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Quantitative Precipitation
Forecast (QPF)



Principle of Radar-based Rainfall Nowcast




Generation of Motion Field

Motion Field
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Rainfall Nowcast by Extrapolation

Analysis 1 Hour Forecast
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Radar Echo Tracking

e Correlation-based
e TREC / Co-TREC / MTREC

* Variational Optical Flow
« MOVA / ROVER

* Deep Learning
e ConvLSTM / ConvGRU / TrajGRU

* References:

* Operational Application of Optical Flow Techniques to Radar-Based Rainfall
Nowecasting (Link)

* Deep Learning for Precipitation Nowcasting: A Benchmark and A New Model
(Link)


http://www.mdpi.com/2073-4433/8/3/48
https://arxiv.org/abs/1706.03458

Variational Optical Flow

* “ROVER” - Real-time Optical-flow by Variational method for Echoes of
Radar —
* Enhance Radar images

* Derive Motion Field based on the “VarFlow” algorithm developed by Bruhn et
al. (2003 & 2005)



Enhancing Radar Images

250 | EEHEHEEPO
* Bowler et al. (2004): Radar or rain rate (@82
field is typically noisy and pre- I
smoothing is needed for a stable e grytRzEn L0
calculation of the partial derivatives. e
. . . 150
* Highlight echoes from the convective
regime with high dBZ values and play ¢
down echoes with intensity of less 163
interest.
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Enhancement of Radar Images

2018 LST 2011-05-22




OPTICAL FLOW

* Assumption:

e Variational Formulation
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FORMULATION BY BRURN ET AL 2003

L, (@)-u+l,(q)-v==I(q)  where geQ

Adopting a least-square principle and applying weights to different
points in the neighbourhood through Gaussian convolution, it can be
solved with the following solution, where the operator * denotes
convolution and Kp a Gaussian kernel with standard deviation p.
Compared with

the global variational methods

Jus = H[|Vu|2 +|Vv|2} dxdy | (HS81)

Local Scheme [ ]



FORMULATION BY BRURN ET AL 2003

Bi-directional with errors at all coarser levels of the grid hierarchy corrected
before going down to the next finer level.
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Motion Field - Product of ROVER

(Radar Echo Tracking)

ROVER-A
2015-07-22 04:00




(SLA)

* Robert scheme (3 iterations
to find origin point)
* Bi-cubic interpolation

e Flux limiter
(local max, min constraint)

* One-way nesting
e resolution 1.1 km -> 0.5 km
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Forecast by Extrapolation

* Semi-Lagrangian Advection
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SWIRLS SLA Examples

* circulation pattern preserved —

* numerically less dissipative 4

Forecast reflectivity — pure rotation
Up to 6 hr (6-min interval)

TREC wind Forecast reflectivity — TREC wind
Up to 6 hr (6-min interval)



Probabilistic QPF



Why?

1. Better support for Rainfall Warning System
2. Facilitate cost-benefit analyses

3. More tailored to the needs of organizations under various
operational constraints



SWIRLS Ensemble Rainfall Nowcast

* By tuning the 6 parameters, 36
sets of parameters have been 3 2
experimented, i.e. ensemble of e
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36 members.
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Base-time radar data
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Parameter Tuning & Ensemble

ROVER depends on tunable parameters:

Parameter Significance Value adopted
in ROVER
o Gaussian convolution for image smoothing 9
p Gaussian convolution for local vector 1.5
field smoothing

o Regularization parameters in the energy function 2000

L, the finest spatial scale 1

L. the coarsest spatial scale 7

T, the time interval for tracking radar echoes 6
SERN 36-Members list [edit]
SWIRLS

i for dbz in 33 '

Ensemble o |
Rainfall | Tor Sitma In 15 253

' for interval in 6 12 30

Nowcast



Probabilistic QPF (PQPF)
/O

First hour
prediction

We chose the first hour
prediction to establish a
probabilistic rainfall
ensemble.



Stamp Map

NEW STAMP Reflectivity Rainfall Thresholds Precentiles Rainstorm Viewer

Zoom Level:

Base Time (HKT):

201910140300

Auto Update ¢ <

Valid time:

swirlsa/New_STAMP/#/stamp-map?fc=120&t=201910140300




PQPF Product 1
Rainfall Intensity Contour Map

* For Specific Exceedance Probability:

75% quantile = The 27t member’s prediction = A mm/hr

In ascending order \

00000000k 800k
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75% 25%

25% of the member predict hourly rainfall greater than A mm/hr
- 25% probability of rainfall exceeding A mm/hr

The 75% quantile has a 25% exceedance probability




Rainfall Intensity at Fixed Percentile

Mmlmum Rainfall Intensity
basad on 2019042014 T torTLS(_)

|

/

Mean Rainfall Intensity
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25th Percentile Rainfall Intensi
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PQPF Product 2
Probability Contour Map

* For Specific Intensity Threshold

36 members produce 36 hourly rainfall

predictions K \
infall intensi Is your rainfall prediction

Set a rainfall intensity threshold to
make Yes/No decisions: - more than 0.5mm/hr at

If: = : : o
No. of Yes = Y ® | this location at this time?

No.of No=N
Then probability of the hourly rainfall
exceeds a certain threshold is given by

Probability = ﬁ

Selected thresholds:
0.5mm/hr
S5mm/hr
30mm/hr

Probabilistic quantitative precipitation forecasts
For tropical cyclone rainfall



Probabili

Exceedlng Threshold 0.5mm/hr
based on 201

201400 T+60 to T+120

9'9:

Probability Exceeding Threshold 30mm/hr
based on 201904201400 T+60 to T¢1 20

Probabili Exceedlng Threshold 5mm/hr
based on 201904201400 T+60 to T+120

Probability Exceeding Threshold 50mm/hr
based on 201904201400 T+60 to T+120

¥

robability of Exceeding Fixed Intensity

Probability Exceedlng Threshold 20mm/hr
based on 201904201400 T+60 10 T+120

Probability Exceeding Threshold 70mm/hr
based on 201904201400 T+60 to T41 20

¥




Verification and Analyses

Verified against Radar QPE data:
* resolution 480X480 pixels
* Generated every 6 minutes

480

&
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480

One datum for each grid



Verification and Analyses

Divide the range of forecast probability into 11 bins : 0% -5%, 5%-15%, etc.

5% -15%

/ 15% - 25%

75% - 85% 95% - 100%

0% - 5%
85% - 95%

/ - ..etc...



Verification and Analyses

Reliability Diagram - degree to which the model forecast probabilities agree
with the observed frequencies e
eliability Diagram

Interpretation—A 10-event example
10 events predicted prob.
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70%
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10-event5 actual occurrences 309

N N N Y I N sone

v . 10%
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. 4 0% 10%% 20% 30% 40% S0%% 60% 70%

Expected to happen once out of 10 times

Forecast Probability

—observed relative frequency = 1/10 =10%

forecast probability = observed relative frequency
- the probability forecastis perfectly reliable

B0%%

20% 100%



Probability in Time Series

No. of R/G (Past 60 minutes accumulated rainfall)
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lmpact-based Forecasting /
Warning



Status of IBFWS Implementation

* IBFWS implemented / being implemented

e e.g. UK, Australia, France, Canada, Korea

* Developing from other IBFWS
* Mongolia from MeteoAlarm, Indonesia from WRN of NWS

* Hazard/weather oriented early warnings

e Japan, China, Hong Kong

* Direct impact forecast/warning

* UK, Japan, Korea (developing)



process

Direct impact forecasting
developed for some impacts,

e.g. flooding, vehicle WMO Reference Risk Matrix
overturning (due to high

winds), ... High
Emergency responders defined 4

. Medium
the levels of impact E
Forecasters to provide an a e
expected level of impact and a
likelihood of this impact (on a =

Low

subjective basis)

Thresholds are no longer used
to trigger warnings (but may
form part of the decision




BoM - Australia

Almost
certain

Anstralian Government

Burean of Meteorology

Hazard Risk Outlook: Community
Issued: 18-30 AEDT Thursday 15 March 2018

Four-day hazardrisk summary for the Australian community:

A Riverine Flooding continues.

*
= B: Severe Fire Weather Risk
-
-

¢ C: Tropical Low/ possible Cyclone — Heavy rainfall, damaging winds.
B\ D Rainfall for northern Queensland — enhanced risk of re-floeding.
Likely
o
fﬂ Friday 16 March Saturday 17 March
S Possible T e h T e R
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Key to hazard risk levels: L~ T\ ;V/ L~ T\, ;V/
NIL No hazard risks L / .: L , A
GREY Be aware W] V]
Extended hazard risk outlook: Tuesday 20 March to Thursday 22 March
FEM Be prepared
# High risk of a Tropical Cyclone in the Indian Ocean continuing, though large uncertainty at position
Take action
and strength.

» Possible snow fall in Tasmania down to 900m from early Tuesday.

(

_ Take action — hazard emergency )

—— % 4 - N\



BoM Example

j:-,. Australian Government

ST Burean of Meteorology

Impact probability-
based
communication
strategy.

Contingency
planning

National Hazard Community Impact
Tropical Cyclone Marcus

A: Riverine flooding

B: Severe fire weather

C: Tropical Low/ Possible
Cyclone

D: Heavy rainfall

e C: Tropical Low/ Possible Tropical Cyclone

* Heavy rainfall, possible flash flooding

e Possible damaging wind gusts near the low or TC
e Risk to Darwin (NT capital city ~106,000 people).

* Risk of damage to property and agriculture.

e Increased demand of emergency services.

Day 1: Friday 16 March 2018
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BoM Example — Risk Assessment Process

S

N
HAZARD COMMUNITY IMPACT \\\ °
\ C ty
= - ‘ \. ommuni
Ee Lo B e Impact and Risk
Hazard
Life
HAZARD PROBABILITY
Assessment
Tier 0 1 2 3
Property Probability level UNLIKELY POSSIBLE LIKELY ALMOST CERTAIN
Forecast likelihood Not current official forecast | Not current official forecast | Current official forecast Current official forecast 2 *3 \
Delivery of services/uti potey poliy poliey pakcy = r——
Long term forecast period Medium-long term forecast Short-medium term forecast Short term forecast C muktiple ca pa;t
Emergency services period period period/event imminent 'pm -
Computer model guidance Impacts widespread/
Tra t very inconsistent Computer model guidance Majority of computer model All computer model guidance impacts multiple states.
s 4 very inconsistent guidance in agreement, in very close agreement i-states.
Outlier forecast scenario aithough some uncertainty > 24 hours
Other forecast scenarios remains Other forecast scenarios
Other forecast scenarios considered to remain considered extremely
remain very likely possible Other forecast scenarios now | unlikely/impossible TIER O LOW
considered unlikely
o c TIER 1 MODERATE
Current official forecast HIGH I c
policy ion

Day-to-day activities

Land/vegetation

Short- long term forecast
period

Computer model guidance
remains uncertain

Other forecast scenarios
considered to remain
possible

Total score:
(sum all elements)

Hazard probability

UNLIKELY

+3

Recent extreme weather
impact, major recovery
ongoing

POSSIBLE




BoM Example

: ., Australian Government N ati O n a l H aza l'd I m paCt a n d Ri S k

¥ Bureau of Meteorology

Assessment

Impact probability- - z8 *
based E— Impact-probability-based matrix:
communication - -
strategy.
——p— Almost
Contingency : . o | o [ e certain
planning e e e JC 45
== £  Likely
) S
| e Q !
[ - 2 Possible
. L) | - | m
'ﬁ . '_-_ I-:-- c Unlikely
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BoM Example

 Australian Government

Burean of Meteorology

Impact probability-
based
communication
strategy.

A: Riverine flooding

B: Severe fire weather

Contingency
planning

C: Possible Tropical Cyclone

D: Heavy rainfall

C: TCWC Activation— NT

* High risk of TC in the Arafura Sea from Friday
» Populated Areas, TC - Coastal Impact.

* Additional staff required.

Day 1: Friday 16 March 2018

National Hazard Operational Impact
Tropical Cyclone Marcus

Day 2: Saturday 17 March 2018
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Meteo-France : Vigilance EWS

S

* Does not rely on risk-
matrix 4 colours/levels of risk :

Red : absolute awarness.
Exceptionally intense meteorological

¢ Stl ” uses th FEShOldS: phenomena have been forecasted. Follow
orders and any advice given by your
authorities under all circumstances, be

* dependent on local prepared for extraordinary measures.
ChmatOIOgy - Orange : Be very vigilant !
. The weather is dangerous. Unusual
* reg ular /y reviewed ;neteorol%gical phenomena have been
orecasted.

Yellow : Be attentive if you intend to
practice activities exposed to
meteorological risks.

weather is reauired.

= ) ~ \

_ 9

|
‘ Green : No particular awareness of the
|




Met Service Canada

Attempted to improve
over UK’s version to cater
for low-prob high-impact
events

Aqeqoid

g
{

Be Prepared

Be Aware

Potential Impacts

| Suggested VIGILANCE &3]
' _ “in Context” matrix  Fgfly’
“~__ (ECCCIADS/JMC)
Pgn| VIGILANCE table
f\pt] (ECCC/ADS/IMC) e

Risk matrix varied for
different extreme events
based on EFI:

Seasonal
= unseasonal
= exceptional

N ~/



KMA

S

* Axes swapped

* Colour gradient

* Diagonal symmetric

 with 5 x 5 tiles

* Non-linear scale

* Likelihood
= impacted days/(365 x 12 yrs)

(KU B2X) 1504w

0.05%
~05

“—

05%  5%-50% 50%-~

~5%

| Medium Risk j

v

Likelihood (XHOH 8715 %)

¢
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BMKG - Indonesia

S

TABEL MATRIKS DAMPAK DAN MATRIKS RESPON

TABEL WARNING RISK LEVEL Detailed I e =i
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N.B. Numerical levels to supplement risk colours
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Public Product - BMKG Example

* Colour coded risk
maps to indicate
“hot spots”

* CAP messages for
more specific uses

* Road map:

* Pilot operation in
2019, with CAP

* National
implementation by
2021

0




An Example of TC Impact Study



DATA COLLECTION — impact data

REPORT ON DAMAGE CAUSED BY CYCLONES, FLOODS AND DROUGHT
S O u rC e O I m p a Ct at a . (This report should cover the total damage caused by typhoons and heavy rainfall, and associated storm-surges, floods, landslides.)
* Peri
D)13

*  Annual damage survey conducted by HKO
to government department and public

WMerbok | Roke | Hato Faknar | Mawar | TDSep | Kbamn | Rainstorm | Ramstorm | Raimstorm | Ramstorm

utilities

;;;;;;;;;;;;;;;;;;;;;;;;;;

*  HKSAR government Press Release

*  Newspaper

sssssss

nnnnnnn

Source of Meteorological data:

* Wind Speed: Maximum hourly wind and | j
max gust of the 8 reference stations for the , kg
issuance TC signals - <D

* Rainfall: Rainfall recorded at Hong Kong | 208
Observatory Headquarters when a TC is ans O W TG
within 600 km range + subsequent 72 hours | "% w0 el
after the TC dissipation or moving out of Y SRl
the 600 km range of HK; fon . R U

Cheung Chau 7 1) || e —




Regression analysis — methodologies

= Simple and Multiple Linear Regression
- All combinations will be attempted.
- Reject the model if the variable is insignificant at 5% level
- Reject the model if R < 40% (i.e. less than 40% are explained)
- Select the model with the highest R? as the ‘BEST’ model




Regression analysis — Tropical cyclone

Name max Date start Date end Max Gust Mean (km/hr) Max Hourly Mean Wind Mean (km/hr)
MANGKHUT 10 14/09/2018 17/09/2018 159.500 86.000
VICENTE 10 21/07/2012 24/07/2012 120.875 66.625
NURI 9 20/08/2008 23/08/2008 110.625 61.000
HATO 10 22/08/2017 23/08/2017 122.250 60.250
HAGUPIT 8 22/09/2008 24/09/2008 114.625 60.125
KOPPU 8 13/09/2009 15/09/2009 106.625 59.000
MOLAVE 9 17/07/2009 19/07/2009 98.375 57.500
PAKHAR 8 26/08/2017 27/08/2017 112.000 54.750
PRAPIROON 3 01/08/2006 04/08/2006 106.333 54.000
NIDA 8 31/07/2016 02/08/2016 92.625 50.625
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Regression analysis — tropical cyclone

* Impact on Life

Response | Good Explanatory Explanatory Regressed Equation R’
Variable ? Variable 1 Variable 2
Death + Good | Max Hourly Mean N/A ]’{}.1195X 55212 X >25.15 0.79
Injury (¥) Wind (km/hr) (X) - 1 0 otherwise

Magcnglourly Mean Wind Mean (km/hr) Vs sqrt(Death + Injury)
: L

Mangkhuf

175 4
2 150
=
§ 125
+ o *Vicente
= 0.0 Koppu .~
© s Pakhar g T#NUi
a Hagupit
L 50 o”

. -

E % = .-..

25 »

-
ot -"
0.0 B E— —

(=]

0 20 30 40 50 6 70 80
Max Hourly Mean Wind Mean (km/hr)
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Regression analysis — tropical cyclone

* Impact on Utilities (adjusted based on inflation rate)
(unit: Million in US dollars, 7.8 HKD = 1 USD)

Response | Good Explanatory Explanatory Regressed Equation R’
Variable ? Variable 1 Variable 2
Loss ot OK Max Hourly Mean N/A 5_ max{0.0121X — 0.3788. 0} 0.49
Utilities Wind (km/hr) (X)

(¥)

Max Hourly Mean Wind Mean (km/hr) Vs sqrit(Loss of Utilities)

sqrt(Loss of Utilities)

12 1 # Mangkhut
10
08
o8 Pakhar

[ ] .
04 Nida .Nurl

»
0.2 . e o °
&

0.0 e & a % !

=

10

T T
20 30 40 50 (1]

T T
70 B0 50

Max Hourly Mean Wind Mean (km/hr)

Remark

The data 1s reported by different
companies (1.€. inconsistent) every

year and 1s usually incomplete.

48



Regression analysis — tropical cyclone

* Impact on Agriculture (Farmland, unit: Hectares)

Response | Good Explanatory Explanatory Regressed Equation R’
Variable ? Variable 1 Variable 2
Farmland OK Max Hourly Mean N/A r 0.64

(¥)

Wind (km/hr) (X)

|

6.6030X -7.7354 X =1.17

0 otherwise
Em]lw'lau:«: Hourly Mean Wind Mean (km/hr) Vs Farmland Remark
Hato [

350 4 . Mangkhut

500 1 , ,

a0 | All possible outliers are excluded.
= .
5 001 Merbok Only 10 data points are used.
£ 350 ® Nida Vicente
[ - .
L= 300 1 e

250 A - .

200 4

150

10 20 30 40 50

B0 70 80

Max Hourly Mean Wind Mean (km/hr)

50
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Regression analysis — tropical cyclone

 Impact on Land/vegetation (unit: number of reports)

Response | Good Explanatory Explanatory Regressed Equation R’
Variable ? Variable 1 Variable 2
Reports Wind (km/hr) (X) 600 ()
(Z)
Remark
Sarika (20)
0
e eFengshen (18) % The model works well for large
MeEbok(9) B s TT 150 values but not small. 20/43 cases
Lo = B have 1 landslide report only.
We ° r
~dF e &
f 0
T 4030(8;
0 — 300 (&
HourY &0 = 00
" Mean Wing ;(;0 o10 e®
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Regression analysis — tropical cyclone

* Summary:

Aspect Response | Good Explanatory Explanatory Regressed Equation R’
Variable ? Variable 1 Variable 2
Life Death + Good | Max Hourly Mean N/A J'0.2195X 55212 X >25.15 0.79
Injury (Y) Wind (km/hr) (X) VY = 1 0 otherwise
Delivery of Loss of OK Max Hourly Mean N/A 105 = max {0.0121X — 0.3788. 0} 0.49
services/utilities | Utilities Wind (km/hr) (X)
(¥)
Agriculture Farmland OK Max Hourly Mean N/A (6.6030X —7.7354 X >1.17 0.64
() Wind (km/hr) (X) ¥ ={ 0 otherwise
Land/vegetation | Landshde | OK Max Hourly Mean | Rainfall Z = max{[0.0883X +0.0314Y —3.1873]+ 1.0} 0.52
Reports Wind (km/hr) (X) 600 (1)
(2

51



SUMMARY

= Statistical relationships between impacts and weather
has been analyzed with a view to develop impact-based
forecasts

* Preliminary results suggested that statistical relationship
exists between maximum hourly mean wind and (1)
death and injury, (2) economic loss of utilities, (3) area of
farmland affected



