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ABSTRACT

In this paper, a modified probability-matching technique is developed for ensemble-based quantitative

precipitation forecasts (QPFs) associated with landfalling typhoons over Taiwan. The main features of this

technique include a resampling of the ensemble realizations, a rainfall pattern adjustment, and a bias cor-

rection. Using this technique, a synthetic ensemble is created for the purpose of rainfall prediction from

a large-size (32 members), low-resolution (36 km) ensemble and a small-size (8 members), high-resolution

(4 km) ensemble. The rainfall pattern is adjusted based on the precipitation distribution of the 36- and 4-km

ensembles. A bias-correction scheme is then applied to remove the known systematic bias from the resampled

4-km ensemble realizations as part of the probability-matching procedure. The modified probability-

matching scheme is shown to substantially reduce or eliminate the intrinsic model rainfall bias and to provide

better QPF guidance. The encouraging results suggest that this modified probability-matching technique is

a useful tool for the QPF of the topography-enhanced typhoon heavy rainfall over Taiwan using ensemble

forecasts at dual resolutions.

1. Introduction

The Central Mountain Range (CMR) of Taiwan has

dimensions of about 200 km 3 100 km and includes

many peaks that exceed 3000m. Many previous studies,

based on either a deterministic approach (e.g., Lin et al.

2002; Jian andWu 2008; Yang et al. 2008) or a stochastic

approach (Fang et al. 2011), have shown both that the

rainfall pattern associated with landfalling typhoons is

strongly modulated and that the rainfall amount is sig-

nificantly enhanced by the topography of the CMR.

Developing quantitative precipitation forecasts (QPFs)

of a landfalling typhoon is an incredibly challenging

problem due to the complicated orographic effects on

the typhoon circulation (Wu and Kuo 1999).

As shown in Fang et al. (2011), heavy rainfall is pro-

duced by a typhoon when its inner and/or outer circu-

lations interact with the CMR. The structure of the

rainfall distribution is strongly tied to the relative posi-

tion between the storm and the CMR. A typhoon track

must be predicted with sufficient precision to accurately

forecast topography-enhanced typhoon rainfall. The good

news is that typhoon track forecasting may not be overly

sensitive to model resolution when the model resolution is

sufficiently high to capture the main forcing mechanisms

that control the typhoon’s movement (many of our ex-

periments have shown that a resolution of 36km is suffi-

cient for this purpose). Low- (36km) and high-resolution

(4km) ensembles generally produce comparable ensem-

ble mean track forecasts. However, as shown in Wu et al.

(2002), even if the track is well simulated, the rainfall can

be very sensitive to the model resolution and topography.

A low-resolution model usually misses the small-scale

rainfall features and significantly underpredicts the rainfall

amount. Therefore, a high-resolutionmodel is necessary to

simulate an accurate amount of the topography-enhanced

typhoon rainfall. However, a high-resolution model can

also have a precipitation bias that is topographically

locked (as shown in Fang et al. 2011), and this needs to

be remedied.

Ensemble forecast systems have recently been applied

to study typhoon rainfall events over the Taiwan area

whose forecasts are influenced by the uncertainties in

both the initial states and the model’s physical param-

eterizations, as well as the complicated orographic ef-

fects of the CMR (e.g., Zhang et al. 2010; Fang et al. 2011;
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Li and Hong 2011; J.-S. Hong et al. 2012, personal

communication). For ensemble forecasts of topography-

enhanced typhoon heavy rainfall over Taiwan, we are

faced with the following challenges: 1) a large-size, high-

resolution ensemble is a desirable but expensive option

and 2) a large-size, low-resolution ensemble is af-

fordable and could produce a reasonable track fore-

cast, but it most likely will systematically underpredict

the precipitation amount. Recognizing the fact that

topography-modulated typhoon rainfall over Taiwan is

strongly tied to the relative position between the storm

center and the CMR, we may develop a dual-resolution

ensemble forecast system for typhoon QPFs that is com-

putationally affordable.

In general, the simple ensemble mean (SM) provides

a reasonable estimate of the rain center, but the aver-

aging process tends to smear the rain values so that the

peak rainfall is reduced and the areal coverage of light

rain is artificially expanded. Probability matching allows

for the blending of data with different spatial and tem-

poral properties, where it is typical that one data type

gives a better spatial representation while the other data

type has greater accuracy (Ebert 2001). The probability-

matched ensemble mean (PM) is often used to restore

the more realistic rainfall amount. In a typical applica-

tion of the probability-matching technique, the PM has

the same spatial pattern as the SM and the same fre-

quency distribution as the whole ensemble. For typical

rainfall situations that are not tied to topography, the

PM usually gives a more realistic peak rainfall amount.

However, the performance of the PM is dependent on

the accuracy of the spatial distribution of the SM rainfall

as well as the frequency distribution of the ensemble.

The application of a probability-matching scheme in

topographic rainfall is not as straightforward as the

spatial distribution, and the frequency distribution can

be significantly distorted by topography.

Another problem is that the storm positions after

landfall could be significantly dispersed when compared

with those before landfall due to the complicated in-

teractions between the circulations of a typhoon and

the CMR topography, as well as the uncertainties in the

model’s physical parameterizations in complicated

mountainous areas. In this situation, the spatial struc-

ture of the SM rainfall and the frequency distribution of

the ensemble may not be representative and, conse-

quently, the performance of the probability-matching

technique may be poor.

Furthermore, it has been noted that the high-resolution

model may produce excessive rainfall at the southern

tip of the CMR (see Fang et al. 2011). Although the

exact reason for this rainfall overprediction bias is

still not clear, such a topographically locked rainfall

bias will be amplified by the probability-matching

technique.

In this paper, we develop a modified probability-

matching technique for ensemble forecasting of the

topography-enhanced typhoon heavy rainfall over Taiwan.

The basic idea is to collect the track and rainfall forecasts

from a large-size, low-resolution ensemble (LREN) and

a small-size, high-resolution ensemble (HREN) to re-

construct a synthetic rainfall ensemble (hereafter deno-

ted as NEWEN). The ultimate goal of this approach is to

produce an improved ensemble-based QPF for land-

falling typhoons over Taiwan at an affordable computa-

tional cost. Section 2 provides an overview of the demo

case, Typhoon Morakot (2009). Section 3 presents the

track and rainfall ensemble forecast results for the LREN

and HREN ensembles, respectively. Section 4 describes

a modification to the probability-matching technique and

the procedure used to construct theNEWEN.Evaluation

of the performance of the probabilistic rainfall forecasts

produced by the LREN, HREN, and NEWEN is pre-

sented in section 5. Section 6 assesses the QPF perfor-

mance of the ensemble mean rainfall forecasts derived

from the LREN, HREN, and NEWEN. Section 7 pro-

vides the validation of this modified probability-matching

technique on another case, Typhoon Jangmi (2008). Con-

clusions and discussions are presented in section 8.

2. Case overview of Typhoon Morakot (2009)

From 6 to 10 August 2009, Typhoon Morakot (2009)

brought extraordinary rainfall over Taiwan, breaking

a 50-yr precipitation record. As shown in Fig. 1 of Fang

et al. (2011), during this 4-day period, more than 50% of

rain gauge stations over southern Taiwan received more

than 800mm of accumulated rainfall; some stations over

the mountainous areas recorded more than 2500mm,

with the maximum 96-h gauge value of 2874mm (about

9.4 ft) recorded at Chiayi County. From 0000UTC

8 August to 0000UTC 9 August, the most intensive

rainfall period, 1504mm (about 4.9 ft) of accumulated

rainfall was recorded at the same Chiayi County.

As indicated in Fang et al. (2011), high-resolution

ensemble forecasts of Typhoon Morakot with different

combinations of moist physics would all have similar

significant overprediction of rainfall at the southern tip

of the CMR (see their Figs. 1 and 9). This systematic bias

is also observed in other high-resolution simulations of

TyphoonMorakot [e.g., the 3-km simulation in Fig. 14 of

Hall et al. (2013); the 3.33-km simulation in Fig. 4 of Wu

(2013), cf. Yen et al. (2011); the 4.5-km ensemble sim-

ulations in Fig. 1 of Zhang et al. (2010)]. The causes for

the overprediction at the southern tip of the CMR are

not completely clear and might be related to the poor
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physical or dynamical representations of the compli-

cated topography of Taiwan in the model. Regardless,

this overprediction of rainfall motivates us to investigate

the intrinsic bias in the high-resolution forecasts of such

topography-enhanced heavy rainfall as that of Typhoon

Morakot.

3. Track and rainfall ensemble forecast
performance by the LREN and HREN

a. Experiment design of the LREN and HREN

The ensemble forecast experiments in this study use

version 3.3.1 of the Advanced Research core of the

Weather Research and Forecasting (WRF) model

(ARW; Skamarock et al. 2008), and the initial condi-

tions (ICs) are obtained from the WRF Data Assimila-

tion Research Testbed (DART; Anderson et al. 2009)

ensemble adjustment Kalman filter (EAKF) analysis

ensemble. The model top is placed at 20 hPa with 64 h

levels. The triple-nested model domain configuration is

shown in Fig. 1, which includes a 36-km mesh (280 3
172), a 12-kmmesh (4303 301), and a 4-kmmesh (3643
322). The WRF-DART data assimilation is performed

only on the outermost 36-km domain. For Typhoon

Morakot, the data assimilation was cold started at

0000UTC5August 2009 from thehigh-resolution (0.2258 3
0.2258) analysis of the European Centre for Medium-

Range Weather Forecasts (ECMWF). During the 24-h

analysis period, the traditional observation data and the

GPS radio occultation (RO) refractivity data (Anthes

et al. 2008) were assimilated in 3-h cycles. This ap-

proach produces initial perturbations that are both

dynamically consistent and flow dependent for the

regional ensemble forecast system.

The LREN uses a 36-km low-resolution ensemble

forecast system with a single domain that is identical to

the data assimilation domain. The 32-member, 72-h en-

semble forecast is initiated at 0000 UTC 6 August 2009

using the 32-member WRF-DART EAKF analysis en-

semble. The lateral boundary conditions (LBCs) are in-

terpolated from the ECMWF analysis perturbed by the

WRF three-dimensional variational data assimilation

(3DVAR) scheme using the climatological background

error.

TheHREN is different from the LREN in the following

aspects: 1) it uses a two-way interactive, 36–12–4-km

triple-nested high-resolution ensemble forecast system

and 2) it generates an 8-member, small-size ensemble

forecast, which only utilizes the leading 8 members of the

32-member WRF-DART EAKF analysis ensemble to

save on computational costs.

In this paper, the main verification area (hereafter

denoted as VA) is identical to the objective analysis

domain of the observed rainfall, that is, an area covering

from 22.08 to 25.28Nand from 120.08 to 122.08E, andwith
a grid size of 0.028 3 0.028. The verification is also per-

formed over the heavily hit area (hereafter denoted as

HA) over southern Taiwan, which is defined as an area

FIG. 1. The triple-nested model domain configuration. The magnified area on the right side

shows the terrain height in Taiwan (color shaded in m) resolved in the 4-km high-resolution

innermost domain. The black and white boxes in this magnified area show the VA and the HA,

respectively.

3910 MONTHLY WEATHER REV IEW VOLUME 141



of about 130 3 90 km2 spanning from 22.508 to 23.748N
and from 120.328 to 121.148E, and with a grid size of

0.028 3 0.028. The domains of the HA and VA, and

their geophysical background as resolved in the 4-km

high-resolution model, are shown in the magnified area

of Fig. 1. Furthermore, the probability-matching pro-

cess in this paper is carried out within the VA.

b. Track forecast of the LREN and HREN

Figure 2 shows the forecast track of TyphoonMorakot

as predicted by the LREN and HREN. The LREN

mean track is very close to the observed track (with

a track error of less than 50 km). We also find that the

mean tracks of the LREN and HREN are generally

close to each other. Note that the storm positions in both

the LREN andHREN spread significantly after landfall.

c. Rainfall forecast of the LREN and HREN

Figure 3 shows the spatial distribution of the 3-h

rainfall PM of the LREN and HREN (denoted as LPM

and HPM, respectively) and the observed 3-h rainfall at

3-h intervals from 0000UTC 6 August to 0000UTC

9August 2009 over Taiwan. The LPM andHPMpresent

more realistic rainfall structures and amounts than do

the corresponding SM (denoted as LSM and HSM, re-

spectively; figures omitted). However, the LPM is too

smooth and consistently underpredicts the heavy rain-

fall due in large part to the low model resolution. The

HPM has two obvious problems: on one hand, it pro-

duces excessive rainfall at the southern tip of the CMR,

especially when the inner typhoon circulations interact

with the CMR, and on the other hand, it generally un-

derpredicts the heavy rainfall after 0009UTC 8 August

2009 when the model storm positions spread considerably

and most of them have landed on or were close to main-

land China.

4. The modified probability-matching technique
and the formulation of NEWEN

a. The modified probability-matching technique

The main features of the modified probability-matching

technique include 1) a resampling of a subset of the

nearest LREN storm realizations (ignoring timing) for

each ensemble mean LREN storm position at each ver-

ification time (at 3-h intervals in this paper), 2) a resam-

pling of a subset of the nearest HREN storm realizations

(ignoring timing) for each selected LREN storm re-

alization, 3) an adjustment to the rainfall pattern in the

SM of the selected HREN rainfall realizations using

the rainfall distribution of the corresponding LREN

rainfall realization, 4) an improvement in the repre-

sentativeness of the rainfall frequency distribution of

the selected HREN rainfall realizations by a correc-

tion to the overprediction bias in the model, and 5) the

use of probability matching based on the improved

rainfall pattern and frequency distribution to recon-

struct a synthetic 3-h rainfall ensemble at each verifica-

tion time. The reconstructed rainfall ensemble developed

by this probability-matching technique is denoted as

NEWEN.

There are two loops of iteration associated with the

implementation of this modified probability-matching

technique. The outer loop is the time loop. Ensemble

time series of rainfall are constructed at a fixed time

interval (currently, 3 h but a shorter interval is possible).

The inner loop is the member loop. At each point in

time, the modified probability-matching technique is

FIG. 2. The simulated track of individual ensemble members (green lines) and the average track of the ensembles (red lines) of the (left)

LREN and (right) HREN for TyphoonMorakot (2009). The Japan Meteorological Agency (JMA) best track (modified by analysis from

the Central Weather Bureau in Taiwan) is superimposed and represented as the thick black line (OBS) in each panel. The track is plotted

from 0000UTC 6Aug to 0000UTC 9Aug 2009, and the storm positions are shown as red circles at 0000UTC 6Aug and 0000UTC 8Aug,

blue circles at 1200UTC 6Aug and 1200UTC 8Aug, black crosses at 0000UTC 7Aug, cyan crosses at 1200UTC 7Aug, and black dots at

0000 UTC 9 Aug.
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used repeatedly to build up members for the NEWEN.

In other words, at a specific forecast time, the modified

probability-matching technique is repeatedly utilized to

build upmembers of an ensemble, rather than used only

once to produce an ensemblemean, as is done in a typical

probability-matching technique.

Figure 4 shows scatterplots of the simulated storm

positions of Typhoon Morakot at 3-h intervals by the

ensemble members of the LREN and HREN. Assisted

by Fig. 4, the new probability-matching technique can be

described as below.

b. The entire track realizations in the LREN and
HREN

The entire realizations of the simulated storm positions

of the LREN members are represented by the associ-

ated latitude and longitude pairs: LATLREN(iel, itl) and

LONLREN(iel, itl) (see small red dots in Fig. 4) with

iel5 1, 2, .::: ,MLR and itl5 1, 2, .::: ,T , whereMLR is the

number of members in the LREN (set to 32 for this

study) and T is the length of the time series (set to 25

for the total 72-h simulation in 3-h intervals). The

LREN mean track is expressed by LATAVGLREN(it)

and LONAVGLREN(it) (see small black circles in

Fig. 4) with it5 1, 2, . . . . ,T.

Similarly, the entire set of realizations of the simu-

lated storm positions of the HREN members are rep-

resented by LATHREN(ieh, ith) and LONHREN(ieh, ith)

(see small blue dots in Fig. 4) with ieh5 1, 2, . . . . ,MHR

and ith5 1, 2, . . . . ,T, where MHR is the number of

members in the HREN (set to 8 for this study). Here, we

are not overly concerned with the accuracy of the

HRENmean track, as the ensemble size of theHREN is

too small.

FIG. 3. Spatial distribution of the 3-h rainfall (left) LPM, (middle) HPM, and (right) observations (color shaded in mm as indicated by

the color bar,) for TyphoonMorakot in 3-h intervals from (top left) 0000UTC 6Aug to (bottom right) 0000UTC 9Aug 2009 over Taiwan,

labeled with LPM, HPM, and OBS, respectively, and time stamped. The black asterisk marks the location of Chiayi County where the

maximum gauge rainfall was observed.
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c. Selection of the LREN storm position realizations

At an arbitrary time it, the selected LREN storm

position realizations that will be used for further selec-

tion of the associated HREN storm position realizations

(ignoring the timing; see red circles in Fig. 4) are those

closest to the LREN mean storm position at that time

(see the large black circle in Fig. 4). The time for the

example shown in Fig. 4 is 1800UTC 8August 2009. The

number of LREN storms to be selected is set to 16 in this

study.

d. Selection of the HREN storm position realizations

Similarly, for an arbitrarily selected LREN storm

position (see the red cross in Fig. 4), the chosen HREN

storm position realizations that will be used to extract

the associated high-resolution rainfall information are

those with simulated storm positions (again ignoring the

timing; see blue circles in Fig. 4) closest to the selected

LREN storm position realization. The example LREN

storm position shown in Fig. 4 is the sixth nearest storm

from the LREN mean storm position at 1800 UTC

8 August 2009. The number of HREN storms to be se-

lected is set to 8.

e. The entire rainfall realizations in the LREN

The 3-h rainfall field of member iel of the LREN,

at the time itl and the point ip, can be represented by

RLREN(iel, itl, ip) with iel5 1, 2, . . . . ,MLR, itl5 1, 2, . . . . ,

T, and ip5 1, 2, . . . . ,P, where P is the number of the

interpolated points in the VA. Note that, to be consis-

tent, the rainfall forecasts from both the 36-km LREN

and the 4-km HREN are interpolated onto the same

regular latitude and longitude grids that have compa-

rable horizontal resolutions to the native resolution of

the HREN. However, in the subsequent discussion

(sections 5 and 6), when verified against the objectively

analyzed observations, all of the model rainfall fields

are interpolated onto the same observation analysis

grids (see section 2).

f. The entire rainfall realizations in the HREN

Similarly, the 3-h rainfall field of member ieh of the

HREN, at the time ith and the point ip, can be

FIG. 4. Scatterplots of the simulated storm positions of Typhoon Morakot in 3-h intervals during the whole simulation period by the

LREN and HREN denoted by L_mem (H_mem) and marked by small red (blue) dots. The small black circles are the LREN-simulated

average storm positions (denoted as L_avg). The red circles are the selected subset of the LREN storm positions (denoted as L_selt)

nearest to the LREN average storm position at an example time (here it is 1800 UTC 8 Aug 2009, denoted as T_exp and marked by the

large black circle). The blue circles are the selected subset of the HREN storm positions (denoted as H_selt) nearest to the example

member of the selected LREN storm positions (here it is member 6, denoted as M_exp and marked by the red cross).
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represented by RHREN(ieh, ith, ip) with ieh5 1, 2, . . . . ,

MHR, ith5 1, 2, . . . . ,T, and ip5 1, 2, . . . . ,P.

g. The construction of the NEWEN at a given time

Let RNEWEN(ie, it, ip) represent the 3-h rainfall field

of the member ie of the NEWEN to be constructed

at the time it and the point ip with ie5 1, 2, . . . . ,N,

it5 1, 2, . . . . ,T, and ip5 1, 2, . . . . ,P, where N is the

number of members in the NEWEN (set to 16); its

construction is detailed in the eight steps below:

1) Step 1—Calculate the distance DL(iel, itl) between

points [LATLREN(iel, itl), LONLREN(iel, itl)] and

point [LATAVGLREN(it), LONAVGLREN(it)].

2) Step 2—Sort the distance DL(iel, itl) by increasing

order and save the leading N pairs of indices of

[iel(ie), itl(ie)] with ie5 1, 2, . . . . ,N.

3) Step 3—For an arbitrary member ie, calculate the

distance DH(ieh, ith) between points [LATHREN

(ieh, ith), LONHREN(ieh, ith)] and point fLATLREN

[iel(ie), itl(ie)], LONLREN[iel(ie), itl(ie)]g.
4) Step 4—Sort the distance DH(ieh, ith) by increasing

order, and save the leading pairs of indices of

[ieh(im); ith(im)] with im5 1, 2, . . . . ,M, where im is

the selectedHREN stormposition index andM is the

number of the selected HREN storm position re-

alizations (set to 8).

5) Step 5—Extract the LREN rainfall realization

RLSELECTED(ip)5RLRENf[iel(ie), itl(ie)�, ipg for each
selected LREN storm position.

6) Step 6—Extract the HREN rainfall realizations

RHRESAMPLED(im, ip)5RHREN[ieh(im), ith(im), ip]

with im51, 2, . . . . ,M for thoseassociatedHRENstorm

positions, and calculate the SMofRHRESAMPLED(im, ip),

RHRESAMPLED(ip), with im5 1, 2, . . . . ,M.

7) Step 7—WeightRLSELECTED(ip)andRHRESAMPLED(ip)

to get a new rainfall pattern: RPattern(ip)5
WLRLSELECTED(ip)1WHRHRESAMPLED(ip), where WL

andWH are theweighting factors of the low- and high-

resolution rainfall patterns, respectively.

8) Step 8—Perform probability matching using the

rainfall pattern in RPattern(ip) and the rainfall fre-

quency distribution in RHRESAMPLED(im, ip). During

the matching process, remove values exceeding a cer-

tain percentile fromRHRESAMPLED(im, ip). This is done

to correct the topographically locked rainfall over-

prediction, which is known to exist at the southern

tip of the CMR in this study. Thus, the probability-

matched rainfall fieldRNEWEN(ie, it, ip) is constructed

as an arbitrary member ie of the NEWEN at a given

time it.

In this paper, for the demonstration case of Ty-

phoon Morakot, WL and WH are both set to 0.5, and

the bias-correction percentile is set to 99 for the period

from 1200 UTC 8 August to 0000 UTC 9 August 2009

and 97.5 for other times. Note that the practical deter-

mination of these tunable parameters should be based

on the reforecasting of historical events.

h. Some variants of the NEWEN

The NEWEN constructed by the above-described

modified probability-matching technique with the set

parameters is hereafter denoted as NEWEN1, and for

comparison, four other variants are constructed: 1)

NEWEN2, which is similar to NEWEN1, but without

any pattern adjustment by the LREN, that is, WL and

WH are set to 0.0 and 1.0, respectively; 2) NEWEN3,

which is similar to NEWEN1, but without bias correc-

tion, that is, the bias-correction percentile is set to 100;

3) NEWEN4, which is similar to NEWEN1, but with

neither weighting nor bias correction; and 4) NEWEN5,

which is similar to NEWEN1, but constructed without

probability matching, that is, with rainfall members

constructed simply by the SM of the resampled HREN

rainfall realizations in step 6. Table 1 summarizes the

experiment design of various NEWEN variants.

5. The performance of the probabilistic rainfall
forecast

a. Definition of the ranked probability score

The ranked probability score (RPS; Epstein 1969;

Murphy 1969; Murphy 1971; Muller et al. 2005) is a

measure used to assess multicategory probability fore-

casts. In this paper, the RPS is used to examine the

probabilistic rainfall forecast performance of the

NEWEN variants. The RPS at the point ip and the time

it with it5 1, 2, . . . . ,T and ip5 1, 2, . . . . ,P is defined as

RPS(ip, it)5
1

K2 1
�
K

k51

[FCDFk(ip, it)2OCDFk(ip, it)]
2 ,

(1)

whereK is the number of rainfall categories, and FCDFk

and OCDFk are the forecast and observed cumulative

distribution functions at category k, respectively.

TABLE 1. The experiment design of various NEWEN variants.

Feature

ensemble name Resampling?

Pattern

adjustment?

Bias

correction?

PM

or SM?

NEWEN1 Yes Yes Yes PM

NEWEN2 Yes No Yes PM

NEWEN3 Yes Yes No PM

NEWEN4 Yes No No PM

NEWEN5 Yes N/A N/A SM
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In this paper, the rainfall categories are stratified by

a set of rainfall bins determined by a series of percent-

ages of the maximum observed rainfall at the verifica-

tion time in the VA. The rainfall bins vary from 0% to

100% in increments of 5%.

The RPS measures the sum of the squared differences

in cumulative probability space for a multicategory

probability forecast and indicates how well the proba-

bility forecast predicts the category that the observa-

tions fall into. The RPS penalizes forecasts less (more)

severely when their probabilities are close to (depart

from) the actual outcome. The RPS ranges from 0 to 1,

with a perfect score being 0.

b. The 3-h rainfall RPS of the LREN, HREN, and
NEWEN1

Figure 5 shows the time evolution of the 3-h rainfall

RPS averaged over the land area of HA and VA by the

LREN, HREN, and NEWEN1 for Typhoon Morakot.

As shown in Fig. 5, for both HA and VA, NEWEN1 has

a much smaller RPS when compared with both the

LREN and HREN during almost the entire simulation

period. In particular, NEWEN1 gives superior perfor-

mance after the 54-h forecast (i.e., 0600 UTC 8 August)

over HA (see Fig. 5a), when the model storms start to

leave Taiwan (see Fig. 4) and the model storm positions

show significant spread.

Figure 6 shows the spatial distribution of the RPS for

the 3-h rainfall from 1800 to 2100UTC on 8August. The

probabilistic forecast of the heavy rainfall of the LREN

around Chiayi County is very poor, with the RPS ex-

ceeding 0.6. TheHREN is better than the LRENbut still

has a poor probabilistic forecast over this heavy rainfall

area, with the RPS exceeding 0.4. On the contrary, the

RPS of NEWEN1 is mostly less than 0.4, and the total

areal coverage with an RPS greater than 0.2 is very

limited.

These results indicate that the new synthetic rainfall

ensemble, NEWEN1, constructed from the modified

probability-matching technique introduced in this pa-

per, outperforms both the LREN andHREN in terms of

the probabilistic forecast.

c. The 3-h rainfall RPS of the NEWEN variants

Figure 7 shows the time evolution of the 3-h rainfall

RPS averaged over the land area in the HA by five

NEWENvariants. The comparison of these fiveNEWEN

variants can further assess the effectiveness of the three

remedies (i.e., resampling, pattern adjustment, and bias

correction) adopted in themodified probability-matching

technique.

As shown in Fig. 7, among the five variants, NEWEN4

obviously performs the worst during almost the entire

simulation period, especially around the forecast time of

36–42 h (1200–1800 UTC 7 August) when the simulated

typhoons start to migrate over the northern part of

Taiwan (see Fig. 4). In this environment, similar to the

results of Fang et al. (2011), members of the HREN

produce extremely narrow, heavy rainfall stripes along

the windward side of the CMR and significantly over-

predict the rainfall amount at the southern tip of the

CMR (figures omitted). The poor performance suggests

that without special remedies, the traditional probabil-

ity-matching process will not only fail to recover realistic

peak rainfall, but will also amplify the overprediction

bias and further lengthen the narrow rainfall pattern

FIG. 5. Time evolution of the 3-h rainfall RPS averaged over the land area in the (a) HA and (b) VA by the LREN,

HREN, and NEWEN1 for Typhoon Morakot.
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over southern Taiwan. This is especially noticeable on

the resampled rainfall realizations.

With bias correction (pattern adjustment), the prob-

ability matching performance is significantly improved

in NEWEN2 (NEWEN3) in contrast to NEWEN4. This

illustrates that both bias correction and pattern adjust-

ment are effective. As expected, the best performance is

observed in NEWEN1 (see the red solid line in Fig. 7)

when bias correction and pattern adjustment are used

together. This suggests that there is synergy between

these two remedies.

When compared against NEWEN5, which is con-

structed without probability matching, it is found that

benefits can always be gained from the probability-

matching technique if at least one of the two remedies is

used (NEWEN1, NEWEN2, or NEWEN3). However, if

neither remedy is used (NEWEN4), the probability-

matching technique would perform worse than the

simple ensemble mean method (NEWEN5).

What is the relative importance of using the two

remedies? As shown in Fig. 7, the bias correction (used

in NEWEN2) gains more than the pattern adjustment

(used inNEWEN3) during themodel forecast time from

18 to 24 h (i.e., from 1800 UTC 6 August to 0000 UTC

7 August, denoted as period A) and from 45 to 54 h (i.e.,

from 2100 UTC 7 August to 0600 UTC 8 August, de-

noted as period C), while the latter performs better from

27 to 42 h (i.e., from 0300 to 1800 UTC 7 August, de-

noted as period B) and from 57 to 69 h (i.e., from 0900 to

2100 UTC 8 August, denoted as period D).

It should be noted that when referring to the ob-

served typhoon track in Fig. 2 and the observed 3-h

rainfall evolution in Fig. 3, the above-mentioned periods

A–D are, in fact, the periods when the observed outer-

front, inner-front, inner-rear, and outer-rear typhoon

FIG. 6. Spatial distribution of the RPS for the 3-h rainfall ending at 2100UTC 8Aug 2009 for TyphoonMorakot by (a) LREN, (b) HREN,

and (c) NEWEN1. The black box shows the area of the HA.

FIG. 7. As in Fig. 5, but for the five NEWEN variants.
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rainbands interact with the southern part of the CMR,

respectively.

During these four different periods, it can be shown,

on one hand, that the moving typhoon would produce

a very different rainfall pattern and intensity over Taiwan

through its interactions with the topography of the

CMR; on the other hand, it may also be shown that the

numerical model would have very different specific

rainfall forecasts at different resolutions for different

rainfall processes due to its intrinsic but imperfect repre-

sentations of the precipitation physics and the complicated

typhoon–topography interaction processes. This is why the

relative importance of the bias correction and pattern

adjustment varies with time.

Figure 7 suggests that the bias correction is, in general,

more important during periods A and C when the

HREN tends to produce a more serious local over-

prediction bias as the typhoon outer-front and inner-rear

rainbands interact with the topography, while pattern

adjustment is relatively more important during periods B

and D, when the HREN tends to produce more signifi-

cant, narrow rainfall patterns for the typhoon’s inner-

front and outer-rear rainbands. Obviously, coupling the

broader and smoother distribution of rainfall in the

LREN members with the narrow rainfall pattern along

the windward side of the CMR in theHREN should help

reproduce the real rainfall pattern prior to the applica-

tion of probability matching.

Figure 8 shows the spatial distribution of the RPS for

the 3-h rainfall ending at 1500 UTC 7 August by the

NEWEN variants. This period is within period B, and

the rainfall over Taiwan is produced by the inner-front

rainbands of the typhoon. When compared against

NEWEN4, pattern adjustment in NEWEN3 helps to

reduce the RPS significantly in the broader region, with

the exception of a limited area near southern Taiwan

where the bias correction in NEWEN2 is most effective

in reducing overprediction. When compared against

NEWEN5, which simply utilizes the SM of the re-

sampled realizations (step 6), NEWEN1 shows that the

modified probability-matching technique, with both

remedies applied, is superior to the simplemeanmethod

for the resampled realizations; while NEWEN4, on the

contrary, shows that the traditional probability-matching

technique, with neither remedy used, is inferior to the

simple mean method for the resampled realizations.

Figure 9 shows the spatial distribution of the RPS for

the 3-h rainfall ending at 0600 UTC 8 August by the

NEWEN variants. This period is within period C, and

the rainfall over Taiwan is produced by the inner-rear

rainbands of the typhoon. This case is similar to the one

shown in Fig. 8, except that the bias correction in

NEWEN2 is more effective than the pattern adjustment

in NEWEN3.

It should be noted that the same resampling technique

is applied to all of the NEWEN variants, including

NEWEN5. As shown in Figs. 5 and 7, after the model

simulation time of 60 h (i.e., 1200 UTC 8August), all the

NEWEN variants have similar RPSs and perform better

than HREN without resampling. This implies that the

superior performance is mostly attributed to the re-

sampling process in the modified probability-matching

technique. Note that the track ensemble forecast of the

LREN and HREN in this period has excessively large

spread (see Fig. 2) and even the HPM generally under-

predicts the heavy rainfall (see Fig. 3). Under these

circumstances, the resampling process is an effective

technique for extracting reasonable probabilistic rainfall

forecast information.

6. The QPF performance of the ensemble mean

In section 5, we show that the modified probability-

matching technique can be used to construct a new

FIG. 8. Spatial distribution of the RPS for the 3-h rainfall ending at 1500 UTC 7Aug 2009 for TyphoonMorakot by the NEWEN variants:

(a) NEWEN1, (b) NEWEN2, (c) NEWEN3, (d) NEWEN4, and (e) NEWEN5.

NOVEMBER 2013 FANG AND KUO 3917



rainfall ensemble with superior probabilistic rainfall

forecasts as compared with the original dual-resolution

ensembles for such topography-enhanced typhoon heavy

rainfall over Taiwan as that of Typhoon Morakot. It

would be desirable to assess its benefit to the QPFs. In

this section, we compare the QPF performance of the

ensemblemean rainfall derived fromLREN,HREN, and

NEWEN1.

a. The QPF performance of the ensemble mean 3-h
rainfall forecast

Figure 10 shows the spatial distribution of the 3-h

rainfall PM of NEWEN1 (denoted as NPM) in 3-h in-

tervals from 0000 UTC 6 August to 0000 UTC 9 August

2009 over Taiwan for Typhoon Morakot. Compared

with the observed 3-h rainfall shown in Fig. 3, the NPM

obviously produces much more reasonable rainfall dis-

tributions and amounts than either the LPM or HPM. In

particular, the rainfall underprediction around the ob-

served maximum rainfall area, Chiayi County, is miti-

gated (see the black star in Figs. 3 and 10).

The equitable threat score (ETS) is often used to

quantitatively evaluate the rainfall forecast skill of

a numerical model (e.g., Anthes et al. 1989; Accadia

et al. 2005; Tuleya et al. 2007; Cheung et al. 2008). Here,

we use the ETS to verify the QPF performance of the

ensemble mean rainfall derived from the LREN,HREN,

and NEWEN1. Note that based on our model outputs

in 3-h intervals, for the 3-h accumulated rainfall, the

ensemble mean can be derived in two forms: the SM and

the PM.

As shown inAccadia et al. (2005), theETS is defined by

ETS5
a2 ar

a1 b1 c2 ar
, ar 5

(a1 b)3 (a1 c)

a1 b1 c1d
, (2)

where a, b, c, and d are the categories of hits, false

alarms,misses, and correct no-rain forecasts, respectively,

for a certain threshold and ar is a correction factor

of the model hits expected from a random forecast.

The ETS ranges from 21/3 to 1, with a perfect score

being 1.

Figure 11 shows the time evolution of the ensemble

mean 3-h rainfall ETS over the land area in the VA

derived from the SM and PM of the LREN, HREN, and

NEWEN1 (denoted as LSM, HSM, NSM, LPM, HPM,

and NPM, respectively) for Typhoon Morakot. The

rainfall thresholds at different forecast times are shown

in Table 2. They are selected as different percentages of

the maximum observed rainfall values in the VA at

different times.

It should be noted that although the SM and PM

of both the LREN and HREN are calculated on the

regular latitude and longitude grids that have com-

parable horizontal resolutions to the corresponding

native model resolutions (36 and 4 km, respectively),

they are interpolated onto the grid of the objectively

analyzed rainfall (with a horizontal resolution of about

2 km) for verification. This is done similarly for the SM

and PM of NEWEN1. Furthermore, the ETS is calcu-

lated only over the land area in order to avoid the impact

from the possibly inaccurate rainfall analysis outside the

land area.

As is shown in Fig. 11, the difference between the PM

and SM varies in different ensemble systems. In the

LREN, the PM significantly outperforms the SM near

the rainfall centers, especially during a heavy rainfall

period; in the HREN, the PM generally outperforms the

SM by improving the skill in heavy rainfall areas, as

expected; in the NEWEN1, the PM and SM generally

have very similar types of performance, which suggests

that the resampling technique used in the modified

probability-matching technique for the construction of

the NEWEN1 would reduce the difference between the

SM and PM. The large differences between the ETS of

the LPM and LSM demonstrate that when the 36-km,

FIG. 9. As in Fig. 8, but for 3-h rainfall ending at 0600 UTC 8 Aug 2009.
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low-resolution model systematically underpredicts the

heavy rainfall of Typhoon Morakot, significant benefit

can be gained by the traditional probability-matching

technique through the rainfall postprocessing.

The comparison of the ETS evolution of the LPM (Fig.

11d), HPM (Fig. 11e), and NPM (Fig. 11f) shows that the

relative performance of the PM in different ensemble

systems varies with time. The LPM performs the best

during the early simulation period (0–12h), which is also

the period with small rainfall amounts due to the rela-

tively weak simulated storms being located far away from

Taiwan over the open sea. During the middle simulation

period (15–57 h), which is also the moderate rainfall pe-

riod when the simulated storms develop, approach, make

landfall, and then leave Taiwan, the NPM andHPMhave

comparable levels of performance and both significantly

outperform the LPM. During the final simulation period

(60–72 h), which is the period when Typhoon Morakot

produced the heaviest observed rainfall and the simu-

lated ensemble storms with disperse positions have left

and moved far away from Taiwan, the NPM significantly

outperforms both the LPM and HPM.

The time evolution of the 3-h rainfall ETS of the

LPM, HPM, and NPM, shown in Figs. 11d–f, is con-

sistent with the time evolution of the 3-h rainfall RPS of

the LREN, HREN, and NEWEN1 shown in Fig. 5b.

The consistent high ETS values of the NPM and the low

RPS values of NEWEN1 in the final simulation period

(66–72 h) further support the importance of the re-

sampling process in the modified probability-matching

technique for the topography-enhanced typhoon heavy

rainfall that is usually underpredicted.

As shown in Fang et al. (2011), it is during this period

that some members of the high-resolution ensemble can

produce topography-enhanced heavy rainfall by their

outer-rear rainbands being embedded in the strong

southwesterlies, while others do not because of their

unfavorable storm positions relative to the topogra-

phy. In this situation, the HSM will not only signifi-

cantly underestimate the heavy rainfall amount, but

will also blur or smear the topographical features of

the rainfall spatial distribution; such a problem cannot

be resolved by the typical probability-matching method

in the HPM. However, it can be effectively addressed by

the modified probability-matching technique introduced

in this paper, mostly through the resampling technique.

b. The QPF performance of the ensemble mean
accumulated 24- and 72-h rainfall

To further demonstrate the benefit of the modified

probability-matching technique in the QPF of the accu-

mulated rainfall with a longer period, the ensemblemean

accumulated 24- and 72-h rainfall forecasts are verified.

As a first step, it is necessary to clarify the definition of the

ensemble mean accumulated rainfall for longer periods of

accumulated rainfall, which is more complicated than the

3-h accumulated rainfall.

FIG. 10. As in Fig. 3, but for NPM.
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Based on the 3-h accumulated rainfall ensemble time

series of the LREN, HREN, and NEWEN1, nine dif-

ferent kinds of ensemble mean accumulated 24- or 72-h

rainfall can be defined as follows: 1) the LSM, SM of

the accumulated 24- or 72-h rainfall of the LREN; 2) the

HSM, SM of the accumulated 24- or 72-h rainfall of

the HREN; 3) the NSM, SM of the accumulated 24-

or 72-h rainfall of the NEWEN1; 4) the LPMa, sum of

the 3-h rainfall LPM over time; 5) the HPMa, sum of the

3-h rainfall HPM over time; 6) the NPMa, sum of the 3-h

rainfall NPM over time; 7) the LPMb, PM of the accu-

mulated 24- or 72-h rainfall members of the LREN;

8) the HPMb, PM of the accumulated 24- or 72-h rainfall

members of the HREN; and 9) the NPMb, PM of the ac-

cumulated 24- or 72-h rainfall members of the NEWEN1.

Figure 12 shows the spatial distribution of the mean

error (ME) of the simulated ensemble mean accumu-

lated 24- and 72-h rainfall in the HA, derived by nine

different kinds of ensemble mean for Typhoon Morakot.

As shown in Fig. 12, the LSM, LPMa, and LPMb have

a very large negative bias, especially at the northwestern

part of the HA (where the maximum observed rainfall

was recorded); the HSM also has a considerable negative

bias there; and the HPMa and HPMb have obviously

positive biases at the southern part of the HA (where the

southern tip of the CMR is located). The NSM, NPMa,

and NPMb significantly mitigate these biases.

Figure 13 shows the averaged ETS over the land area

in the HA of the simulated ensemble mean accumulated

24- and 72-h rainfall derived by nine kinds of ensemble

mean for Typhoon Morakot. Figure 14 is the same as

Fig. 13, but is verified in the VA.

First, in both the HA and VA, the ensemble mean

accumulated rainfall forecasts of the NEWEN1 have a

much larger ETS than those ensemble mean accumu-

lated rainfall forecasts of both the LREN and HREN,

which demonstrates the superior performance of the

modified probability-matching technique.

Second, the differences among the three kinds of en-

semble mean vary for different ensemble systems. For

FIG. 11. Time evolution of the ensemble mean 3-h rainfall ETS over the land area in the VA for Typhoon Morakot derived from

(a) LSM, (b) HSM, (c) NSM, (d) LPM, (e) HPM, and (f) NPMwith different percentages of the maximum observed rainfall in the VA as

verification thresholds.

3920 MONTHLY WEATHER REV IEW VOLUME 141



NEWEN1, the three kinds of ensemble mean have a

very similar performance; however, for both the LREN

and HREN, there are significant discrepancies among

them, especially for the 72-h accumulated rainfall as well

as for the final (D3) 24-h period. In all three of the

pertinent ensemble systems, the PM generally out-

performs the SM, and the probability matching works

better on a shorter-time-scale (i.e., 3 h) accumulated

rainfall ensemble than on the longer-duration (i.e., 24 and

72h) accumulated rainfall ensemble.

Figure 15 compares the simulated ensemble mean ac-

cumulated 72-h rainfall derived from the LPMa, HPMa,

and NPMa against the observed rainfall for Typhoon

Morakot. The NPMa outperforms both the LPMa and

HPMa in the following aspects: 1) it mitigates the neg-

ative bias at Chiayi County where a local maximum

observed rainfall was recorded, 2) it eliminates the erro-

neous excessive rainfall at the southern tip of the CMR

in the high-resolutionmodel, 3) it corrects the erroneous

narrow heavy rainfall distribution pattern over the

southern part of Taiwan in the high-resolution model,

and 4) it reduces the positive bias over the northeastern

part of Taiwan. Note that the 72-h HPMa has an in-

credibly large value of 4885mm. This is because the tradi-

tional probability-matching process used in the calculation

of the 3-h HPM time series (see Fig. 3) exactly restores

the maximum values within the entire ensemble members,

which add up to a very large value of the 72-h HPMa at

the southern tip of the CMR. The maximum values of

the 72-h HSM and HPMb are significantly reduced to

2592 and 3742mm, respectively (figure omitted). How-

ever, when compared with the observations, these

maximum values are all locked at the wrong location.

7. One more case study: Typhoon Jangmi (2008)

a. Case overview of Typhoon Jangmi

Typhoon Jangmi (2008) is selected as another test case

to demonstrate the robustness of the modified probabil-

ity-matching technique as well as to present its flexibility

for application to different cases. From 26 to 30 Sep-

tember 2008, Typhoon Jangmi produced heavy rainfall

over Taiwan, with the maximum observed precipitation

totaling slightly more than 1000mm. Although Typhoon

Jangmi was much more intense than Typhoon Morakot,

the maximum rainfall amount it produced over Taiwan is

less than half of that brought by Typhoon Morakot (in

part, because of its fast movement over Taiwan and rapid

weakening after landfall).

b. Ensemble forecast performance of the LREN and
HREN for Typhoon Jangmi

To evaluate the performance of themodified probability-

matching technique, we first conduct 72-h ensemble

TABLE 2. Thresholds of the 3-h rainfall (mm) used in Fig. 11.

Percentage (%)

Forecast time (h) 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

3 0.6 1.3 1.9 2.5 3.1 3.8 4.4 5.0 5.6 6.3 6.9 7.5 8.1 8.8 9.4 10.0 10.6 11.3

6 1.6 3.3 4.9 6.5 8.1 9.8 11.4 13.0 14.6 16.3 17.9 19.5 21.1 22.8 24.4 26.0 27.6 29.3

9 4.5 8.9 13.4 17.9 22.3 26.8 31.3 35.8 40.2 44.7 49.2 53.6 58.1 62.6 67.0 71.5 76.0 80.4

12 6.0 11.9 17.9 23.9 29.9 35.8 41.8 47.8 53.8 59.7 65.7 71.7 77.7 83.6 89.6 95.6 101.5 107.5

15 7.5 14.9 22.4 29.8 37.3 44.7 52.2 59.6 67.1 74.5 82.0 89.4 96.9 104.3 111.8 119.2 126.7 134.1

18 5.0 10.0 15.0 20.0 24.9 29.9 34.9 39.9 44.9 49.9 54.9 59.9 64.9 69.9 74.8 79.8 84.8 89.8

21 5.6 11.3 16.9 22.6 28.2 33.8 39.5 45.1 50.8 56.4 62.0 67.7 73.3 79.0 84.6 90.2 95.9 101.5

24 5.3 10.6 15.8 21.1 26.4 31.7 36.9 42.2 47.5 52.8 58.0 63.3 68.6 73.9 79.1 84.4 89.7 95.0

27 6.1 12.1 18.2 24.3 30.3 36.4 42.5 48.5 54.6 60.7 66.7 72.8 78.9 85.0 91.0 97.1 103.2 109.2

30 6.3 12.6 19.0 25.3 31.6 37.9 44.3 50.6 56.9 63.2 69.6 75.9 82.2 88.5 94.9 101.2 107.5 113.8

33 6.2 12.5 18.7 24.9 31.2 37.4 43.6 49.9 56.1 62.3 68.6 74.8 81.1 87.3 93.5 99.8 106.0 112.2

36 5.7 11.3 17.0 22.7 28.4 34.0 39.7 45.4 51.0 56.7 62.4 68.1 73.7 79.4 85.1 90.7 96.4 102.1

39 6.9 13.7 20.6 27.5 34.4 41.2 48.1 55.0 61.9 68.7 75.6 82.5 89.3 96.2 103.1 110.0 116.8 123.7

42 7.3 14.6 21.9 29.1 36.4 43.7 51.0 58.3 65.6 72.9 80.1 87.4 94.7 102.0 109.3 116.6 123.9 131.1

45 8.9 17.7 26.6 35.5 44.3 53.2 62.1 70.9 79.8 88.7 97.5 106.4 115.3 124.1 133.0 141.9 150.7 159.6

48 12.7 25.5 38.2 50.9 63.6 76.4 89.1 101.8 114.5 127.3 140.0 152.7 165.4 178.2 190.9 203.6 216.3 229.1

51 13.0 26.0 39.1 52.1 65.1 78.1 91.2 104.2 117.2 130.2 143.3 156.3 169.3 182.3 195.4 208.4 221.4 234.4

54 9.5 19.0 28.5 37.9 47.4 56.9 66.4 75.9 85.4 94.8 104.3 113.8 123.3 132.8 142.3 151.8 161.2 170.7

57 11.6 23.2 34.8 46.5 58.1 69.7 81.3 92.9 104.5 116.2 127.8 139.4 151.0 162.6 174.2 185.8 197.5 209.1

60 12.1 24.2 36.3 48.3 60.4 72.5 84.6 96.7 108.8 120.9 132.9 145.0 157.1 169.2 181.3 193.4 205.4 217.5

63 13.8 27.6 41.4 55.2 69.1 82.9 96.7 110.5 124.3 138.1 151.9 165.7 179.5 193.4 207.2 221.0 234.8 248.6

66 14.2 28.4 42.7 56.9 71.1 85.3 99.5 113.8 128.0 142.2 156.4 170.7 184.9 199.1 213.3 227.5 241.8 256.0

69 10.6 21.3 31.9 42.6 53.2 63.8 74.5 85.1 95.7 106.4 117.0 127.7 138.3 148.9 159.6 170.2 180.8 191.5

72 8.6 17.1 25.7 34.2 42.8 51.4 59.9 68.5 77.0 85.6 94.2 102.7 111.3 119.8 128.4 137.0 145.5 154.1
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forecast experiments LREN and HREN for Typhoon

Jangmi from 1200UTC 26 September to 1200UTC

29 September 2008.

Figure 16 shows the forecast track of Typhoon Jangmi

for the LREN and HREN. Note that due to the faster

movement of Typhoon Jangmi, the 72-h forecast track

covers a larger domain than that of Fig. 2. The LREN

mean track captures the observed track fairly well;

however, the HREN mean track has slower movement

during the final 12-h simulation period. A large track

spread is evident in both the LREN and HREN during

and after landfall, even though the tracks do not spread

much over the open sea prior to landfall.

Figure 17 shows the spatial distribution of the 3-h

rainfall of both the LPM and HPM and the observa-

tions at 3-h intervals from 1200 UTC 26 September

to 1200UTC 29 September 2008 over Taiwan. When

compared with Fig. 3, similar smooth rainfall distribu-

tions exist in the LPM for both Typhoon Jangmi and

Typhoon Morakot; the HPM also has similar local ex-

cessive rainfall issues for both typhoons. One difference

between the two typhoon cases is that the over-

prediction bias in the HPM of Typhoon Jangmi exists

not only at the southern tip of the CMR but also over

a broader northeastern mountain area. Another differ-

ence is that Typhoon Jangmi did not produce heavy

rainfall after it moved away from Taiwan.

c. The generation of the NEWEN1 for Typhoon
Jangmi

When constructing the new ensemble NEWEN1 for

Typhoon Jangmi, WL and WH are both set to 0.5, the

same as that for Typhoon Morakot. The bias-correction

percentile is set to 99 at the early stage forecast (before

0600 UTC 27 September) when the typhoon is still far

away from Taiwan, 95 around the simulated landfall

period (from 0300 to 1500 UTC 28 September), and 97.5

for the other stages. Because Typhoon Jangmi has much

FIG. 12. The spatial distribution of theME of the simulated ensemblemean accumulated 24- and 72-h rainfall in theHA (color shaded

in mm as indicated in the color bar) derived from (left to right) nine different kinds of ensemble means for Typhoon Morakot (2009):

row 1 (labeled D1) covers from 0000 UTC 6 Aug to 0000 UTC 7 Aug, row 2 (labeled D2) covers from 0000 UTC 7 Aug to 0000 UTC

8 Aug, row 3 (labeled D3) covers from 0000 UTC 8 Aug to 0000 UTC 9 Aug, and row 4 (labeled 3Ds) covers from 0000 UTC 6 Aug to

0000 UTC 9 Aug.
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less precipitation and the rainfall overprediction bias in the

high-resolutionmodel is not as serious as that for Typhoon

Morakot (see Figs. 3 and 17), the bias-correction area

should be expanded for Typhoon Jangmi and, therefore,

a slightly smaller percentile parameter of 95 is selected

for Typhoon Jangmi around the landfall period.

d. The performance of the probabilistic rainfall
forecast for Typhoon Jangmi

Figure 18 shows the time evolution of the 3-h rainfall

RPS averaged over the land area in both the HA and

VA for the LREN, the HREN, and the five NEWEN

variants for Typhoon Jangmi. As shown in Figs. 18a and

18c, the NEWEN1 has a much smaller RPS than the

LREN and HREN from the forecast time of 45–63 h

(i.e., from 0900UTC 28 September to 0300 UTC

29 September), the period in which the heaviest rainfall

was observed (refer to Fig. 17). However, it is found in

Figs. 18a and 18c that theNEWEN1has poor performance

in the final 9-h simulation period. The reason for this de-

ficiency might be attributable to the sampling error re-

sulting from the limited high-resolution model realizations

that have large track biases and spreads at this stage.

Figure 19 shows the scatterplots of the simulated

storm positions of Typhoon Jangmi at 3-h intervals for

the ensemble members of the LREN and HREN. As

an example, the HREN realizations around the LREN

average storm position at the final simulation time (i.e.,

1200UTC29September 2008) are southwestward biased.

Nevertheless, the short period of deficiency for the small

amount of rainfall (refer to Fig. 17) does not have a sig-

nificant impact on the general forecast performance of the

FIG. 13. Averaged ETS over the land area in the HA of the simulated ensemble mean accumulated 24- and 72-h

rainfall derived by nine different kinds of ensemblemeans for TyphoonMorakot (2009): (a) from 0000UTC 6Aug to

0000 UTC 7 Aug, (b) from 0000 UTC 7 Aug to 0000 UTC 8 Aug, (c) from 0000 UTC 8 Aug to 0000 UTC 9 Aug, and

(d) from 0000 UTC 6 Aug to 0000 UTC 9 Aug.
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NEWEN1 and, hopefully, increasing the ensemble size

and/or the output frequency of the HREN will mitigate

this shortcoming.

As shown in Figs. 18b and 18d,NEWEN4 andNEWEN2

generally perform worse than NEWEN1 and NEWEN3.

This indicates the importance of the pattern adjustment in

the probability-matching process. This result is consistent

with the results of Typhoon Morakot (see Fig. 7). The bias

correction is also important in further improving the re-

sults, but its relative importance varies with time and

verification area, as well as the individual case (figures

omitted for an area over northeastern Taiwan heavily

hit by Typhoon Jangmi); it is most important for the

extremely heavy rainfall.

e. The QPF performance of the ensemble mean for
Typhoon Jangmi

Figure 20 shows the averaged ETS over the land area

in the HA of the simulated ensemble mean accumulated

24- and 72-h rainfall derived by nine kinds of ensemble

mean for Typhoon Jangmi. Figure 21 is the same as

Fig. 20, except verified in the VA. Note that the rainfall

verification thresholds for Typhoon Jangmi are different

from those in Figs. 13 and 14 for TyphoonMorakot; they

are adjusted to reflect the much smaller rainfall amount

of Typhoon Jangmi. It is found that in both the HA and

VA, the ensemble mean accumulated rainfall forecast

derived from the new ensemble NEWEN1 is superior to

those derived from the original ensembles LREN and

HREN.

When compared with Typhoon Morakot, there is

a much smaller discrepancy among the three kinds of

ensemble means derived from the HREN for Typhoon

Jangmi. This implies less diversity within the high-

resolution members for the smaller rainfall amount of

Typhoon Jangmi. However, there are still significant

discrepancies among the three different kinds of en-

semble mean derived from the LREN. Generally, the

FIG. 14. As in Fig. 13, but in the VA.
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PM outperforms the SM, only it is not as significant as

for Typhoon Morakot.

Figure 22 compares the simulated ensemble mean

accumulated 72-h rainfall derived from the LPMa,

HPMa, and NPMa against the observed rainfall during

Typhoon Jangmi. Despite the much smaller rainfall

amount, the modified probability-matching technique

helps to mitigate or eliminate the rainfall biases in both

the low- and high-resolution ensembles for Typhoon

Jangmi. These results for Typhoon Jangmi provide fur-

ther confirmation of the effectiveness of the modified

probability-matching approach for the topography-

enhanced heavy rainfall.

8. Conclusions and discussion

In this paper, a modified probability-matching tech-

nique is introduced to improve the ensemble-based

FIG. 15. The accumulated 72-h rainfall ending at 0000 UTC 9Aug 2009 (color shaded in mm as indicated in the color bar) as the simulated

ensemble mean derived by (a) LPMa, (b) HPMa, and (c) NPMa, and (d) as observed for Typhoon Morakot.

FIG. 16. As in Fig. 2, but for Typhoon Jangmi (2008). The track is plotted from 1200UTC 26 Sep to 1200UTC 29 Sep 2008, and the storm

positions are shown as red circles at 1200 UTC 26 Sep and 1200 UTC 28 Sep, blue circles at 0000 UTC 27 Sep and 0000 UTC 29 Sep, black

crosses at 1200 UTC 27 Sep, cyan crosses at 0000 UTC 28 Sep, and black dots at 1200 UTC 29 Sep.
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quantitative precipitation forecasts of the topography-

enhanced heavy rainfall associated with a landfalling ty-

phoon over Taiwan. The basic idea is to construct a new

synthetic rainfall ensemble with the modified probability-

matching technique to extract the improved rainfall

information from the dual low- and high-resolution en-

sembles that have different systematicmodel biases for the

topography-enhanced typhoon heavy rainfall. The main

features of the modified probability-matching technique

include (i) a resampling of the rainfall ensemble, (ii) a

rainfall pattern adjustment, and (iii) a bias correction.

Verification of the performance of the ensemble prob-

abilistic rainfall forecast and the ensemble mean rainfall

forecast for a demonstration case, Typhoon Morakot

(2009), with extremely heavy rainfall, and another test

case, Typhoon Jangmi (2008), with moderately heavy

rainfall led to the following conclusions:

1) Based on the affordable ensemble simulations from

a large-size (32 members), low-resolution (36 km)

ensemble and a small-size (8members), high-resolution

(4 km) ensemble, valuable rainfall forecast informa-

tion can be effectively extracted from a new synthetic

rainfall ensemble constructed with the modified

probability-matching technique. The probabilistic rain-

fall forecast of the new ensemble outperforms both the

low- and high-resolution ensembles, and the ensemble

mean accumulated rainfall derived from the new

ensemble is shown tomitigate or eliminate the intrinsic

model rainfall bias in both the low- and high-resolution

ensembles and, therefore, to provide improved QPF

guidance for the topography-enhanced typhoon heavy

rainfall.

2) The resampling process is an important step of this

modified probability-matching technique. It can dis-

card the outliers far away from the mean track,

reduce the smearing effect from storms with very

different locations, increase the similarity of the

resampled realizations, and thus extract a more re-

alistic and representative rainfall pattern and values

FIG. 17. As in Fig. 3, but for Typhoon Jangmi in 3-h intervals from (top left) 1200 UTC 26 Sep to (bottom right) 1200 UTC 29 Sep 2008.
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based on the reliable mean track forecast. The

effectiveness of the resampling process is sensitive

to the error of the mean track forecast of the low-

resolution ensemble that is used to anchor the

searching and to the bias in the selected high-

resolution rainfall realizations. For the extremely

heavy rainfall of Typhoon Morakot, the resampling

process is very effective in extracting a reasonable

probabilistic rainfall forecast, as the rainfall is signif-

icantly underpredicted by the ensemble mean fore-

cast or even by the high-resolution realizations,

particularly when the ensemble storm positions

spread significantly (as often occurs after landfall).

For Typhoon Jangmi, the performance deterioration

of the new ensemble is observed in the final 9 h of

simulation time. This problem might be attributable

to the sampling error resulting from the limited

high-resolution model realizations that have large

track bias and spread during this period. Hopefully,

by increasing the ensemble size and/or the output

frequency of theHREN, this sampling error should be

mitigated.

3) Both high- and low-resolution ensembles are essen-

tial to this modified probability-matching technique.

Mostly due to uncertainties in the model’s precipita-

tion and boundary layer physical parameterizations

in complex terrain, high- and low-resolution simula-

tions tend to produce different systematic rainfall

biases. Bymerging the broader and smoother rainfall

distribution from a low-resolution ensemble with

the rainfall pattern containing detailed features and

structures from a high-resolution ensemble, a more

FIG. 18. Time evolution of the 3-h rainfall RPS for Typhoon Jangmi: (a) averaged over the land area in the HA by

the LREN, HREN, and NEWEN1; (b) averaged over the land area in the HA by the five NEWEN variants;

(c) averaged over the land area in the VA by the LREN,HREN, and NEWEN1; and (d) averaged over the land area

in the VA by the five NEWEN variants.
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realistic rainfall pattern emerges, which is important

for the probability-matching process to work prop-

erly. On one hand, since the low- and high-resolution

ensembles share the same large-scale environment,

the averaging can retain the large-scale rainfall

variations. On the other hand, although the high-

resolution ensembles can resolve more small-scale

rainfall variations, some of these small-scale rainfall

features are erroneous and topographically locked.

These might be the physical rationales as to why the

averaging process has been helpful in improving the

rainfall pattern.

4) The bias correction is also important in further

improving the new ensemble constructed by the

FIG. 19. As in Fig. 4, but for Typhoon Jangmi and with T_exp at an example time of 1200 UTC 29 Sep 2008 and with the example member

of the selected LREN storm positions being member 1, denoted as M_exp and marked by the red cross.
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modified probability-matching technique, but its

relative importance varies with time and the verifi-

cation area, as well as the individual case; it is most

important for the extremely heavy rainfall.

5) In general, the probability-matched ensemble mean

performs much better than the simple ensemble

mean (e.g., Ebert 2001), where averaging to pro-

duce the ensemble mean causes a large bias in the

rain area and a corresponding reduction in the mean

and maximum rain intensity; using probability

matching to reassign the ensemble mean rain rates

using the rain frequency distribution, meanwhile,

produces improved results. For our demonstration

case (Typhoon Morakot, with extremely heavy

rainfall), this is shown to be true for both low- and

high-resolution model runs; for the additional case

(Typhoon Jangmi, with moderate heavy rainfall), it

is valid for the low-resolution run. It should be

noted that the application of the typical probability-

matching technique would not perform well with

poor representation of the rainfall pattern or the

rainfall distribution frequency in an ensemble. For

example, the typical probability-matching tech-

nique, via amplifying the systematic topographically

locked positive bias in the high-resolution ensemble

runs, would ruin the forecast skill at those local

areas. In addition, we found that, for our demon-

stration case (Typhoon Morakot), the probability-

matched ensemble mean accumulated rainfall

derived with the probability-matching technique

applied to a shorter-time-period (i.e., 3 h) accumu-

lated rainfall ensemble performs better than that

FIG. 20. As in Fig. 13, but for Typhoon Jangmi (2008): (a) from 1200 UTC 26 Sep to 1200 UTC 27 Sep, (b) from

1200UTC 27 Sep to 1200UTC 28 Sep, (c) from 1200UTC 28 Sep to 1200UTC 29 Sep, and (d) from 1200UTC 26 Sep

to 1200 UTC 29 Sep.
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derived with the probability-matching technique ap-

plied to a longer-duration (i.e., 24 and 72h) accumu-

lated rainfall ensemble. This is generally true for

Typhoon Jangmi.

The results from the modified probability-matching

technique on the two typhoon cases are very encourag-

ing. This modified technique should be an effective

approach for the practical ensemble forecasting of the

topography-enhanced typhoon heavy rainfall over

Taiwan. Obviously, the skill of typhoon rainfall fore-

casting is highly dependent on the accuracy of the track

forecast; in fact, the performance of the derived ensemble

mean rainfall forecast by the modified probability-

matching technique is strongly tied to the ensemblemean

track forecast. There are a few tunable parameters in the

proposed modified probability-matching technique. We

have demonstrated the successful application of this

technique for two different cases, but these parameters

are by no means optimal for the general application to

all landfalling typhoons over Taiwan. Specifically, the

weighting factors of the low- and high- resolution rain-

fall patterns (WL andWH) need to be optimized, and the

bias-correction percentile parameter should be adjusted

based on statistics of the high-resolution ensemble sim-

ulation of many more storms, as well as the simulated

ensemblemean track and track spread. In addition, larger

ensemble size and higher-frequency model rainfall out-

puts (i.e., 1-h rainfall) could potentially provide further

improvement (the latter without requiring significantly

more computing resources). The sample sizes of the low-

and high-resolution ensembles also need to be optimized.

For hazard mitigation, quantitative precipitation fore-

casting is needed at both high-temporal and high-spatial

FIG. 21. As in Fig. 20, but in the VA.
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resolutions. The modified probability-matching scheme

can be further improved to meet the operational need.
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