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Abstract: In this study, high-resolution quantitative precipitation forecasts (QPFs) in lagged runs
with a cloud-resolving model are evaluated for three typhoons in the Philippines: Mangkhut (2018),
Koppu (2015), and Melor (2015), hitting northern Luzon, central Luzon, and the middle section of the
Philippine archipelago, respectively. In Part I of this study, the QPFs were verified using 56 gauge
observations on land over the Philippines. Here, in Part II, they are verified against the Global
Precipitation Measurement (GPM) satellite estimates (also covering nearby oceans), using categorical
scores in the same way. For each typhoon, rainfall valid at a selected 24 h period and the whole event
(48 or 72 h) is examined. For 24 h rainfall inside the short range (lead time < 72 h), good QPFs (with
a threat score of >0.2) were produced for Koppu at 200 mm by almost all runs, and at 100 mm by all
runs for Mangkhut, but only 22% of the runs for Melor. At longer lead times, good QPFs at 100 mm
were also produced by all runs for Koppu, half of the runs for Mangkhut, and only 1 out of 16 runs
for Melor. For whole events (48 or 72 h), the QPFs were similarly the best for Koppu, followed by
Mangkhut, and least ideal for Melor. The quality of the GPM data during the three typhoons was
found to be generally good and suitable for QPF verification, and the results were more stable and,
thus, more reliable for the assessment of bias. However, the threat scores using the GPM dropped
lower at high thresholds, and the results could become different from those obtained against the
gauges (Part I), suggesting a much higher skill. Thus, verification using rain gauges is still needed
toward high thresholds, especially over mountain regions where satellite estimates tend to exhibit

larger errors.

Keywords: quantitative precipitation forecast (QPF); typhoon; time-lagged ensemble; cloud-resolving
model; categorical statistics; global precipitation measurement (GPM); Philippines

1. Introduction

Located along the main path of tropical cyclones (TCs), or typhoons in the western
North Pacific, the Philippines is the world’s most exposed country when it comes to the
hazards of these fierce storms [1-4]. Thus, in addition to gale-force winds and storm surges
near the centers of the TCs, e.g., [5-7], accurate quantitative precipitation forecasts (QPFs)
for heavy rainfall are also important [8,9] and under high demand due to their associated
hazards of flooding, inundation, landslides, and debris flow [10-12]. However, in modern
numerical weather prediction (NWP), heavy-rainfall QPFs are still a highly challenging
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area [9,13], and very few studies have performed such tasks for TCs in the Philippines in a
quantitative and objective manner thus far, e.g., [14-16].

In Taiwan, which is just north of the Philippines across the Luzon Strait, the develop-
ment of typhoon QPFs began earlier, and there are more related studies in the literature.
As Taiwan is mountainous and has steep topography (peaking at almost 4 km), it has long
been recognized that the rainfall pattern brought by a TC in Taiwan is mainly controlled
by the relative location of its center to the island due to topographic enhancements on the
windward slopes facing the TC circulation [17-19], and, thus, the total rainfall is dictated
by the track of the storm [20-22]. Partly owing to this rainfall mechanism phase-locked to
the terrain, typhoon QPFs in Taiwan have been shown to be quite skillful within the short
range (<72 h) through deterministic high-resolution models [23-25], when the track errors
are often within a reasonable range. Moreover, the skill scores are higher and, thus, the
heavy rainfall is more predictable in larger events (in terms of rainfall) [23], including at
high thresholds of >500 mm (per 24 h) [24,25].

As high resolution is required for QPFs [26] and it is not ideal to split the available
computational resource among multiple members as usually adopted, e.g., [22], the time-
lagged strategy [27] has been recommended and used by [28] for ensembles to account for
the stochastic nature of NWP [29,30] and to obtain the probability information, e.g., [31-33].
In the past, time-lagged ensembles were mostly used for short-range forecasts, e.g., [34-37].
On the other hand, the system in [28] not only allows for high-quality QPFs comparable
to those noted earlier at the short range, but with a range out to eight days, it also has the
potential for QPFs at longer lead times (if the track is close enough). Essentially, these runs
at longer lead times can provide different rainfall scenarios associated with different TC
tracks, including the key information of a realistic “worst-case” scenario (e.g., with a direct
hit), for the authority to start early preparations [28]. Later, as the lead time shortens and
the uncertainty in tracks reduces, the most likely rainfall scenario emerges, as reflected in
the temporal evolution of derived probabilities from successive runs. Then, the authority
can arrange for proper adjustments. Of course, case-to-case variations exist in predictability
due to the specific environment and flow pattern associated with each TC [26,28,38,39].
However, it should be pointed out that such time-lagged ensembles do not account for
initial conditions and model uncertainty, and the earlier runs may have a lower skill.

Due to the close proximity and geological characteristics of the Philippines and Tai-
wan, one wonders how well a similar time-lagged ensemble system can predict typhoon
QPFs for the Philippines. Such a study was recently carried out, and its first part (Part I)
was reported [40]. As in [23,24,28,38,39], the 2.5 km cloud-resolving storm simulator
(CReSS) [41,42] was used to perform QPFs for three typhoons that reached landfall through
different parts of the Philippines (Figure 1a): typhoons (TYs) Mangkhut (2018), Koppu
(2015), and Melor (2015). The tracks and QPFs were verified using categorical measures
against 56 rain gauge observations. The performance was the best for Koppu, which pene-
trated central Luzon, as many runs within the short range exhibited high skills of up to
350-500 mm (observed peak amount = 695 mm in 72 h for the whole event). For Melor,
which passed through the middle part of the Philippine archipelago, some members at
the short range were also skillful at 200-350 mm (peak = 407 mm in 72 h). For Mangkhut,
which struck northern Luzon and produced the most rainfall among the three TCs (based
on rain gauges, 786 mm in 48 h), the rainfall was the least predictable. The best short-range
member for it was skillful only up to 200 mm. At longer lead times beyond the short range,
approximately one-third of the runs also produced quality QPFs up to 350 mm for both
Koppu and Melor, but none for Mangkhut, due to larger northward track biases at such
longer ranges. Thus, overall, a fair chance exists for decent and realistic QPFs at lead times
of approximately 3-7 days in two (out of three) landfalling TCs in the Philippines, and the
rain gauge verification results are encouraging [40].
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Figure 1. (a) The geography of the Philippines and the JTWC'’s best tracks of the three typhoons in
this study (center positions given every 6 h, with dates labeled at 0000 UTC) with intensity indicated
(color, see legend below). Major islands and the capital city of Manila are labeled. (b) The topography
(m, color), major mountains, and locations of rain gauges (red dots) in the Philippines. Rain gauge
sites where maximum rainfall was observed are labeled (see text for details).

While Part I was among the earliest studies to verify QPFs with high-resolution
models for TC rainfall in the Philippines using objective and quantitative methods, a
few issues can be further explored. First, the 56 rain gauges were from manned weather
stations operated by the Philippine Atmospheric, Geophysical and Astronomical Services
Administration (PAGASA) and scattered across the nation. They provided accurate rainfall
measurements for model verification, but the density was not high compared to Taiwan
(approximately 450 sites), and very few stations are located in the mountains (Figure 1b).
Thus, the rainfall caused by the three TCs in the mountains might have not been well
captured, and the QPF verification results could be more random and unstable. Since
the time of the Tropical Rainfall Measuring Mission (TRMM) [43], many satellite-derived
rainfall products have been put forward [44-46] and widely used in studies across a variety
of spatial and time scales, e.g., [47,48], including those in the Philippines [49-52]. While
these gridded datasets are estimates and may possess certain errors [50], the most notable
being the underestimations in heavy rainfall over the terrain, e.g., [53-56], they do have the
advantages of high resolution and even coverage over both land and ocean [43-46,49,52].
The latest such product is the Global Precipitation Measurement (GPM) mission [57,58], and
its Integrated Multisatellite Retrieval for GPM (IMERG) product [52,53,59] was evaluated
to be suitable for NWP evaluations over the Maritime Continent and the Philippines at
daily and subdaily time scales [60]. Therefore, as our primary objective here in Part II,
the high-resolution GPM IMERG data during the three typhoons are employed to verify
their QPFs using the same methods as in Part I. The verification results are compared with
those in Part I, which used the rain gauges [40], so as to assess the general quality of the
GPM IMERG data during the three rather extreme TC rainfall events. This is our second
objective. In addition, the three TCs were quite intense at landfall (at least category three
on the Saffir-Simpson scale, Figure 1a), and the intensity predictions with the time-lagged
ensemble are verified along with the probability information of heavy rainfall, both of
which are aspects not covered in Part I [40].
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The rest of this paper is arranged as follows. In Section 2, data and methodology
are described, including the CReSS model, hindcast experiments, GPM data, and the
verification of the model QPFs. In Sections 3-5, the time-lagged ensemble results in track,
intensity, and QPFs for TYs Mangkhut (2018), Koppu (2015), and Melor (2015) are presented
and discussed following this order, respectively. In Section 6, a further comparison and
discussion of QPF results are given, and, finally, the conclusions are drawn in Section 7.

2. Data and Methodology
2.1. The CReSS Model and Hindcast Experiments

Since the numerical model, hindcast experiments, and methods to verify the model
QPFs were all identical to those in Part I [40], these aspects were only described very briefly
here, and the readers are encouraged to refer to Part I [40] for more details when needed.
In this study, the CReSS model (version 3.4.2) of Nagoya University [41,42] was used for all
hindcast experiments. It is a single-domain cloud-resolving model designed to simulate
clouds and various weathers at high resolution, and, thus, treats all clouds only explicitly
using a double-moment bulk cold-rain scheme based on [42,61-65] by option (Table 1). At
the subgrid scale, the turbulence in the planetary boundary layer (PBL) [66,67], as well as
the radiation, momentum, and energy fluxes at the surface [68,69], were parameterized,
the latter with aid from a substrate model [42].

Table 1. Domain configuration and physical packages of the CReSS model in this study.

Map projection Lambert conformal (center at 123°E, secant at 5°N and 20°N)
Grid spacing (km) 2.5 x 2.5 x 0.1-0.5695 (0.4) *

Grid dimension (x, y, z) 864 x 696 x 50

Domain size (km) 2160 x 1740 x 20

Forecast frequency Every 6 h (at 0000, 0600, 1200, and 1800 UTC)

Forecast length 8 days (192 h)

IC/BCs NCEP GFS 0.5° x 0.5° analyses and forecasts (26 levels)
Cloud microphysics Double-moment bulk cold-rain scheme

PBL parameterization 1.5-order closure with turbulent kinetic energy prediction
Surface processes Shortwave/longwave radiation and momentum/energy fluxes
Soil model 43 levels, every 5 cm to 2.1 m in depth

* The vertical grid of CReSS is uneven and stretched (smallest at the bottom) and the parentheses give the
average value.

The horizontal grid size was 2.5 km, as in [23,28,40], with 50 vertical levels at a mean
spacing of 400 m (smallest at the bottom). With 864 x 696 grid points, the domain size
was 2160 km x 1740 km (Table 1, Figure 2). For all CReSS runs, the initial and boundary
conditions (IC/BCs) were from the National Centers for Environmental Prediction (NCEP)
Global Forecast System (GFS) gross analyses and forecasts (0.5° x 0.5°, 26 levels) conducted
every 6 h [70,71] (Table 1). For each of the three typhoons, hindcast experiments were run
every 6 h out to a range of eight days (192 h), except every 12 h for some early runs for
Mangkhut. Since only data available up to the initial time (ty) of each run were used, our
results were equivalent to performance in real time.

2.2. Observation Data for Model Verification

To verify different aspects of the model hindcasts, the following data were used. For
the TC track and intensity, the best track data from the Joint Typhoon Warning Center
(JTWC) and Japan Meteorological Agency (JMA) were used. For QPF verification, the GPM
IMERG data (Final Run V06B) [64] were used, as mentioned. This dataset has high spatial
and temporal resolutions of 0.1° x 0.1°, conducted every 30 min, and provides data as
far back as 2000. During the production, quasi-Lagrangian time interpolation, gauge data,
and climatological adjustments were performed [59]. At each grid point (0.1° apart) inside
the area of verification (see Section 2.3), the GPM data every 30 min were summed over
the selected periods during the three TCs, either 24, 48, or 72 h in length. For comparison
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and discussion, the results of the QPF verification in Part I [40] against 56 rain gauges
(Figure 1b) were also referenced.
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Figure 2. The JTWC's best track (black) and predicted tracks (color, see inset) of (a) TY Mangkhut
(2018), (b) TY Koppu (2015), and (c) TY Melor (2015) with time-lagged forecasts at different initial
times. The model domain (light gray shading) and height contours at 1 km over land (dark gray) are
also plotted (replotted from Part I [40]).

2.3. Verification of Model QPFs

Additionally, identical to Part I [40], the categorical measures were adopted as the
main tool to verify model QPFs, so they were only briefly described here. The method is
widely used for binary or dichotomous (yes/no) events, where an event in QPFs is defined
as reaching a specified threshold at a given point. Using the 2 x 2 contingency table [72-74],
the results of model forecasts at a set of N verification points could be classified into four
categories: correct predictions of events (hit (H)), events observed but not predicted (miss
(M)), events predicted but not occurred (false alarm (FA)), and correct predictions of no
events (correct negative (CN)). Thus, N = H + M + FA + CN, and commonly used scores,
such as the probability of detection (POD, of observed events), success ratio (SR, of forecast
events), threat score (TS), and bias score (BS), could be computed [72-74], respectively, as

POD = H/(H + M), 1)
SR = H/(H + FA), (2)
TS=H/(H + M + FA), and (3)
BS = (H + FA)/(H + M). (4)
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Since the four categories were exclusive to each other, one could see that the POD, SR,
and TS were all fractions and ranged from 0 to 1, the higher the better. Additionally, the TS
could be no higher than either the POD or SR. The BS, on the other hand, indicated under-
prediction (BS < 1) or overprediction (BS > 1) with the model relative to the observation, so
a BS = 1 would be its best score. In the performance diagram, which used the SR and POD
as its two axes, all four scores could be shown simultaneously [75]. Later, the discussion
mainly focused on the TS and BS. In this study, the model QPFs were interpolated onto
the observation sites using the bilinear method, and the scores were computed at seven
fixed thresholds (0.05, 10, 50, 100, 200, 350, and 500 mm) as in Part I, so the results could
be compared. In the large domain that encloses the entire Philippines (5.35°-18.75°N and
119.55°-126.95°E), there were 74 x 134 = 9916 GPM grid points, so the sampling rate was
much higher compared to the rain gauges (56 sites).

Besides the categorical scores, the similarity skill score (SSS) measures the overall
similarity between the observed and predicted rainfall patterns [39,40], and is defined as

N L (fi —0i)’

SSS =1 — ,
N (Zilil 2+, Oiz)

©)

where f; and o; are the forecast and observed rainfall, respectively, at the ith point among
N. Thus, using the mean squared error (MSE) to reflect similarity, the SSS was the skill
score measured against the largest possible MSE, i.e., the one when the model rainfall never
overlapped with the observation (such that f; and o; did not coexist and the second term on
the right was equal to one). Thus, 0 < SSS < 1 (the higher the better) and SSS = 1 meant a
perfect match, where f; = o; at all of the points. As the categorical scores, the SSS was also
computed at the observation points.

3. Time-Lagged Ensemble QPFs for TY Mangkhut (2018)
3.1. Track and Intensity of TY Mangkhut (2018)

Using the method described in Section 2, a total of 19 hindcast experiments was
performed for TY Mangkhut (2018) up to the initial time at 1200 UTC on 14 September
every 6 h, except at 0000 and 1200 UTC, only during 9-10 September as in Part I [40]. In
Figure 2a, the predicted tracks are shown along with the JTWC’s best track. For Mangkhut
that reached landfall in northern Luzon at approximately 1800 UTC on 14 September at
a translation speed of approximately 30 km h~! (also Figure 1a), the earlier predictions
determined during 9-11 September had northward biases that generally reduced with
time, whereas the track errors afterwards were quite small and all within 80 km at landfall
(Figure 2a). For more details in track errors, the readers are referred to Part I [40].

In Figure 3a, the intensity forecasts for Mangkhut are shown in both the minimum
central mean sea level pressure (MSLP) and near-center maximum surface wind speed (at
10 m height). Besides the JTWC's best track (black), data from the JMA (gray) were also
plotted for comparison, but the latter used 10 min averages for the wind speed. As the only
category five storm to make landfall among the three cases (Figure 1a), the JMA estimated a
steady central MSLP of 905 hPa and wind speed of 56.5 m s~ ! up to landfall for Mangkhut,
while the JTWC estimates were more variable with time, but at 911 hPa and 72 ms~!
at landfall (Figure 3a). Except for the one at 0000 UTC on 14 September, all the lagged
hindcasts produced a minimum central MSLP between 887 and 913 hPa at or near landfall
with good agreement, including those during 9-10 September. In terms of peak surface
wind speed (Figure 3b), again, the one at 0000 UTC on 14 September was the weakest
(54 m s~ 1), while all other runs reached 57-67 m s~ ! near landfall. The highest model wind
speed was 70 m s~! and was produced by the run at 0600 UTC on 11 September, as the TC
center missed landfall in Luzon (see Figure 2a). Thus, in wind speed, almost all hindcasts
exceeded the JMA'’s estimates, but could not fully match the JTWC'’s best track data, with a
deficit of approximately 5-15 m s~! at landfall (Figure 3b).
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Figure 3. Intensity comparison of (a) minimum central MSLP (hPa) and (b) near-center maximum
surface wind speed (m s~h for TY Mangkhut (2018) between the JTWC's (black) and JMA’s (gray)
best track data and predictions with time-lagged forecasts at different initial times (color, see inset).
The two dotted vertical lines mark the landfall period based on the JTWC'’s best track. For each
experiment, the initial time is depicted with a square, and a triangle indicates that the initial time was
before 0000 UTC on 12 September when the TC center was outside the model domain. (b—f) As in
(a,b), except for (c,d) Koppu in October and (e,f) Melor in December of 2015, respectively.

3.2. Observed and Predicted Rainfall of TY Mangkhut (2018)

The rainfall distributions over the Philippines and nearby oceans in the GPM retrievals
during TY Mangkhut (2018) are shown in Figure 4 for 14 and 15 September and also the
combined 48 h period. On 14 September (Figure 4a), the GPM depicted a peak daily
rainfall of 451.5 mm approximately 150 km off the eastern coast of Luzon. Over land, the
maximum was approximately 250 mm near 17°N along the Sierra Madre Mountain (SMM).
On 15 September after Mangkhut reached landfall, the peak daily rainfall on land was
337.9 mm over the Cordillera Central Mountain (CCM, Figure 4b). When summed together
over two days, the maximum rainfall offshore reached 455.2 mm and the CCM region also
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received over 280 mm, with peaks reaching approximately 400 mm (Figure 4c). Among
all the gauge sites on land [40], 785.8 mm was observed over 14-15 September at Baguio,
which was at an elevation of 1.5 km over the southwestern CCM (see Figure 1b). Therefore,
while the overall rainfall pattern from Mangkhut in GPM, with significant amounts north of
approximately 14.5°N in Luzon, should have been representative [60], the peak amount near
Baguio might have been underestimated [50,52,53,76]. For TY Morakot (2009), associated
with extreme rainfall in Taiwan, ref. [55] also found underestimations in several satellite
products, especially in mountain regions.

(a) 14 Sep 2018 (b) 15 Sep 2018 (c) 14-15 Sep 2018

GPM
20180914

IMERG Final Precipitation
0000-2400 UTC

GPM IMERG Final Precipitation GPM
20180915 0000—-2400 UTC (mm/hr 20180914

IMERG Final Precipitation
TC

Figure 4. The GPM IMERG rainfall observation (mm, color) over the Philippines for the 24 h period
of (a) 14 and (b) 15 September and (c) for the 48 h period of 14-15 September during TY Mangkhut
(2018). All times are in UTC. The red and dashed white boxes depict the big and small domains for

QPF verification, respectively. The “x” marks the peak rainfall inside the big domain. Panels (a,b) use
the same color bar plotted on the right side of (b).

Figure 5 presents the distributions of model QPFs with the lagged runs for the 48 h
period of 14-15 September during Mangkhut, with ¢y between 0000 UTC on 9 September
and 0000 UTC on 14 September. While a few panels were shown in Part I [40], they serve
as an example to examine the QPF’s overall quality. Compared to Figure 4c, it was evident
that the TC-associated rainfall in the early runs during 9-11 September was displaced
northward due to track biases (Figure 5a—h). The TC center started to reach landfall in
northern Luzon since 12 September (in ty), and the overall rainfall regions became better
predicted (Figure 5i-q). On Luzon, when track errors were small, most rainfall was pro-
duced over the CCM and SMM quite consistently with the lagged runs, in good agreement
with the GPM in pattern. However, many members during 12-14 September produced
rainfall amounts reaching 800-1000 mm over the CCM near Baguio (and ~600-800 mm
along the SMM), considerably higher than the GPM estimated (~400 mm), but close to
the rain gauge measurement of 785.8 mm at Baguio [40]. Over the ocean east of Luzon,
the model rainfall was maximized along the eyewall just to the south and north of the
center (e.g., Figure 5a-1), as one would expect for an intense, westward-moving TC such as
Mangkhut. Presumably correct, this model rainfall characteristic was not well reflected in
the GPM retrieval. Near 16.5°N 123.5°E, where a peak of 455.2 mm was seen in the GPM
data (Figure 4c), most hindcast runs could only produce approximately 300-350 mm in the
area, even with a good track (Figure 5). Nonetheless, in the last several runs during 13-14
September, the overall rainfall distribution did appear to improve (Figure 5m—q).
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Figure 5. Predicted 48 h rainfall distributions (mm, scale to the right), all valid for the period from
0000 UTC on 14 September to 0000 UTC on 16 September during TY Mangkhut (2018), with the
time-lagged forecasts every 12 h at the initial time from (a) 0000 UTC on 9 September to (d) 1200 UTC
on 10 September, and every 6 h from (e) 0000 UTC on 11 September to (q) 0000 UTC on 14 September
2018, respectively. The color scale is the same for all panels. Some panels were shown in Part I [40].

3.3. Heavy Rainfall Probabilities of TY Mangkhut (2018)

One distinct advantage of the time-lagged ensemble compared to deterministic fore-
casts was the availability of probability information, an aspect not examined in Part I [40].
In Figure 6, the probabilities of heavy rainfall reaching thresholds of 100, 200, 300, and
500 mm from TY Mangkhut (2018) for the period of 14-15 September (48 h), as derived
from the first eight (Figure 6e-h) versus the last nine members (Figure 6i-1) in Figure 5,
were compared with the actual regions in the GPM retrieval (Figure 6a—d). At the lowest
selected threshold of 100 mm (per 48 h), a wide swatch in the GPM was seen to meet the
criterion, roughly from 14.5°N to the Luzon Strait (Figure 6a). Due to the track bias, the
high-probability region (say, >70%) derived from the first eight members (those executed
during 9-11 September) was also displaced northward (Figure 6e). This error was corrected
in the last nine members (those with £y at and after 0000 UTC on 12 September), as the
region of >80% matched well with the observation (Figure 6i). When the threshold was
raised to 200 mm, the swatch to reach this value in the GPM became narrower and covered
roughly the northern half of Luzon (Figure 6b). Again, the first eight members had the
high-probability area too far north (over the Luzon Strait), and the area was shifted back
south in the last nine members (Figure 6f,j). In Figure 6j, both the CCM and SMM had over
a 90% chance to receive a total amount of >200 mm, in good agreement with the GPM.
However, the probabilities in some offshore areas east of Luzon were below 60% and not
very high, reflecting the underprediction in rainfall amounts there (compared to the GPM).

At 300 mm, the GPM showed, roughly, only two regions to reach this amount: over the
offshore ocean east of Luzon and in southern CCM surrounding Baguio on land (Figure 6¢).
For the offshore region, no more than 30% of the first eight members produced 300 mm
with their track biases, while the percentages of <50% from the last nine members were not
much higher, potentially due to the underprediction noted above (Figure 6g k). Over land,
on the other hand, the likelihood of rainfall reaching 300 mm over the CCM (and SMM)
rose significantly as the lead time shortened, from below 60-70% in the first eight to over
90% in the last nine members. At the highest threshold of 500 mm, which was not reached
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anywhere in the GPM (Figure 6d), the earlier predictions still yielded an approximately
20-40% chance for their occurrence near Baguio (Figure 6h), and the likelihood further
increased to approximately 90% in the last nine runs (Figure 6l). As discussed, even though
the GPM only indicated approximately 360 mm in the southern CCM (Figure 4c), little
doubt existed that this value from Mangkhut was underestimated (likely in the SMM
as well) [50,52,53,76], as the rain gauge at Baguio recorded almost 800 mm. Therefore,
the probability information over the mountain regions of Luzon for TY Mangkhut (2018)
appeared to be much improved in the last nine runs (Figure 6). This result for Mangkhut
was quite encouraging, and was achieved because the effect of a topographic enhancement
in mountain areas could be properly simulated in high-resolution models. Linked to this
enhancement, the hazards of flash floods and mud/debris flows were often higher in the
mountains. On the other hand, the probability estimates over the ocean east of Luzon were
likely on the low side, even with the later members with small track errors.

100 mm ' _ 500 mm

“

Figure 6. Areas to receive at least (a) 100, (b) 200, (c) 300, and (d) 500 mm of rainfall, respectively,
during 14-15 September (in UTC) from TY Mangkhut (2018) in the GPM data (top row). Probabilities
of 48 h QPFs (%, color) for the same period (e-h) to reach the four thresholds, respectively, from
the first eight time-lagged members with ¢y up to 1800 UTC on 11 September (middle row), and
(g-1) those from the last nine members with ty from 0000 UTC on 12 September to 0000 UTC on
14 September 2018 (bottom row). In (e-1), the observed areas in GPM are depicted by the dark blue
contours, and the location of Baguio is marked with an open circle in (h,1).

3.4. Objective Skill Scores of QPFs for TY Mangkhut (2018)

In this subsection, the categorical statistics obtained following the method described in
Section 2.2 are presented, for 24 h QPFs targeted on 15 September (0000-2400 UTC, Figure 7a)
and 48 h QPFs valid for 14-15 September (Figure 7b) during Mangkhut. As mentioned,
the GPM retrievals were treated as the ground truth here, and, later, the results were
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compared with the same statistics from Part I [40] against the rain gauge measurements.
On 15 September, the peak 24 h rainfall in GPM was 337.9 mm near Baguio in the CCM
(see Figure 4b) rather than offshore, and this was why this date was chosen. In Figure 7a,
the TS values from the lagged runs were clustered together at low thresholds, and were
mostly 0.7-0.8 at 0.05 mm (per 24 h). Toward higher thresholds, the TSs decreased and the
points became less concentrated, and were approximately 0.15-0.4 at 50 mm and <0.17 at
200 mm. Since the next threshold at 350 mm had already exceeded 337.9 mm, it was not a
valid threshold to examine [40]. In the BS, most data points were between 0.5 and 1.5, thus,
suggesting reasonable rain area sizes, except at 200 mm, where some members exhibited
overprediction with BSs of 2-5.
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Figure 7. Performance diagrams for (a) 24 h QPFs targeted for 15 September and (b) 48 h QPFs
targeted for 14-15 September (all in UTC) created with forecasts at different initial times (color)
during TY Mangkhut (2018), verified against the GPM IMERG rainfall data at six selected thresholds
from 0.05 to 350 mm (symbol, see inset at bottom).

Figure 7a could be compared with the same statistics for 15 September, but against the
rain gauges, i.e., Figure 5b in Part I [40]. Table 2 (top half) also summarizes the comparison
at three thresholds in mean TSs and their range among the runs. One could see that the TS
values here tended to be higher at lower thresholds within the short range (f; inside 48 h
from the beginning of accumulation), and also up to 200 mm (per 24 h) at longer ranges.
This suggested better results in the rainfall region when the dense and gridded GPM data
not confined to land areas were adopted. With 9916 total points, the TS values also often
had smaller ranges and were, thus, more stable when using the GPM data. On the other
hand, two runs were able to produce TS = 1 and 0.5 at 200 mm (at Baguio) against the
rain gauges at the short range [40]; thus, they performed better at thresholds of >100 mm
(Table 2, top half). Since many points reached this amount in the GPM (Figure 4b), such high
TSs at higher thresholds would be difficult to achieve. Beyond the short range, the more
stable results using the GPM tended to be better for Mangkhut, as the larger track errors
prevented good QPFs at Baguio against the gauges [40]. The BSs in Figure 7a also indicated
little bias in the rain area size from 0.05 to 100 mm, but the rain gauge results [40] suggested
an overprediction by most members (1 < BS < 2.5). Thus, as one might anticipate, using
satellite retrievals or rain gauges could produce somewhat different results.
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Table 2. Comparison of mean TS values and their range (maximum minus minimum) with the CReSS
hindcasts for TY Mangkhut (2018) obtained against the GPM retrievals (left) and the rain gauges
(right) in each category: 24 h (top half, for 15 September) and 48 h QPFs (bottom half, for 14-15
September, both in UTC) within the short range for the day 1 forecast (ty < 48 h before the beginning
of accumulation) and at longer ranges beyond. For each range group, the number of lagged runs
was given in the parentheses and the three highest thresholds available were selected (based on the
observed peak rainfall amount). Bold faces indicate the better result between the two data sources: a
higher score but smaller range (except for mean TS = 0).

Mangkhut Against GPM Against Rain Gauges
24 h QPFs Obs. Max Threshold (mm) Obs. Max Threshold (mm)

(mm) 50 100 200 (mm) 50 100 200
to within 48 h (7)
Mean TS 337.9 0.39 0.39 0.12 535.6 0.30 0.42 0.21
Range of TS 0.08 0.13 0.09 0.13 0.46 1.00
to beyond 48 h (12)
Mean TS 337.9 0.24 0.22 0.04 535.6 0.18 0.12 0.00
Range of TS 0.24 0.34 0.12 0.30 0.17 0.00
48 h QPFs Obs. Max. Threshold (mm) Obs. Max. Threshold (mm)

(mm) 100 200 350 (mm) 100 200 350
to within 48 h (9)
Mean TS 455.2 0.72 0.36 0.02 785.8 0.29 0.27 0.00
Range of TS 0.10 0.05 0.02 0.20 0.34 0.00
to beyond 48 h (8)
Mean TS 455.2 0.43 0.18 0.01 785.8 0.15 0.12 0.00
Range of TS 0.29 0.20 0.02 0.21 0.29 0.00

The categorical scores for the 48 h QPFs over 14-15 September for Mangkhut are shown
in Figure 7b, where the peak amount in GPM was 455.2 mm over the ocean (Figure 4c).
Again, the data points at low thresholds were fairly concentrated, and the TSs were approx-
imately 0.83-0.93 (and SR = 1) at 0.05 mm (per 48 h). At higher thresholds, the scores of
all the runs executed during 12-14 September were confined to 0.63-0.73 at 50 mm and
0.33-0.39 at 200 mm, respectively. Only before 12 September, when the northward track
bias was larger (eight runs), the TSs were lower (Figure 7b), and typically more so in earlier
runs. Interestingly, in most runs, their TSs at 100 mm were higher than those at 50 mm,
since the rain area reaching 100 mm was more confined, mostly north of 14°N (Figure 4c).
At the highest threshold of 350 mm (per 48 h), the TS values all dropped to below 0.02,
linked to the general underprediction over the ocean where rainfall in the GPM reached
350 mm in Figure 4c, as discussed earlier in Section 4.1.

If Figure 7b was compared to the same statistics (for 48 h QPFs) at the same thresholds
using rain gauge data in Part I [40] (their Figure 5c), one could see that the TS values were
almost all exclusively higher with smaller ranges here using the GPM (Table 2, bottom half).
The differences were smaller at 0.05 and 10 mm, but were larger at higher thresholds, and
maximized at 100 mm, where TSs using the GPM were higher by approximately 0.35-0.55.
Here, at 100 mm, the range of TS values was 0.29 from runs beyond the short range, and
although somewhat larger than that in Part I (0.21), it reflected the fact that the TSs could
go much higher than those using the gauges. Additionally, even though the TSs were low
at 350 mm in Figure 7b, they were all zero (no hits) when verified against the gauges in
Part I [40]. Thus, for Mangkhut, the TSs using the GPM tended to be higher, except at short
range over 100-200 mm, when the rainfall near Baguio could be captured. In [40], the BSs
were mostly over 1-2.5 and, thus, indicated overprediction, but Figure 7b suggests no such
tendency, or even a slight underforecast across the lower thresholds from 0.05 to 50 mm.
These differences arose because the GPM data had a much higher sampling rate in space
(more points), also covered the nearby oceans, and possessed some biases of their own.
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Using the SSS as the measure for the overall skill of the QPFs (Figure 8a), the scores for
the two day totals (of 14-15 September) over the large domain (solid black) showed gradual
improvements from approximately 0.62 to 0.84 from 0000 UTC 9 September to 0000 UTC
12 September, then stayed quite stable until 0000 UTC 14 September. If only the QPFs for
the first 24 h (14 September) were evaluated (solid red), the scores were also close. For some
runs, the former scores were slightly higher, whereas the opposite was true for the others.
If computed for the small domain surrounding Luzon (see Figure 4c), the scores (dashed)
were slightly lower in both instances, by roughly 0.05. For 15 September, however, the SSS
values were considerably lower, and rose from only 0.4-0.45 in the early runs to 0.65-0.73
since 12 September (solid blue, Figure 8a). Additionally, for the small domain, where most
of the heavy amounts occurred (Figure 4b), the scores were considerably higher, by nearly
0.1-0.15 (dashed blue), in contrast to the QPFs for the first day and the two-day period. This
result implied that when Mangkhut moved through the mountainous region of northern
Luzon (on 15 September), the lagged runs tended to better predict such rainfall when
phase-locked and enhanced with the CCM and SMM. In other words, the predictability of
rainfall was higher there, similar to the mountains in Taiwan, e.g., [25].

(a) GPM retrieval (b) Rain gauges

12

0 12 0 12 0 12 0120 120 12 0 12 0 12 0 12
12 13 14 9 10 11 12 13 14

Date and time (UTC) in Sep 2018

Figure 8. Similarity skill score (SSS) of 24 h QPFs targeted for 14 (red) and 15 September (blue) and
48 h QPFs for 14-15 September (black, all times in UTC) computed over the big (entire Philippine,
solid) and small (Luzon island only, dashed) domains as functions of initial time from 0000 UTC on
9 September to 1200 UTC on 14 September during TY Mangkhut (2018), computed using (a) GPM
rainfall retrievals and (b) rain gauge observations. Note that experiments were conducted only twice
daily (at 0000 and 1200 UTC) during 9-10 September. The two domains are shown in Figure 4.

The same SSS values, but computed against the 56 rain gauges over the Philippines,
were plotted in Figure 8b, where the two curves for 14-15 September were shown in
Part I [40]. The scores for the three verification periods were quite different from those
obtained using the GPM data, and also from each other, except toward the end (at and
after 1200 UTC on 13 September). The scores were the highest for 14 September, and rose
from approximately 0.41 in the early runs to 0.79 in some later runs for both domains (red).
For 15 September, on the contrary, the scores were the lowest (blue), and ranged from
approximately 0.2 to 0.66. The scores for the 48 h QPFs (black) were in the middle and
increased from approximately 0.35-0.4 to 0.7-0.75 near the end. In all three instances, the
scores for the small domain were better than those for the large domain almost exclusively.
Although all curves in Figure 8b exhibited a general trend to rise with a decreasing lead
time, they were less stable and could have larger fluctuations from one run to the next,
most likely linked to the fewer points available and, thus, offering a greater random impact
from any of them. Overall, the SSS values for Mangkhut using the GPM data were higher
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and more stable compared to those using the rain gauge data, in agreement with earlier
results from the categorical measures.

4. Time-Lagged Ensemble QPFs for TY Koppu (2015)
4.1. Track and Intensity of TY Koppu (2015)

The second case of TY Koppu (2015) moved due west and reached landfall at approxi-
mately 2300 UTC on 17 October at a slow translation speed of approximately 15 km h~1,
and then penetrated the middle part of Luzon, moved offshore, and turned north even
more slowly (Figure 1a). For this case, 19 runs were carried out. The hindcasts during the
first 2.5 days (before 1200 UTC on 15 October) also gradually deviated to the north and
had an early northward turn (over land). Afterwards, the northward bias was alleviated
and the track errors all became inside 75 km at landfall (Figure 2b). However, a premature
northward turn still occurred, such that the TC center did not reach the western shore of
Luzon until the last two runs, with ¢y at 0600 and 1200 UTC on 17 October.

TY Koppu (2015) reached landfall as a category four storm, its central MSLP was
estimated by the JTWC to decrease from 993 hPa during 13-14 October to 926 hPa at
1200 UTC on 17 October before landfall (Figure 3c). The JMA gave a similar value of
925 hPa at 1800 UTC on 17 October. At landfall, the estimates were 942 and 938 hPa,
respectively. The early hindcast runs during 13-15 October could reach a central MSLP
of 908-918 hPa before landfall, which was lower than both best track estimates. Starting
from 0000 UTC on 16 October, the lowest central MSLPs reached were 925-932 hPa, and
were closer to the estimates, while the run at 0600 UTC on 17 October could only hit
939 hPa (Figure 3c). At the time of actual landfall (2300 UTC on 17 October), the predicted
central MSLP of Koppu had a large range of 910-960 hPa, but the ones since 1200 UTC
on 15 October tended to be closer to the best tracks near 940 hPa. In terms of wind speed
(Figure 3d), the peak intensity of Koppu prior to landfall was estimated to be 66.5 m s~! by
the JTWC and 51 m s~ ! by the JMA. Essentially, nearly all the lagged runs produced a peak
wind speed between 59 and 65 m s~! prior to landfall, so they exceeded the JMA data and
almost matched the JTWC estimate, including the earlier runs. The only two exceptions
were the latest runs at 0600 and 1200 UTC on 17 October (54-55 m s~ !), when the model
TC was already close to landfall. Overall speaking, the model performed quite well in
capturing the intensity of Koppu, compared to Mangkhut.

4.2. Observed and Predicted Rainfall of TY Koppu (2015)

Due to the slow translation speed of Koppu, the GPM retrievals showed different
rainfall distributions day by day. From 1200 UTC on 16 to 1200 UTC on 17 October
(Figure 9a), most rain was over the ocean east of central Luzon, with a peak amount of
950.4 mm. Over the second 24 h that covered the landfall period, the rain was over central
and northern Luzon (north of approximately 15°N) and the peak was located in southern
CCM (Figure 9b), again near Baguio. After 1200 UTC on 18 October, the 24 h rainfall was
mostly near shore off north-western Luzon when the TC center exited the land, with a
peak amount of 745.7 mm (Figure 9c). For the 72 h total, significant rainfall occurred in all
three regions above, but the peak value was off the eastern coast of Luzon at 975.3 mm
(Figure 9d). During each 24 h period, the middle part of the Philippine archipelago also
received some rain in the GPM, but the local maxima were mostly below 100-150 mm.

As the convection was more active in the southern eyewall of Koppu, the QPFs over
the whole period, by many lagged hindcasts, showed only one swath of maximum rainfall
during the approach in Figure 10, and was in general agreement with Figure 9a. Due to the
northward track bias, however, the position of this strip of higher rainfall was too far north
in all the earlier runs (Figure 10a-j), and, apparently, became better only after 0600 UTC on
15 October (Figure 10k—o0). In earlier runs, the peak value there could reach approximately
1000-1300 mm, and also exceeded the 975.3 mm in GPM data. Later, as the track improved,
the peak value also became closer to the GPM value. For the rainfall over Luzon, not
surprisingly, the northern part of the CCM and SMM received too much rain in the earlier
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runs with northward bias. With peak rainfall on land in the GPM (Figure 9d), the southern
CCM also had plenty of rain in some earlier runs, and was in better agreement with the
GPM perhaps since the run at 1200 UTC on 15 October (Figure 10). For the rain off western
Luzon during and after landfall (mostly west of 119.5°E) in the GPM (Figure 9b—d), it was
too close to land in most runs in Figure 10 due to the premature northward turn, except in
the last 4-5 runs. In terms of amounts, the model seemed to predict too much rain over
the CCM and SMM over land compared to the GPM, especially along the SMM, but was
roughly on par for the offshore regions. Among all rain gauge sites (on land), again, the
maximum was at Baguio at 695.3 mm and roughly 100 mm higher than the GPM. Therefore,
the rainfall amounts over the mountain regions during Koppu might have been somewhat
underestimated in the GPM as well.

(a) 1200 UTC 16- (b) 1200 UTC 17- (c) 1200 UTC 18- (d) 1200 UTC 16-
1200 UTC ct 1200 UTC 1200 UTC 19 Oct

GPM IMERG Final GPM IMERG Final GEM IMERG Final Precipitatio
20151016 1200-1017 r 20151017 12001018 r 20151018 1200-1019 1200 UTC (mm/hr)
- ¥ = -~ =

o

Figure 9. As in Figure 4, except for the GPM IMERG rainfall observation (mm, color), for the 24 h
period of (a) 1200 UTC on 16 to 1200 UTC on 17, (b) 1200 UTC on 17 to 1200 UTC on 18, (c) 1200 UTC
on 18 to 1200 UTC on 19, and (d) for the 72 h period of 1200 UTC on 16 to 1200 UTC on 19 Oct during
TY Koppu (2015). Panels (a—c) used the same color bar plotted on the right side of (c).

10/13 00Z 10/13 062 10/13 12z

10/13 182 10/14 00Z
e ul S ST

B

Figure 10. As in Figure 5, except for predicted 72 h rainfall distributions (mm), all valid for the period
from 1200 UTC on 16 to 1200 UTC on 19 October during TY Koppu (2015), with the time-lagged
forecasts every 6 h from (a) 0000 UTC on 13 to (o) 1200 UTC on 16 October 2015, respectively. Some
panels were shown in Part I [40].
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4.3. Heavy Rainfall Probabilities of TY Koppu (2015)

The heavy-rainfall probabilities to reach 100, 200, 300, and 500 mm from the entire
event of TY Koppu (2015) over 72 h (from 1200 UTC on 16 to 1200 UTC on 19 October),
obtained from the first eight versus the last seven members are shown in Figure 11. At 100
and 200 mm (per 72 h), the areas of high probabilities from the first eight members (executed
during 13-14 October), compared to the GPM (Figure 11a,b), were displaced north, mainly
over the ocean, and did not extend east and south enough before landfall or west enough
after landfall (Figure 11e,f) due to the larger track biases. Such a deficiency was alleviated
at shorter lead times in the last seven runs, i.e., those from 0000 UTC on 15 to 1200 UTC
on 16 October (Figure 11i,j). However, the high-probability region was still smaller than
that in the GPM, as some northward bias before landfall and a premature northward turn
over Luzon still existed (see Figure 2b). Over the ocean on both sides of Luzon, similar
situations appeared in the probabilities of higher amounts of 300 and 500 mm, but the later
members clearly improved and agreed better with the GPM (Figure 11c,d,g,h k). On land,
the probabilities of heavy rainfall at these two higher thresholds were again the highest
over the CCM and SMM, and displaced northward in the early runs (Figure 11g,h). Not
surprisingly, this error was corrected in the later runs, where the agreement at 300 mm
with the GPM was particularly good in central Luzon (Figure 11k). In the GPM retrieval,
a small area just east of Baguio reached 500 mm, while the 72 h accumulation measured
with the rain gauge at Baguio recorded 695.3 mm [40], as mentioned. In the lagged runs,
high probabilities at Baguio were also predicted, including in the earlier runs, despite their
larger track biases (Figure 11h,1). Therefore, the lagged hindcasts during Koppu performed
reasonably well in the probability estimates, especially with the later runs since 15 October.
However, over the nearby ocean, the probability estimates (before and after landfall) were
not as good due to track errors.

Figure 11. As in Figure 6, except for (a—d) areas reaching the specified thresholds, respectively, for the
72 h period from 1200 UTC on 16 to 1200 UTC on 19 October from TY Koppu (2015) and probabilities
(%) of 72 h QPFs for the same period to reach those thresholds from (e-h) the first eight time-lagged
members (with ty during 13-14 October) and (i-1) the last seven members (with ty during 15-16
October). The location of Baguio is marked with an open circle in (h,1).
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4.4. Objective Skill Scores of QPFs for TY Koppu (2015)

The categorical skill scores of the QPFs targeted for one 24 h and one 72 h period (entire
event) for Koppu are plotted in Figure 12. The 24 h period chosen was from 1200 UTC
on 17 to 1200 UTC on 18 October, again, because of there being more rainfall on land
(Figure 9b), with a peak amount of 512.7 mm just east of Baguio. For this 24 h, the TSs were
approximately 0.6-0.8 at 0.05 mm, over 0.48-0.7 at 50 mm, and mostly 0.1-0.31 at 200 mm,
respectively (Figure 12a). Compared to those using rain gauges as the observation in Part
140], i.e., their Figure 9b, the values here were considerably higher, both within the short
range and beyond (except at 10 mm), particularly at 50 and 100 mm, as also summarized in
Table 3 (top third). In Figure 12a, most TS values at 350 mm were also above zero and could
be up to approximately 0.1, but this was not a valid threshold, since the maximum recorded
with the gauges was only 188.8 mm at Baguio [40] (Table 3). In Figure 12a, the BS values
indicated a slight underprediction (0.6 < BS < 0.8) at the lowest threshold of 0.05 mm and
some overprediction (1.25 < BS < 4) at the highest available threshold of 350 mm, but little
tendency in between. On the contrary, the BSs of approximately 1-5 in Part I [40] suggested
a strong overprediction, more serious toward the higher thresholds. This different result
may have been somewhat expected, since the peak amount observed with the rain gauge
network (over land only) was considerably lower than that in the GPM.
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Figure 12. As in Figure 7, except for (a) 24 h QPFs targeted for 1200 UTC on 17 to 1200 UTC on 18
October and (b) 72 h QPFs for the combined period (from 1200 UTC on 16 to 1200 UTC on 19 October)
during TY Koppu (2015) at thresholds from 0.05 to 350 mm (symbol), plus 500 mm in (b).

In Table 3, results for the third 24 h period (starting at 1200 UTC on 18 October)
during Koppu were also compared because of their different characteristics. During this
period, Baguio received 502.3 mm of heavy rainfall and the maximum value inside the
large domain in the GPM was approximately 400 mm (Figure 9c¢). For this period, the
TS results using the gauges were all higher than those against the GPM across the three
available thresholds (100, 200, and 350 mm) in both forecast ranges, and more so at higher
thresholds (Table 3, middle third). The former group (against the gauges) also exhibited
greater ranges in values. Thus, for these two 24 h periods, distinctly different results were
obtained using the two datasets. That is, due to there being much fewer verification points
of the rain gauges (N = 56), the results in the categorical measures could be more unstable
toward the higher thresholds, thus, could be much better or worse than the more stable
results using the GPM IMERG data (N = 9916).
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Table 3. As in Table 2, but for the comparison for TY Koppu (2015), in which the 24 h QPFs were
for the second (1200 UTC on 17 to 1200 UTC on 18) and third (1200 UTC on 18 to 1200 UTC on 19)
periods, and 72 h QPFs for 1200 UTC on 16 to 1200 UTC on 19 October 2015.

Koppu Against GPM Against Rain Gauges
24 h QPFs Obs. Max. Threshold (mm) Obs. Max. Threshold (mm)
Second period (mm) 10 50 100 (mm) 10 50 100
to within 48 h (9)
Mean TS 512.7 0.54 0.54 0.42 188.8 0.53 0.24 0.11
Range of TS 0.07 0.14 0.08 0.20 0.12 0.18
to beyond 48 h (10)
Mean TS 512.7 0.50 0.60 0.47 188.8 047 0.29 0.18
Range of TS 0.12 0.16 0.18 0.08 0.13 0.15
24 h QPFs Obs. Max. Threshold (mm) Obs. Max. Threshold (mm)
Third period (mm) 100 200 350 (mm) 100 200 350
to within 48 h (5)
Mean TS 400.0* 0.26 0.10 0.01 502.3 0.36 0.28 0.40
Range of TS 0.10 0.06 0.04 0.14 0.50 1.00
to beyond 48 h (14)
Mean TS 400.0# 0.16 0.05 0.00 502.3 0.21 0.24 0.46
Range of TS 0.21 0.14 0.04 0.32 0.50 1.00
72 h QPFs Obs. Max. Threshold (mm) Obs. Max. Threshold (mm)

(mm) 200 350 500 (mm) 200 350 500
tp within 48 h (9)
Mean TS 975.3 0.52 0.26 0.06 695.3 0.27 0.28 0.72
Range of TS 0.08 0.15 0.09 0.12 0.13 1.00
to beyond 48 h (6)
Mean TS 975.3 0.39 0.09 0.01 695.3 0.21 0.13 0.06
Range of TS 0.13 0.11 0.02 0.13 0.33 0.33

# Estimated value inside the large domain from Figure 9c.

For the QPFs for the 72 h total rainfall from Koppu, the categorical scores are shown
in Figure 12b, while the rainfall maximum in the GPM was 975.3 mm near 15°N 123°E
(Figure 9d). The TSs were 0.76-0.88 at 0.05 mm (per 72 h), 0.52-0.65 at 100 mm, and from
0.05 to 0.35 at 350 mm, respectively (Figure 12b). At 500 mm, all the runs also registered
nonzero TS values, and the highest one reached 0.11. Compared to the values in Part I [40],
one could see that the scores using the GPM were considerably higher from 50 to 200 mm,
and the two were comparable at low thresholds and at 350 mm (also Table 3, bottom third).
However, almost all runs since 1200 UTC on 14 September in Part I [40] produced TSs of 1 or
0.5 at 500 mm when they captured the heavy rainfall at Baguio (peak amount = 693.5 mm
in gauge observation). With a large number of verification points and more stable results,
such high TS values at 500 mm using GPM data in Koppu (given the track errors) would
not be possible here, as the hit rate was, at most, approximately 10% in the best member
(see Figure 11h). In terms of the BS values, again, there was little bias in rain-area sizes in
Figure 12b using the GPM data, but they indicated an overprediction in Part I [40]. Near
Baguio, the GPM retrieval was approximately 700 mm, and was quite close to the rain
gauge measurement, but the timing as derived from the satellites appeared to be shifted
early (from after to before 1200 UTC on 18 October) when Figure 9 was compared with
gauge measurements in Part I.

Figure 13 shows the results of the SSS for Koppu. First, for the 72 h total rainfall, the
SSS values of the QPFs (between Figures 9d and 10) over the large domain with the lagged
runs increased gradually with time, from approximately 0.55-0.65 in the earlier runs to 0.83
in the last available run at 1200 UTC on 16 October (Figure 13a, solid black), which was
in agreement with the track improvement and Figure 11. For the first 24 h period, when
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the main rainfall areas were east of Luzon (Figure 9a), the SSS values were slightly lower
and also did not improve as much in the later runs (solid red). Similar SSS values were
also obtained for the second 24 h period (1200 UTC on 17 to 1200 UTC on 18 October),
when most of the rainfall on land occurred (in the GPM, Figure 9b), and the four latest
runs became available with SSS values just below 0.8 (solid blue, Figure 13a). For these
two 24 h periods, and also the 72 h period, the SSS values over the small domain (dashed)
tended to be slightly higher than their counterparts over the entire Philippines, mostly by
approximately 0.05 to 0.1. Note that the small domains were different for different 24 h
periods (Figure 9). However, for the third 24 h period, the SSS values were much lower
(solid green, Figure 13a) and only approximately 0.3 or below before ¢, = 1200 UTC on
15 October and approximately 0.4-0.56 afterwards (over the large domain). In general, the
longer range of QPFs targeted at the last 24 h period could yield lowered SSS values in
Figure 13a due to larger errors, compared to those targeted at earlier periods with the same
runs. More specifically, the lowered scores were because the main rainfall areas already
moved offshore during this period (see Figure 9c¢), but abundant rainfall occurred over
Luzon due to the premature northward turn of the TC in the model, thus, producing a
mismatch between the two patterns. Over the small domain that was moved farther west
to include the main rainfall areas offshore (dashed green), the SSS was improved and could
reach 0.7 in some runs (Figure 13a).

(a) GPM retrievals (b) Rain gauges

SSS

2 o 12 o0 12 0 12

0 12 0 12 0 12 0 12 0 12 0 12 0
13 14 15 16 17 13 14 15 16 17
Date and time {(UTC) in Oct 2015 Date and time (UTC) in Oct 2015

Figure 13. As in Figure 8, except for SSS of 24 h QPFs for the three target periods from 1200 UTC
on 16 to 1200 UTC on 17 (red), 1200 UTC on 17 to 1200 UTC on 18 (blue), and 1200 UTC on 18 to
1200 UTC on 19 October (green) and 72 h QPFs for the period from 1200 UTC on 16 to 1200 UTC on
19 October during TY Koppu (2015), computed over the big (solid) and small (dashed) domains using
(a) GPM rainfall retrievals and (b) rain gauge observations. The two domains are shown in Figure 9.

The above SSS curves were also compared with those obtained for the same domains
but using the land-based rain gauge observations in Figure 13b, where the two curves for
the 72 h QPFs were also shown in Part I [40]. The SSS results were seen to be less stable with
more fluctuations up and down, and were, in general, lower for both the first and second
24 h periods (red and blue) and also the 72 h period (black), if the rain gauges were used.
On the contrary, it was the opposite for the last 24 h period, as the hindcast at 1200 UTC on
14 and all those executed between 1200 UTC on 15 and 0000 UTC on 17 October could reach
0.75 against the gauge observations (green, Figure 13b). As discussed earlier, Baguio had
502 mm of rain on this day [40], but the GPM had only approximately 120 mm in Figure 9c,
so the SSS could reach high values when the northward track bias became sufficiently small
enough to allow for heavy rainfall near Baguio during the (premature) northward turn
of Koppu in the model. Thus, the GPM seemed to underestimate the rainfall in southern
CCM, potentially quite seriously. Additionally, for the rainfall on the third day, the SSS
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results over the small and large domains were often similar in Figure 13b (using the rain
gauges), since the main rainfall area already moved offshore where there were no gauges.

5. Time-Lagged Ensemble QPFs for TY Melor (2015)
5.1. Track and Intensity of TY Melor (2015)

For Melor, which passed through central Philippines over 14-15 December 2015, a total
of 28 hindcasts was determined. The runs during the first three days also had northward
track biases during the approach (Figure 2c). For those during the first 24 h, however, the
storm tracks turned south again and the errors reduced to <200 km toward the later stage
of landfall, while those during the next two days moved too slowly even with a recovery,
so track errors remained larger. The predicted tracks after 0000 UTC on 12 December
improved, and their first landfall at Samar (approximately 0300 UTC on 14 December)
was all inside 75 km from the best track (Figure 2c). After that, the model TCs moved
through the archipelago during the next 1.5 days or so, as in the observation, and many
had a track bias within 100 km at the time of exit. Overall, the track errors reduced to
inside 75-80 km since the runs initialized approximately 66 h before the actual landfall for
Mangkhut, approximately 59 h for Koppu, and approximately 45 h before the first landfall
for Melor (Figure 2). The error of 75-80 km was comparable to averaged values at the lead
time of 24 h [40], and, therefore, was considered very good when achieved at much longer
lead times.

TY Melor (2015) reached its first landfall at northern Samar as a category four storm
(Figure 1a). At this time, the minimum central MSLP was estimated to be near 934 hPa
(Figure 3e). It then weakened somewhat before, finally, exiting Mindoro at approximately
953 hPa. The earlier runs before 1800 UTC on 11 December (those deviated northward)
could not capture the rapid deepening over 12-13 December. While the intensity gradually
improved, the hindcasts determined on 12 and 13 December could only produce a minimum
MSLP of 952-963 hPa (except for the one at 1200 UTC on 13 December at ty). Afterwards,
the model storms could not deepen much from their initial MSLP of >972 hPa, as Melor
was about to reach landfall, or already had (Figure 3e). Thus, the lagged runs could
not fully capture the rapid intensification of Melor, whose central MSLP dropped by
approximately 60 hPa in just 48 h. Similarly, for the maximum wind speed, estimated to be
62 m s~ ! by the JTWC near Melor’s first landfall (Figure 3f), the better members during
12-13 December could reach only approximately 50-54 m s~! (approximately 10 m s~!
too low). Nonetheless, they exceeded the JMA estimate of 49 m s~1. For the runs before
1800 UTC on 11 December and after 13 December, they could only reach approximately
40 m s~ ! at most (Figure 3f). Thus, deficits existed in the maximum wind speed for Melor,
similar to the MSLP.

5.2. Observed and Predicted Rainfall of TY Melor (2015)

Although Melor moved through the Philippine archipelago at a moderate speed, it
nearly stalled till 16 December after moving offshore (Figure 1a). Therefore, its impact
duration was also quite long and, thus, three 24 h periods on 14-16 December were selected
for examination. On the first day (14 December) that covered much of the landfall period,
heavy rainfall occurred in central Philippines in the GPM data, including northern Samar,
with a peak amount of 651.6 mm near 12.5°N, 122°E (Figure 14a). On 15 December, as
Melor slowly moved across northern Mindoro (Figure 1a), significant rainfall was observed
in northern Mindoro and nearby regions, and also near northeastern and central Luzon
along the SMM, with a maximum of 950.7 mm near 17.5°N 123°E (Figure 14b). Along the
SMM, localized rainfall also reached 600 mm on this day. On 16 December, as Melor stalled
just west of Luzon, the most rainfall occurred in northeastern Luzon and the nearby ocean
(Figure 14c), with a peak amount of 1178.8 mm approximately 80 km offshore, to the east
of Baler (see Figure 1b for location). When summed over the three days, the peak rainfall
amount in the GPM reached 1420.5 mm offshore near 17.5°N 123°E (Figure 14d), while the
most rainfall on land was in northeastern to central Luzon, with over 800 mm along the



Remote Sens. 2022, 14, 5126

21 of 32

(a) 14 Dec 2015
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SMM, followed by northern Mindoro, and the southernmost part of Luzon (approximately
300 mm).
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Figure 14. As in Figure 9, except for the GPM IMERG rainfall observation (mm, color) for the 24 h
period of (a) 14, (b) 15, and (c) 16 December, and (d) for the 72 h period of 14-16 December during TY
Melor (2015). All times are in UTC.

In Part I [40], the maximum rainfall recorded with the rain gauges was 169.6 mm in
central Philippines on 14, 209.2 mm in northern Mindoro on 15, and 273.8 mm at Baler to the
east of SMM on 16 December, respectively. The maximum 72 h total over 14-16 December
was 407 mm also at Baler [40]. In the GPM retrievals (Figure 14), the rainfall amounts at
these locations were also comparable to the gauge data, although much higher amounts
were indicated over the ocean. Along the SMM, over northeastern Luzon, the peak rainfall
of >600 mm in Figure 14d could not be verified because of a lack of rain gauges in that
region. However, at least on land, the GPM did not appear to overestimate or underestimate
the total rainfall from Melor by much.

The QPFs for the 72 h rainfall over 14-16 December with the lagged runs are presented
in Figure 15. Some of the earliest runs, as mentioned, exhibited relatively small track errors
and, thus, could capture the abundant rainfall along the SSM and the eastern coast of Luzon,
and even the rainfall in northern Mindoro (Figure 15a—-e). However, in the next several runs
(Figure 15f-k), the northward biases were larger and the landfall was delayed in the model,
so the rainfall over northeastern Luzon also decreased. During 11 December (Figure 15i-1),
the tracks gradually improved and some TCs could reach landfall over central Philippines
(Figure 2c). After 0000 UTC on 12 December, the track forecasts further improved and a
swath of more concentrated rainfall through central Philippines started to emerge in the
predictions (Figure 15m—u), until the last available run at 0000 UTC on 14 December. Due
to better tracks in these later runs, the predicted rainfall along the SSM in eastern Luzon
also increased and could reach approximately 300-450 mm. In some runs, the rainfall
in northern Mindoro was also captured, such as that initialized at 0600 and 1800 UTC
on 12 (Figure 15n,p), and the two at 0000 UTC on 13 and 14 December (Figure 15q,u).
However, most of the lagged runs predicted more rain along the SSM, but very few had
comparable amounts over the offshore ocean, where the GPM data indicated much rainfall,
except perhaps those from 0600 to 1800 UTC on 13 December (Figure 15r-t). Thus, a larger
disagreement existed east of Luzon between the GPM and model predictions.
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Figure 15. As in Figure 5, except for predicted 72 h rainfall distributions (mm) valid for the period
from 0000 UTC on 14 to 0000 UTC on 17 December during TY Melor (2015), with the time-lagged
forecasts every 6 h from (a) 0000 UTC on 9 to (u) 0000 UTC on 14 December 2015, respectively. Some
panels were shown in Part I [40].

5.3. Heavy Rainfall Probabilities of TY Melor (2015)

In Figure 16, the probabilities of 72 h rainfall over 14-16 December to reach the four
thresholds of 100, 200, 300, and 500 mm calculated from the first 12 runs versus the last nine
runs for Melor are shown. The GPM data indicated that almost the entire northern half of
the Philippines received a total rainfall of >100 mm (Figure 16a), including the entire Luzon
island, the ocean within 150-200 km off its eastern shore, and regions from northern Samar
to Mindoro. From the first 12 runs (with a ¢y up to 1800 UTC on 11 December), the highest
probabilities to reach 100 mm appeared along the eastern shore and near the southeastern
tip of Luzon, and also over Mindoro, but the probabilities were too low in western Luzon
and the oceans in central Philippines (Figure 16e). In the last nine runs (Figure 16i), the low
probabilities in central Philippines along the storm track were drastically improved due to
the improvements in tracks, so were those in eastern Luzon and the offshore oceans. In
western Luzon, however, the improvement seemed limited. At 200 mm, a smaller region
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reached this criterion in the GPM, but only slightly smaller (Figure 16b). In contrast, the
probabilities from the lagged hindcasts reduced considerably almost everywhere. Due
to the track errors, except along the SSM, the probabilities from the first 12 runs were
too low over much of Luzon, its offshore ocean (to approximately 150 km), and central
Philippines (Figure 16f). In the last nine members, the improvements were significant in
central Philippines (from northern Samar to northern Mindoro) and along the eastern shore
of Luzon, but not by much elsewhere (Figure 16j).

200 mm 300 mm 500 mm

Figure 16. As in Figure 11, except for (a—d) areas reaching the four thresholds for the 72 h period
of 14-16 December from TY Melor (2015) and probabilities (%) of QPFs from (e-h) the first 12 time-
lagged members (with ty during 9-11 December) and (i-1) the last nine members (with ¢y during
12-14 December), respectively. The location of Baler is marked with an open circle in (h,1).

At 300 mm, the GPM (Figure 16c¢) still indicated a large area to meet this criterion,
approximately 100 km both onshore and offshore of eastern Luzon from 15°N to 18°N, the
ocean surrounded by southern Luzon and Mindoro, and an area west of Manila Bay, where
Melor stalled. Except along a short segment of the SSM, the probabilities in the first 12 runs
to reach 300 mm were all too low (Figure 16g). Again, the values were improved along the
storm track and the SSM in the later members, including the area near Baler (Figure 16k).



Remote Sens. 2022, 14, 5126

24 of 32

(a) 24-h QPFs for 12/15

At 500 mm, the conditions were similar (Figure 16h,1). In the last nine runs, the probability
to reach 500 mm was roughly 60-70% along the eastern coast of Luzon near Baler, where
the gauge observed 407 mm. Overall, when the TC tracks were improved, the rainfall
probabilities also improved quite significantly in central Philippines and along the SSM in
eastern Luzon. In other regions, where the GPM also indicated heavy rainfall (>200 mm),
however, the model seemed to underpredict rainfall and the improvement in probability in
later runs appeared small.

5.4. Objective Skill Scores of QPFs for TY Melor (2015)

The categorical skill scores of the QPFs for the 24 h period on 15 December and the
72 h period of 14-16 December during Melor are shown in Figure 17. Here, 15 December
was chosen because the rainfall on land was the most widespread among the three days
(Figure 14b). In Figure 17a, the QPFs for 15 December with the lagged runs were seen to
yield TSs of 0.52-0.8 at 0.05 mm (per 24 h) and from 0.05 to approximately 0.32 at 100 mm,
respectively, while the observed peak amount was 950.7 mm in the GPM. At 200 mm, all
the runs also produced nonzero TSs, which were maximized at 0.14, but the highest TS
was only 0.03 at 350 mm. In Part I [40], the peak amount with the gauges was 209.2 mm in
northern Mindoro, where the GPM captured approximately 260 mm, and was in reasonable
agreement. As shown in Table 4 (top half), the TSs obtained using the gauges were all better
across the three thresholds of 50, 100, and 200 mm compared to those using the GPM at
both the short range and beyond, even though they were also less stable with larger ranges.
In Figure 17a, the points also indicated some underprediction at the lowest threshold of
0.05 mm (BSs approximately 0.6-0.9) and higher thresholds of 100 mm (BSs approximately
0.4-0.8) and above (BS < 0.5 mostly), while little bias to a slight overprediction existed at
10 and 50 mm.

(b) 72-h QPFs for 12/14-16
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Figure 17. As in Figure 12, except for (a) 24 h QPFs targeted for 15 December and (b) 72 h QPFs for
the combined period of 14-16 December (all times in UTC) during TY Melor (2015).

Over 14-16 December, the peak amount with the gauges was 407 mm at Baler in Part
1740]. The GPM estimated a very high value of 1420.5 mm offshore of northeastern Luzon,
but approximately 500 mm near Baler, also only somewhat higher than the gauge record.
Therefore, the GPM appeared reasonable during Melor, but some past studies suggested
caution in their extreme values, e.g., the top 1% [60]. The categorical scores for the 3-day
total rainfall against the GPM were plotted in Figure 17b. The TSs were 0.75-0.92 at 0.05 mm
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(per 72 h) and decreased to approximately 0.05 to 0.24 at 200 mm. At 350 mm, all runs
produced TSs above zero (up to 0.08), while 9 out of 21 runs also yielded TS > 0, but only up
to 0.02. These TS values from 100 to 350 mm in Figure 17b were somewhat worse than their
counterparts using the gauge data at the short range (where high TS values could appear
occasionally), but roughly comparable at longer ranges (Table 4, bottom half). In Figure 17b,
the BSs, again, suggested an underprediction at thresholds beyond 100 mm, especially at
350 and 500 mm (with BSs mostly below 0.5). This result was consistent with the low heavy
rainfall probabilities over Luzon and the offshore ocean to the east in Figure 16. In Part
1[40], the verification using rain gauges also indicated underforecasting.

Table 4. As in Table 2, but for the comparison of TY Melor (2015), in which the 24 h QPFs are for
15 December and 72 h QPFs for 14-16 December 2015 (all in UTC).

Melor Against GPM Against Rain Gauges
24 h QPFs Obs. Max. Threshold (mm) Obs. Max. Threshold (mm)

(mm) 50 100 200 (mm) 50 100 200
to within 48 h (9)
Mean TS 950.7 0.18 0.06 0.00 209.2 0.46 0.3 0.12
Range of TS 0.19 0.12 0.03 0.29 0.39 1.00
to beyond 48 h (16)
Mean TS 950.7 0.12 0.03 0.00 209.2 0.24 0.10 0.03
Range of TS 0.23 0.10 0.00 0.36 0.67 0.33
72 h QPFs Obs. Max. Threshold (mm) Obs. Max. Threshold (mm)

(mm) 100 200 350 (mm) 100 200 350
to within 48 h (9)
Mean TS 1420.5 0.39 0.20 0.04 407 0.48 0.32 0.08
Range of TS 0.16 0.12 0.07 0.35 0.58 0.33
to beyond 48 h (12)
Mean TS 1420.5 0.21 0.09 0.02 407 0.22 0.11 0.00
Range of TS 0.19 0.12 0.06 0.32 0.31 0.00

In terms of the SSS, the values for 14 December for the large domain from the earlier
runs at longer lead times were quite low at approximately 0.1-0.2 (solid red, Figure 18a),
as the northward track errors could not be reduced in time. However, since 0600 UTC
on 12 December, all the runs yielded an SSS of at least approximately 0.6 as the TC tracks
improved. For 15 December, the runs on 9 December (solid blue, Figure 18a) could produce
better SSS values (approximately 0.4-0.5) when the storm turned south again, but the later
members also had approximately 0.4-0.6, clearly due to the underprediction of rainfall over
eastern Luzon and offshore against the GPM (see Figures 16 and 17a). For 16 December, the
SSS values from runs before 0000 UTC on 13 December were also low and below 0.25 (solid
green), and improved to approximately 0.5-0.6 only in the last several runs on 15 December.
For the 72 h QPFs for 14-16 December, the earlier runs on 9 December could also achieve
SSS values of 0.4-0.5, followed by less ideal results, then improved to 0.5 and above since
0600 UTC on 12 December (solid black, Figure 18a), in agreement with Figures 14-17. Over
the small domain, which had an east-west orientation for 14 December (see Figure 14), the
5SS values tended to be slightly higher than those over the large domain, but this was not
always the case (dashed curves, Figure 18a).

For comparison, the SSS results against the rain gauge observations are shown in
Figure 18b, in which the two curves for the 72 h QPFs were shown in Part I [40]. Again, the
values using the rain gauge data were less stable and spanned a wider range, with a lower
minimum (nearly zero) and a higher maximum (>0.9). However, in most runs, the values
in Figure 18b were higher than those using the GPM data, especially for those during the
first day (on 9 December) and since 0600 UTC on 12 December, in contrast to the results
shown in Figures 8 and 13 for Mangkhut and Koppu. Nevertheless, such a result for Melor
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SSS

was in agreement with the underprediction in rainfall over the ocean east of Luzon. Thus,
using the GPM data, which included the ocean, the resulting SSS values tended to be lower
for Melor.

(a) GPM retrievals (b) Rain gauges

0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12 0 12

11 12 13 14 15 9 10 11 12 13 14 15
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Figure 18. As in Figure 13, except for SSS of 24 h QPFs for 14 (red), 15 (blue), and 16 December (green)
and 72 h QPFs for 14-16 December (all times in UTC) during TY Melor (2015), computed over the big
(solid) and small (dashed) domains using (a) GPM rainfall retrievals and (b) rain gauge observations.
The two domains are shown in Figure 14.

6. Discussion

In previous sections, the QPF verification results for the three typhoons were seen
to be different to some extent when two different data sources were used: the GPM
IMERG retrievals and rain gauge data. Here, such differences were further discussed. In
Sections 3-5, Tables 2—4 were used to compare the TS values for selected target periods
for the three TCs, and they indicated that the TSs were much more stable using the high-
resolution GPM data compared to the rain gauges (which were much fewer in number),
especially at lower thresholds, over longer accumulation periods, and in earlier forecasts
with longer lead times. On the other hand, toward the high thresholds, where the TSs
against the GPM inevitably dropped, the results using the rain gauges (more random) could
become much better, particularly within the short range when the track errors became small.
Presumably mainly due to the difference in the density and number of points available
for verification, this phenomenon of diverging verification results clearly occurred in both
Koppu (also beyond the short range) and Melor (>50-100 mm), and also in Mangkhut
(=100 mm for 15 September), to a lesser degree.

As for the reliability of the GPM data in the three TC cases, the overall quality seemed
reasonable. However, the satellite retrievals were likely to underestimate the rainfall from
Mangkhut in the mountain regions (CCM and SMM) in Luzon, where some timing issues
(too early) also existed during Koppu. For Melor, the estimates on land seemed reasonable,
but the values offshore were very high and could potentially exhibit overestimation, which
could not be confirmed. Based on the categorical verification results using the GPM IMERG
data only, the QPF performance was the best for Koppu, followed by Mangkhut, and the
worst for Melor, while the differences among cases were not too large due to the more
stable results. In Part I [40], the order was not the same in Koppu, Melor, and Mangkhut.
However, Koppu remained the most predictable among the three events.

Thus, based on our results here, we suggest that the GPM data were, in general,
reasonable and suitable for the verification of QPFs with NWP models using the categorical
measures, even on a routine basis in the long run. However, toward the high and extreme
thresholds, if they revealed different results, station data from rain gauges (although few in
number) would still be necessary to provide a second verification. This was especially true
near and over the mountains, where satellite estimates could possess larger errors, such as
Baguio (in the southwestern CCM) and Baler (along the SMM) in Luzon.
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Compared to categorical scores, the SSS was not so sensitive to the number of ver-
ification points, as all points with rainfall were involved in the calculation, rather than
only those reaching a given threshold. Additionally, hits were not required, so the same
differences below or above the observed amount contributed almost the same, in contrast to
the situation of categorical measures for over- (hits) or underprediction (no hits). In Table 5,
a comparison in the SSS is given. For 24 h QPFs (over small domains), the two methods
were quite comparable inside the short range (Table 5, top), with better SSS values from the
GPM data for Mangkhut, but not so much for the majority of periods for Koppu and Melor.
However, the GPM did tend to produce smaller ranges in the SSS due to larger numbers of
points (see Figures 4, 9 and 14). At longer ranges (Table 5, middle), the GPM again yielded
better SSS values for Mangkhut, but the opposite for both Koppu and Melor (mostly due to
the model’s ability to capture heavy rainfall near Baguio). For QPFs for the entire events
(48 or 72 h), SSS values (over the large domain) using the GPM were clearly better at both
forecast ranges for Mangkhut and Koppu, but not so much for Melor (Table 5, bottom).
Compared to the other two TCs, the differences for Koppu were relatively small. Overall,
the SSS values computed using GPM data were highest for Mangkhut, followed by Koppu,
and lowest for Melor (Table 5, left half). As a skill score, the SSS could faithfully reflect the
overall quality of the QPFs over the verification domain in an objective and quantitative
manner, but except that, the errors were squared (using MSE); this did not emphasize high
rainfall amounts.

Table 5. Comparison of mean, median, and range of SSS values with the CReSS hindcasts for the
three typhoons against the GPM retrievals (left) and the rain gauges (right) in each category: 24 h
QPFs over small domains for selected periods of P1, P2, and P3 (top) and 48 h or 72 h QPFs for entire
events over the large domain (bottom), within the short range (fy < 48 h before the beginning of
accumulation) and beyond. All the periods shown are the same as those in Sections 4-6, and the
number of lagged runs is given in the parentheses. Bold faces indicate the better result between the
two data sources (higher mean/median but smaller range).

Forecast Range Against GPM Against Rain Gauges

24 h QPFs Obs. Max. SSS values Obs. Max. SSS values

Typhoon/period (mm) Mean Median Range (mm) Mean Median Range
to within 48 h

Mangkhut, P1 (9) 451.5 0.830 0.820 0.055 209.2 0.728 0.762 0.160
Mangkhut, P2 (7) 337.9 0.821 0.813 0.033 535.6 0.558 0.574 0.273
Koppu, P1 (9) 950.4 0.713 0.692 0.201 109.6 0.733 0.712 0.162
Koppu, P2 (9) 512.7 0.754 0.756 0.067 188.8 0.474 0.493 0.311
Koppu, P3 (5) 400.0* 0.676 0.679 0.209 502.3 0.767 0.792 0.254
Melor, P1 (9) 651.6 0.671 0.728 0.380 169.6 0.612 0.631 0.367
Melor, P2 (9) 950.7 0.488 0.461 0.265 209.2 0.649 0.657 0.248
Melor, P3 (8) 1178.8 0.457 0.444 0.352 273.8 0.618 0.647 0.388
top beyond 48 h

Mangkhut, P1 (8) 451.5 0.634 0.695 0.382 209.2 0.591 0.575 0.346
Mangkhut, P2 (12) 337.9 0.634 0.622 0.296 535.6 0.321 0.291 0.237
Koppu, P1 (6) 950.4 0.555 0.567 0.124 109.6 0.626 0.647 0.313
Koppu, P2 (10) 512.7 0.631 0.631 0.091 188.8 0.641 0.649 0.162
Koppu, P3 (14) 400.0% 0.367 0.334 0.597 502.3 0.625 0.756 0.678
Melor, P1 (12) 651.6 0.128 0.136 0.125 169.6 0.208 0.215 0.303
Melor, P2 (16) 950.7 0.364 0.356 0.441 209.2 0.523 0.517 0.696
Melor, P3 (20) 1178.8 0.207 0.171 0.432 273.8 0.419 0.451 0.787
48/72 h QPFs Obs. Max. SSS values Obs. Max. SSS values

Typhoon (mm) Mean Median Range (mm) Mean Median Range
to within 48 h

Mangkhut (9) 455.2 0.852 0.855 0.042 785.8 0.605 0.585 0.240
Koppu (9) 975.3 0.754 0.749 0.138 695.3 0.702 0.712 0.171
Melor (9) 1420.5 0.505 0.519 0.151 407.0 0.703 0.706 0.424
to beyond 48 h

Mangkhut (8) 455.2 0.705 0.738 0.152 785.8 0.427 0.364 0.204
Koppu (6) 975.3 0.595 0.599 0.117 695.3 0.535 0.507 0.292
Melor (12) 1420.5 0.365 0.325 0.204 407.0 0.519 0.429 0.423

# Estimated value inside the large domain from Figure 9c (as in Table 3).
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7. Conclusions

In this two-part study, the 2.5 km CReSS was applied to three landfalling typhoons
in the Philippines: Mangkhut (2018), Koppu (2015), and Melor (2015), using the time-
lagged approach every 6 h to form an ensemble. The single-model lagged method was
adopted to achieve a high resolution, and, eventually, the multimember ensemble with the
same resolution would be desired when more computation resources become available,
e.g., [77,78]. The three westward-moving typhoons reached landfall in northern Luzon,
central Luzon, and the middle part of the entire Philippine archipelago, respectively. Using
categorical scores and the SSS, the QPFs were evaluated at 56 rain gauge sites in Part I [40]
and, subsequently, using 0.1° x 0.1° high-resolution GPM IMERG rainfall retrievals in the
same way in the present work. The verification results were compared and the quality of
the GPM data was also assessed. In this study, the intensity forecasts and heavy-rainfall
probabilities derived from successive lagged members at different lead-time groups were
also evaluated. The major findings were summarized below.

Over the large domain that covers the entire Philippines (including nearby oceans)
with 9916 grid points, the general quality of the GPM data during the three TCs was
reasonable. However, an underestimation likely occurred in the mountain regions of Luzon
during Mangkhut, and some timing issues also appeared during Koppu. For Melor, the
peak amount offshore (over 1400 mm in 72 h) seemed excessive and potentially overesti-
mated. Based on the categorical statistics against the GPM, the model QPFs performed the
best for Koppu, followed by Mangkhut, and the worst for Melor. This order of predictabil-
ity was different (switched) between Mangkhut and Melor from Part I [40], but Koppu
remained the most predictable case in rainfall.

For TY Koppu (2015), the 24 h period selected for verification was 1200 UTC on 17
to 1200 UTC on 18 October (peak = 512.7 mm at southern CCM), and the lagged runs at
the short range (entire verification period was within 72 h from ¢y) produced mean TSs of
0.24 and 0.05 at 200 and 350 mm (per 24 h) against the GPM, respectively. At lead times,
beyond the short range, the mean TSs at the same thresholds were 0.12 and 0.01. For the
entire 72 h event (1200 UTC on 16 to 1200 UTC on 19 October), the maximum rainfall in
the GPM was 975.3 mm (over ocean), and the short-range runs produced mean TSs of 0.52
and 0.06 at 200 and 500 mm (per 72 h), respectively. Beyond the short range, the mean TSs
at 200 mm were 0.39. The BS values for Koppu generally showed little biases in rain-area
sizes. At both short range and beyond, the majority of runs (>90%) produced rainfall of
>500 mm near Baguio in the southern CCM, with high probabilities of heavy rainfall. The
intensity forecasts were also the best for Koppu (926 hPa and 66.5 m s ! in JTWC's best
track) among the three cases, as many short-range runs reached <920 hPa and >60 m s~ !.

For TY Mangkhut (2018), which hit the northernmost part of Luzon, the most rainy
24 h on land was 15 September, with a peak rainfall of 337.9 mm in the southern CCM in
the GPM. For this period, the mean TSs were 0.39 and 0.12 at 100 and 200 mm (per 24 h)
inside the short range and 0.22 and 0.04 at longer lead times, respectively. For the two-day
total rainfall (14-15 September, peak amount = 455.2 mm offshore), the mean TSs reached
0.36 at 200 mm and 0.02 at 350 mm (per 48 h) at the short range. Beyond the short range,
the mean TSs were 0.18 and 0.01 at the same thresholds, respectively. The BSs indicated
little bias at low to middle thresholds and some overprediction at high thresholds. Due to a
reduction in track errors, the probabilities of heavy rainfall at 300 and 500 mm improved
considerably from longer lead times to within the short range, as well as in the mean TS
and SSS values (from 0.71 to 0.85). As the most intense (category five) storm before landfall
among the three cases (905 hPa and 72 m s~!), Mangkhut was also well captured in its
intensity with the lagged runs, as many runs produced <900 hPa and at least 60 m s~ .

For TY Melor (2015), which penetrated the middle section of the Philippine archipelago,
the 24 h period selected was 15 December, when the maximum rainfall in the GPM reached
950.7 mm offshore and approximately 600 mm along the SSM on land. The mean TSs
for this period were only 0.06 and 0.03 at 100 mm (per 24 h) inside the short range and
beyond. For the three-day total rainfall (peak = 1420.5 mm offshore and over 800 mm in
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the SMM), the mean TSs at 200 and 350 mm (per 72 h) from short-range runs were 0.20
and 0.04, respectively. At longer lead times, the mean TSs at 200 mm were 0.09. The BSs
for Melor suggested an underprediction toward the higher thresholds, especially for the
three-day total, consistent with the relatively low TSs and the derived probabilities. Even at
short range (for the first 24 h of the total period), roughly 60-70% of runs produced rainfall
over 300 mm and 30-50% reached >500 mm along the southern SMM. For Melor (933 hPa
and 62 m s~1), the intensity forecasts were also less ideal, as only six to seven runs in the
middle of the whole ensemble reached <960 hPa and >50 m s~ L.

Compared to the categorical statistics against the rain gauge observations in Part I [40],
the results against the GPM IMERG retrievals were much more stable, especially at lower
thresholds, over longer accumulation periods, and in earlier forecasts at longer lead times.
However, due to the large number of points, the TSs inevitably dropped toward the high
thresholds using the GPM data. In such circumstances, the results using the rain gauges
could become much better, particularly within the short range when track errors became
small. Such diverging verification results occurred in both Koppu and Melor, and also in
Mangkhut, to a lesser degree. In terms of the BS values, the two data sources may have also
given somewhat different results, but those using the GPM should have been more reliable.

Therefore, based on our results, it is suggested that the GPM is, in general, suitable
for the verification of model QPFs using categorical measures, even routinely in the long-
term. Over ocean and data-sparse regions, such satellite products may be the only data
source available and robust enough for rainfall. However, toward higher and extreme
thresholds, rain gauge observations are still needed to provide additional assessments of
model performance, if they reveal different results. This is especially true near and over
mountains, such as the CCM and SMM in Luzon, since satellite estimates may have larger
errors there. As for the SSS, it could faithfully reflect the overall quality of the QPFs, but it
did not focus on high rainfall thresholds.
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