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Abstract

Typhoon Nepartak was a category 5 tropical cyclone in 2016 that resulted in significant societal impacts. The
tropical cyclone went through a rapid intensification (RI), with an increase of maximum wind speed of 51 m s™'
and a decrease of minimum sea level pressure of 74 hPa in 42 h. The real-time forecast from the U.S. Navy
Coupled Ocean/Atmosphere Mesoscale Prediction System — Tropical Cyclone (COAMPS-TC), initialized at 1200
UTC 3 July, predicted the track and intensity reasonably well for Super Typhoon Nepartak and captured the
storm’s RI process. Positive interactions among primary and secondary circulations, surface enthalpy fluxes, and
mid-level convective heating are demonstrated to be critical for the RI. The storm structure variations seen from
the simulated satellite infrared brightness temperature during RI bear considerable resemblance to the Himawari-8
satellite images, although the forecast inner core is too broad, presumably due to the relatively coarse resolution (5
km) used for the real-time forecasts at the time.
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1. Introduction

Super Typhoon Nepartak was the first category 5
(over 70 m s or 136 kt on the Saffir-Simpson hur-
ricane wind scale) tropical cyclone of 2016 and had
significant societal impacts with over $1.8B (USD) of
damage (ESCAP/WMO Typhoon Committee 2017). It
formed as a tropical depression on July 2 near Guam
in the western Pacific Ocean and strengthened to a
tropical storm the following day. Rapid intensification
ensued with a decrease in minimum sea-level pressure
(MSLP) from 985 hPa at 1200 UTC 4 July to 911 hPa
at 0600 UTC July 6, and a concurrent increase in max-
imum wind speed of 100 kt (51.4 m s ') during this
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same period, followed by a secondary eyewall forma-
tion and eyewall replacement cycle, before making
landfall in Taiwan. The storm impacted Taiwan with
135 kt (69.4 m s ') sustained winds and heavy precip-
itation, resulting in 3 deaths and substantial damage in
Taiwan (Central Emergency Operation Center 2016).
It made a second landfall in Fujian, China, on July 9
with 65 kt (33.4 m s™') wind speed, causing more than
111 deaths and over $1.5B (USD) of damage (China
News Service 2016), and the most devastating flood-
ing since 1998. The rapid changes in the intensity of
Super Typhoon Nepartak presented a major challenge
for operational tropical cyclone prediction models,
which failed in general to capture Nepartak’s intensity
changes.

While TC intensification is challenging enough to
predict, rapid intensification (RI) is even more chal-
lenging due to its sudden onset and rapid evolution.

©The Author(s) 2019. This is an open access article published by the Meteorological Society of Japan under —®
a Creative Commons Attribution 4.0 International (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0).


https://doi.org/10.2151/jmsj.2019-011
https://doi.org/10.2151/jmsj.2019-011

192 Journal of the Meteorological Society of Japan

Holiday and Thompson (1979) defined RI as a de-
crease of the MSLP greater than 42 hPa day '. Kaplan
and DeMaria (2003) added another criterion: surface
maximum wind speed (MWS) increase of more than
15.4ms ' (30 kt) over a 24-h period. Various dynamic
and thermodynamic processes are believed to play
important roles in TC intensification. Emanuel (1986,
1994, 2003) proposed the wind-induced surface heat
exchange (WISHE) mechanism to explain the positive
interaction between the near-surface wind speed and
the surface enthalpy fluxes from the underlying ocean
during intensification. The various paradigms of TC
intensification have been reviewed by Montgomery
and Smith (2014), in which the authors argued for a
more consistent treatment of both dynamic and ther-
modynamic processes.

The high-resolution real-time forecasts from the
Coupled Ocean/Atmosphere Mesoscale Prediction
System—Tropical Cyclone (COAMPS-TC, a registered
trademark of the US Naval Research Laboratory,
Doyle et al. 2014) are examined here for Nepartak’s
RI process. The objectives of this study are to: (i)
evaluate real-time track and intensity forecast for
Typhoon Nepartak; (ii) assess and understand the key
processes occurring during RI from an azimuthally
averaged perspective; (iii) document the positive
interactions among the primary and secondary circu-
lations, the convective latent heat release, and surface
heat fluxes during the RI period; and (iv) evaluate
Nepartak’s structure during RI through a comparison
of model-simulated synthetic brightness temperature
(TB) with high-frequency satellite observations from
the geostationary satellite Himawari-8 operated by the
Japan Meteorological Agency (JMA).

2. Model description and initialization

The COAMPS-TC system, developed by the Naval
Research Laboratory (NRL) (Doyle et al. 2014), is
used in this study. The Kain-Fritsch cumulus param-
eterization is used for grid spacing at 9-km or larger
and a modified bulk microphysics parameterization
based on Rutledge and Hobbs (1984) is applied in all
domains. The planetary boundary layer turbulent mix-
ing scheme is based on a modified 1.5 order Mellor-
Yamada scheme (Mellor and Yamada 1974). A mixing
length formulation following Bougeault and Lacarrére
(1989), a dissipative heating parameterization (Jin
et al. 2007), and Fu-Liou radiation scheme (Fu and
Liou 1993; Liu et al. 2009) are used in this real-time
application of COAMPS-TC. In COAMPS-TC, the
roughness length for momentum is modified to allow
the momentum exchange coefficient to level off at
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wind speeds greater than 25 m s, which is based on
observations and theory from Donelan et al. (2004),
and then the drag decreases with increasing intensity
beyond ~30 m s (Soloviev et al. 2014). The Geo-
physical Fluid Dynamics Laboratory (GFDL) tracker
(Marchok 2002) is used to determine the storm track
and intensity.

The configuration for the operational forecasts in
2016 includes one fixed coarse mesh with 45-km grid
spacing and two two-way interactive moving nests
that follow the storm with 15-km and 5-km grid spac-
ing, respectively (blue boxes in Fig. 1). The vertical
domain consists of 40 terrain-following coordinate
levels, extending from 10 m above the surface to a
model top at approximately 32 km. The initial and
boundary conditions consist of the forecasts (at 0.5-
degree resolution) produced by the Global Forecast
System (GFS) from the National Centers for Environ-
mental Prediction (NCEP).

3. Track and intensity forecast

The COAMPS-TC track forecast for Typhoon
Nepartak agrees with the best track from Joint Ty-
phoon Warning Center (JTWC) reasonably well for the
forecast starting from 1200 UTC 3 July 2016 (Fig. 2).
For forecasts initialized at later times, a rightward bias
is apparent in some of COAMPS-TC forecasts, which
is not inconsistent with other operational models
(https://www.nrlmry.navy.mil/coamps-web/web/tc?
sid=02W&ddtg=2016070312&scl=4). COAMPS-TC
predicts the slow movement of Typhoon Nepartak and
the timing of landfall reasonably well, with a ~6—
12 h delay. The limitations in current operational trop-
ical cyclone forecasts may be contributed by uncer-
tainty of both large- and small-scale environment and
their interaction, along with a lack of observations at
small scales to better initialize the vortex. The landfall
location is close to the estimated landfall location near
southern Taiwan.

The COAMPS-TC captures the rapid intensification
of Typhoon Nepartak. The forecast MSLP decreases
from 980 hPa at 42 h to 897 hPa at 90 h, an 83 hPa de-
crease in 48 h (Fig. 3a), compared to 78 hPa observed
decrease (from 989 hPa at 18 h to 911 hPa at 66 h).
The MWS increases from ~36 ms ' to ~78 m s~
(during 42-90 h) an increase of 42 m s ' compared to
an observed 53 ms ' increase (from 23 ms ' at 18 h to
about 76 m s ' at 66 h). The COAMPS-TC performed
relatively better than other operational models with
regard to Nepartak’s RI at this forecast time (Fig. 3).
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() 850-hPa relative vorticity (shaded, 10~ s™), 500-hPa geopotential height (purple contours, m) and 200-

hPa winds (stream), (b) sea surface temperature (0°C), (c) 200—850 hPa wind shear (shaded, m s™') and 850-hPa
winds (stream), and (d) surface to 850-hPa averaged relative humidity (%) and winds (stream) from model domain
1 with 45 km horizontal grid spacing at 42-h model time, (valid at 0600 UTC 5 July 2016), just before the RI.
The blue boxes are the two nested domains with grid spacing of 15-, and 5- km centered at Typhoon Nepartak and

moving along with the storm.

4. Rapid intensification

Figure 1 shows the large-scale environment at 42-h
(the starting time for the simulated RI, as shown Fig.
3a) from the forecast initialized at 1200 UTC 3 July
2016, when Typhoon Nepartak is located south of
Guam in the western Pacific Ocean. Nepartak has an
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intense core of 850-hPa relative vorticity with a maxi-
mum of 2 x 107 s™" and strong upper level divergence
at 200 hPa (Fig. la). A subtropical high is located
to the north of the system, as shown from 500-hPa
geopotential height distribution, acting as a dominant
forcing for the steering flow. The sea surface tem-
perature (SST) in the western Pacific Ocean along the
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Fig. 2. Comparison of multi-model real-time track
forecasts initialized at 1200 UTC 3 July 2016
with the best-track (black) for Typhoon Nepartak.
CTCX (red) is the COAMPS-TC forecast track.
The dots correspond to the storm locations every
6-h.

northwesterly storm path towards Taiwan is relatively
warm (above 30°C) (Fig. 1b). Vertical wind shear be-
tween 850 and 200 hPa is moderate (~ 10 m s ') along
the storm path (Fig. Ic), with 850-hPa winds from
the southwest and 200-hPa winds from the northeast.

102(\5/;)022016 Nepartak: Minimum Sea Level Pressure from 1200 UTC 03 JUL 2016
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The storm develops in a rich moisture environment,
with the averaged relative humidity (from surface to
850 hPa) over 90 % within the inner-core of the storm
(Fig. 1d). The moisture in the vicinity of the storm is
primarily transported by the prominent southwesterly
low-level flow. The warmer SSTs, rich low-level
moisture, low-level convergence, and upper-level
divergence over the TC, provide a favorable large-
scale environment for the RI, which agrees with the
previous studies on the environmental conditions of
TC intensification and RI (Merrill 1988; Kaplan et al.
2010).

Figure 4 depicts the evolution of azimuthally-
averaged tangential and radial winds and vertical
velocity during the RI period. The storm is relatively
weak at 48 h with the peak tangential wind speed at
~40 m s and the peak radial inflow at ~5 m s (Fig.
4a). The storm then intensifies with the peak tangential
wind over 50 m s and the peak radial inflow increase
to 10 m s ' (Fig. 4b). The 40 m s ' contour of the
primary circulation extends from 3 km at 48 h to 5 km
at 60 h. The peak tangential wind rapidly increases to
60 m s~ and the peak radial wind increases to 20 m s~
by 72 h with the 40 m s ' contour extending through a
deep layer up to ~ 12 km (Fig. 4¢). The surface inflow
layer depth increases from ~ 500 m to ~ l-km near
the eyewall as the radius of maximum wind (RMW)
increase. The peak vertical velocity reaches over 2.5
m s ' at 12-km height. Both the tangential winds
(the primary circulation) and radial winds connected
through vertical velocity (the secondary circulation)

wp022016 Nepartak: Maximum Wind Speed from 1200 UTC 03 JUL 2016
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Fig. 4. Radius-height plots of the azimuthally averaged radial winds (shaded, m s™"), tangential winds (black con-
tours, m s "), vertical velocity (red contours at 0.5 m s~ intervals), and the radius of maximum winds (RMW, black

line) at (a) 48 h, (b) 60 h, (c) 72 h, and (d) 84 h.

become significantly enhanced and much better
organized. The storm’s tangential winds reach the
maximum value of 75 m s ' by 84 h with the 40 m s’
contour extending upward to a 14-km altitude (Fig.
4d). The peak radial inflow increases to 25 m s ' and
the thickness of the radial inflow layer extends verti-
cally to ~ 1.5 km. The storm size (measured by RMW)
is ~60—80 km during the RI period, relatively large
compared to other storms that went through RI (e.g.,
Stern et al. 2015).

It is well established by previous studies that
warmer SSTs are correlated with TCs that undergo RI.
Although Kanada et al. (2017) suggested that the RI
is sensitive to the SST pattern, the SST at the storm
center is used here as a basic and more independent
(of storm size) diagnostic. Figure 5 shows time series
of SST and the value of 200—850-hPa vertical wind

shear at the storm center following with the storm
movement along the forecast time. The SST is warm
(> 29.4°C) and exceeds 30°C during the RI period
(42—90 h). The vertical wind shearis ~7 ms ' at42 h
and decreases to ~3 m s ' between 54—72 h. The
vertical shear increases from 4 m s ' at 78 h to ~8
m s ' by 90 h. This analysis suggests that the increas-
ingly warm SSTs and the low vertical wind shear
during the period of 54—78 h provide favorable envi-
ronmental conditions for RI.

Figure 6 provides a more detailed depiction of the
interaction between the primary and secondary circu-
lations in the typhoon boundary layer during the RI
(60-78 h). The low-level radial inflow increases from
~15ms ' to~20ms ' and expands vertically, along
with an increase of tangential wind speed (primary
circulation) from 40 ms ' to 70 m s . Associated with
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the enhanced radial inflow, the upward motion also
intensifies along the eyewall, as shown by the green
vectors, which reflects the positive interactions be-
tween the primary and secondary circulations during
RI from a kinematic perspective.

At 60 h two diabatic heating centers begin to form,
with one at the lower levels (below 4-km) and a
second at mid- to upper-levels (6—12 km), separated
by a diabatic cooling region near the melting layer at
4—6 km (Fig. 7a). The mid- to upper-level diabatic
heating rapidly increases and exceeds 150 K h™' at
66 h; this occurs at a much faster rate than that at the
lower levels (~ 100 K h™"), in part due to the larger
ascent in the mid- to upper-levels (Fig. 7b). Over the
next 12 h, the eyewall updraft continues to intensify
and at the same time the diabatically-induced cooling
is reduced and moves outward from the eyewall (Figs.
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7¢c, d). A warm core (up to +10°C) has been well es-
tablished at mid- to upper-levels.

The surface enthalpy fluxes beneath the typhoon
eyewall increase moderately over the first 2 days of
the simulation, reaching 800 W m™* for the azimuth-
ally averaged value at 48 h (Fig. 8a), at the onset of
RI. The enthalpy fluxes increase rapidly during RI
and reach 2000 W m > by 84 h, associated with the
increase in the tangential wind (i.e., the primary circu-
lation) from 30 m s ' to 60 m s . During the 42—84 h
period, the radial wind (i.e., the secondary circulation)
increases from 6 m's ' to 24 m s ' along with a 1-km
vertical velocity increase from 0.5 to 1.5 m s~ (Fig.
8b). The diabatic heating and vertical velocity at 8-km
height increase greatly during the 42—84 h period (Fig.
8c). It is noteworthy that the increase in the upper-
level vertical velocity is larger (particularly during the
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Fig. 7. Radius-height plots of the azimuthally averaged diabatic heating rate (shaded, K h™), vertical velocity (back
contours, m s ), temperature anomaly (from the domain average temperature, green contours, K), and RMW (black

line) at (a) 60 h, (b) 60 h, (c) 72 h, and (d) 78 h.
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ms '), and the RMW (green line); (c) 8-km height diabatic heating rate (shaded, K h™") and 8-km vertical velocity
(black contours, m s '); (d) brightness temperature (shade, °C) from the 36- to 96-h simulations. The period
between red lines are an example of positive interactions between primary, secondary circulations, enthalpy flux,

and diabatic heating.

60—78 h period) relative to the lower level vertical
velocity during RI, in part due to the strong interac-
tions between the vertical velocity and diabatic heat-
ing. The TB at the cloud top (less —80°C) suggests that
the deep convection is very active within the eyewall
during the early portion of the RI (36—60 h) (Fig. 8d).
The convective cloud structure undergoes reorganiza-
tion during 60—69 h and takes on a more asymmetric
appearance (Figs. 11f—i) with a smaller area of low
TB (less than —80°C). The higher TB in the eye is
consistent with the clear eye structure apparent as the
storm intensifies during 54—90 h.

During the 60—78 h period (two red lines in Fig. 9
delineating the starting and ending times of the posi-
tive interactions during the RI), a noticeable increase
in both the primary circulation (Fig. 9a) and secondary
circulation (Fig. 9b) are closely related to increased
surface enthalpy fluxes (Fig. 9c), consistent with

previous studies (Emanuel 1986; Kondo 1975). The
intensified secondary circulation provides low-level
moist air that is entrained into the eyewall that leads
to stronger ascent (Fig. 9d) and latent heat release (Fig.
9e), which further reinforces the secondary circulation
(Fig. 5).

The evolution of the structure of Typhoon Nepartak
is apparent in the satellite observations derived from
Himawari-8 (Fig. 10). The vigorous deep convection
within the inner-core region of the TC is apparent
from the high cloud tops that attain a TB < —80°C.
The TC was not well organized at 0300 UTC 5 July
and exhibited an asymmetric inner core (deepest
convection located to the south of the eye) and bands
of convection located to the north and northeast (Fig.
10a). The TC became more organized with a tightly
structured inner core by 0710 UTC 5 July, however
it retained an asymmetric appearance with enhanced
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convection in the southern semi-circle (Fig. 10b).
As the TC strengthened further to its peak intensity,
a small eye with a radius of ~10 km was clearly
apparent (Figs. 10c—f). During the weakening stage,
the deep convection region was reduced in size and
became more prominent in the southern semi-circle as
the storm structure attained more asymmetric structure
(Figs. 10g—1).

To evaluate the real-time forecast using the satellite

observations, we computed synthetic TB (Bikos et al.
2012) for the COAMPS-TC forecasts following Jin
et al. (2014). The model forecast hydrometeors (cloud
droplets, rain, ice, snow, and graupel) and thermodyna-
mic fields (e.g., pressure, temperature, and humidity)
are used as input for a forward radiative transfer
model to derive a synthetic TB analogous to the satel-
lite observations. The simulated TBs displayed in Fig.
11 are at the similar locations and intensity relative to
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Fig. 10. Satellite Himawari-8 images of brightness temperature for Typhoon Nepartak at (a—d) 0300 UTC, 0710
UTC, 1500 UTC and 2100 UTC on 5 July, (e—h) 0300 UTC, 0900 UTC, 1500 UTC and 2100 UTC on 6 July, and
(1) 0000 UTC 7 July 2016. Yellow lines mark latitudes/longitudes every 2 degrees.

the Himawari-8 satellite observations (Fig. 10). The
cold and deep cloud top region (TB < —80°C) associ-
ated with the inner core is captured well by the model.
More convective bands are found in the southern

region with an asymmetric structure broadly apparent
(Fig. 11). However, the synthetic TBs derived from
the COAMPS-TC forecasts exhibit a much broader
coverage of high cloud tops than the satellite observa-
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Fig. I1. Simulated brightness temperature (shaded, °C) of Typhoon Nepartak at (a—c) 45-h, 51-h, 57-h, (0900 UTC,
1500 UTC, 2100 UTC 5 July), (d—g) 63-h, 69-h, 75-h, 81-h, (0300 UTC, 0900 UTC, 1500 UTC, 2100 UTC 6
July), and (h—i) 87-h, 93-h (0300 UTC, 0900 UTC 7 July) from the forecast starting at 1200 UTC 3 July 2016.
Yellow lines mark latitudes/longitudes every 2 degrees.

tions indicate. The simulated eye size (Figs. 11d—g) is  lated eye is also apparent in the azimuthally averaged
~ two times larger than the size apparent in the satel-  fields (Fig. 4). The TC becomes more asymmetric
lite imagery during the RI period (Fierro et al. 2009;  during 69-93 h (Figs. 11e—i). One contributing factor
Gentry and Lackmann 2010). The relative large simu-  to this discrepancy is that the model horizontal resolu-
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tion (5 km) may not be high enough (Jin et al. 2014).
A 5-km grid spacing used by the real-time COAMPS-
TC during the 2016 season is not capable to capture
the tight inner-core structure of Nepartak with a
radius of just ~ 10 km. It should be noted that the
resolution was increased in the operational version of
COAMPS-TC to 4 km beginning in 2017.

5. Summary

Super Typhoon Nepartak was a category 5 tropical
cyclone which had significant societal impacts. The
real-time COAMPS-TC system produced reasonably
accurate track and intensity forecasts for Nepartak and
captured the RI phase as well. Our results suggest that
the large-scale environment, particularly the upper-
level divergence, lower-level convergence, weak
vertical wind shear, ample moisture supply in lower
levels (surface to 850-hPa), and warm SSTs (over
30°C) all set the stage for Nepartak’s intensification.
The surface enthalpy flux, and convective latent heat
release act in concert to increase the TC primary and
secondary circulations as RI ensues. The storm struc-
ture variations seen from the simulated TB during RI
bear considerable resemblance to the observed satel-
lite images from Himawari-8, although the forecast
inner core is systematically too large relative to the
satellite observations. Higher horizontal resolution is
needed to improve the operational storm structure
forecasts.
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