

VER

DOP

SRT

CSF

T DSD/SLV

L

PRE

VER

SRT

B VER

= SRT

— DSD/SLV I

eI‘/L‘Z/
WS
= PRE /

/

J

Output for DP, DS, and
WS respectively.

PRE, VER:--etc.
Variables are stored
under each module,
following the same style
as GPM Ku and Ka.

EarthCARE 2026 Science

and Validation Workshop | 8 — 12 June 2026 | Rhodes House

| Oxford, UK

Each outputs from DP,
DS, and WS need to be

consistent with one
another.
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Summary

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK 27
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PMM (Precipitation Measuring M|§S|on) =

PMM will be the second Doppler radar mission (or first Doppler
precipitation radar mission) collaborating with NASA’s FALCON
(Fleet for the Atmosphere Linking Commercial Observations with
NASA) program

- DPCA technique for better Doppler accuracy

- Launch: 2029-2030

PMM will focus on the Convection Dynamics and cloud-precipitation
processes as well as the global precipitation record and improvement of
global precipitation estimation

« more than 30 years of data since TRMM satellite

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK 28



Future direction of precipitatioff missmns 754’“ Eesa

Radar
technology Conventional Radar Doppler Radar
(Z only) (Z and Doppler velocity)
AT observation (tandem satellites )
Science

O Use of precipitation profile, Researches combined dynamics

¥ 2 latent heat profile, and surface and cloud physics

S % rain map (e.g. GSMaP) - Evolution processes of precip. system
- extreme rainfall « aerosol-cloud-precip. interaction
« diurnal cycle

Satellite development (H/W, S/W)
Agency-driven (e.g. JAXA) » Agency-private collaboration

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK 29
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Thank you for your attention ~ o spxa  Qoesa
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Scientific questions during PMM era

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK 31



Key Science Questions forPMM =" 4 @esa

EUROPEAN SPACE AGENCY

1. Convective Dynamics
How do vertical air motions in deep convection regulate precipitation
formation and intensity?

2. Cloud-Precipitation Processes
What processes control the formation and evolution of precipitation
particles?

3. Climate Response of Precipitation
How do precipitation systems and the global water cycle respond to
global warming

4. Extreme Precipitation Mechanisms
What physical processes control the occurrence and intensity of extreme
rainfall events that lead to disasters?

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK 32
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Details in the Key Scientific Questions™ =7

1. Convective Dynamics

How do vertical air motions in deep convection regulate precipitation formation and intensity?
- What is the relationship between updraft intensity and hydrometeor growth?
- How do updrafts and downdrafts influence precipitation efficiency?
- How does vertical mass flux vary across different climatic regimes?

2. Cloud-Precipitation Processes

What processes control the formation and evolution of precipitation particles?
« How do cloud hydrometeors transition into precipitation particles?
«  What microphysical processes (e.g., collision—coalescence, aggregation, and riming) control precipitation growth?
« How do these processes differ between convective and stratiform precipitation systems globally?

3. Climate Response of Precipitation

How do precipitation systems and the global water cycle respond to global warming?
« How do convective intensity and precipitation efficiency change in a warmer climate?
- How do observed precipitation changes compare with climate model projections?
« How do regional precipitation patterns change across the globe?

4. Extreme Precipitation Mechanisms
What physical processes control the occurrence and intensity of extreme rainfall events that lead to disasters?
« What dynamical and microphysical factors determine the intensity of extreme rainfall?
« How do atmospheric conditions influence the development of heavy rainfall systems?
- How can global satellite observations improve understanding of processes leading to heavy rainfall disasters?

EarthCARE 2026 Science and Validation Workshop | 8 — 12 June 2026 | Rhodes House | Oxford, UK 33



1. Convective Dynamics in the Global Water Cycle

Science question : How do vertical air motions in deep convection regulate precipitation
formation and intensity?
» Contribution of Doppler radar
- Direct measurement of vertical Doppler velocity
- Estimation of updraft and downdraft structures
- Retrieval of convective mass flux
- Global statistics of vertical velocity in precipitation systems
» Scientific impact
- Quantify the relationship between updraft intensity and precipitation formation
- Improve representation of convection in global circulation models

. Cloud-Precipitation Processes
Science question : What processes control the formation and evolution of precipitation particles?
» Contribution of Doppler radar
- Retrieval of particle fall velocity
- Estimation of hydrometeor type
- Inference of microphysical processes (e.g., aggregation, riming)
» Scientific impact
« Link microphysics and dynamics
- Understand precipitation particle growth mechanisms globally
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3. Climate Response of Precipitation
Science question : How do precipitation systems and the global water cycle respond to global
warming?
» Contribution of Doppler radar
- Long-term observation of global precipitation structure
 Statistics of convective intensity and vertical motion
- Observation of latent heating profiles
» Scientific impact
- Detect changes in precipitation dynamics
« Provide constraints for climate models

4. Extreme Precipitation and Hydrological Hazards
Science question : What physical processes control the occurrence and intensity of extreme
rainfall events that lead to disasters?
» Contribution of Doppler radar
« Observation of vertical structure of intense storms
- Detection of strong updrafts associated with heavy rainfall
- Identification of microphysical signatures of extreme precipitation
» Scientific impact
- Improve understanding of heavy rainfall mechanisms
- Support global monitoring of extreme precipitation
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« Improvement of weather forecasting

« PMM will help the better understanding of precipitation and will improve the
precipitation prediction that helps disaster mitigation

« Improvement of global precipitation information

« Improve the accuracy of global precipitation maps (e.g. GSMaP) based
on the better understanding of precipitation mechanism (dynamics and
microphysics)
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