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Abstract 23 

Typhoon Nepartak was a category 5 tropical cyclone of 2016 and had significant societal 24 

impacts.  It went through a rapid intensification (RI), with an increase of maximum wind speed 25 

of 51 m s-1 and a decrease of minimum sea level pressure of 74 hPa in 42 h.  The real-time 26 

forecast from the Coupled Ocean/Atmosphere Mesoscale Prediction System – Tropical Cyclone 27 

(COAMPS-TC), starting from 1200 UTC 3 July, predicted the track and intensity reasonably 28 

well for Super Typhoon Nepartak and captured the storm’s RI process.  Positive interactions 29 

among primary and secondary circulations, surface enthalpy fluxes, and mid-level convective 30 

heating are demonstrated to be critical for the RI.  The storm structure variations seen from the 31 

simulated satellite infrared brightness temperature during RI bear considerable resemblance to 32 

the Himawari-8 satellite images, although the forecast inner core is too broad, presumably due to 33 

the relatively coarse resolution (5 km) used for the real-time forecasts at the time.   34 

  35 
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1. Introduction 36 

Super Typhoon Nepartak was the first category 5 (over 70 m s-1 or 136 kt on the Saffir-37 

Simpson hurricane wind scale) tropical cyclone of 2016 and had significant societal impacts with 38 

over $1.8B (USD) of damage (ESCAP/WMO 2017).  It formed as a tropical depression on July 2 39 

near Guam in the western Pacific Ocean and strengthened to a tropical storm the following day.  40 

Rapid intensification ensued with a decrease in minimum sea-level pressure (MSLP) from 985 41 

hPa at 1200 UTC 4 July to 911 hPa at 0600 UTC July 6, and a concurrent increase in maximum 42 

wind speed of 100 kt (51.4 m s-1) during this same period, followed by a secondary eyewall 43 

formation and eyewall replacement cycle, before making landfall in Taiwan.  The storm 44 

impacted Taiwan with 135 kt (69.4 m s-1) sustained winds and heavy precipitation, resulting in 3 45 

deaths and substantial damage in Taiwan (Central Emergency Operation Center 2016).  It made a 46 

second landfall in Fujian, China, on July 9 with 65 kt (33.4 m s-1) wind speed, causing more than 47 

111 deaths and over $1.5B (USD) of damage (China News Service 2016), and the most 48 

devastating flooding since 1998.  The rapid changes in the intensity of super Typhoon Nepartak 49 

presented a major challenge for operational tropical cyclone prediction models.  In general, the 50 

operational forecasts failed to capture Nepartak’s intensity changes. 51 

While TC intensification is challenging enough to predict, rapid intensification (RI) is 52 

even more challenging due to its sudden onset and rapid evolution.  Holiday and Thompson 53 

(1979) defined RI as a decrease of the MSLP greater than 42 hPa day-1.  Kaplan and DeMaria 54 

(2003) added another criterion: surface maximum wind speed (MWS) increase of more than 15.4 55 

m s-1 (30 kt) over a 24-h period.  Various dynamic and thermodynamic processes are believed to 56 

play important roles in TC intensification.  Emanuel (1986, 1994, 2003) proposed the wind-57 

induced surface heat exchange (WISHE) mechanism to explain the positive interaction between 58 
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the near-surface wind speed and the surface enthalpy fluxes from the underlying ocean during 59 

intensification.  The various paradigms of TC intensification have been reviewed by 60 

Montgomery and Smith (2014), in which the authors argued for a more consistent treatment of 61 

both dynamic and thermodynamic processes.   62 

The high-resolution real-time forecasts from the Coupled Ocean/Atmosphere Mesoscale 63 

Prediction System – Tropical Cyclone (COAMPS-TC®, a registered trademark of the US Naval 64 

Research Laboratory) are examined here for Nepartak’s RI process.  The objectives of this study 65 

are to (i) evaluate real-time track and intensity forecast for Typhoon Nepartak;  (ii) assess and 66 

understand the key processes occurring during RI from an azimuthally averaged perspective;  67 

(iii) document the positive interactions among the primary and secondary circulations, the 68 

convective latent heat release, and surface heat fluxes during the RI period; and (iv) evaluate 69 

Nepartak’s structure during RI through a comparison of model-simulated synthetic brightness 70 

temperature (TB) with high-frequency satellite observations from the geostationary satellite 71 

Himawari-8 operated by the Japan Meteorological Agency (JMA). 72 

2. Model description and initialization 73 

The COAMPS-TC system, developed by the Naval Research Laboratory (NRL) (Doyle 74 

et al. 2014), is used in this study.  The Kain-Fritsch cumulus parameterization is used for grid 75 

spacing at 9-km or larger and a modified bulk microphysics parameterization based on Rutledge 76 

and Hobbs (1984) is applied in all domains.  The planetary boundary layer turbulent mixing 77 

scheme is based on a modified 1.5 order Mellor-Yamada scheme (Mellor and Yamada 1983).  A 78 

mixing length formulation following Bougeault and Lacarrère (1989), a dissipative heating 79 

parameterization (Jin et al. 2007), and Fu-Liou radiation scheme (Fu and Liou 1993; Liu et al. 80 

2009) are used in this real-time application of COAMPS-TC.  In COAMPS-TC, the roughness 81 
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length for momentum is modified to allow the momentum exchange coefficient to level off at 82 

wind speeds greater than 25 m s−1, which is based on observations and theory from Donelan et 83 

al. (2004), and then the drag decreases with increasing intensity beyond ~30 m s−1 (Soloviev et 84 

al. 2014).  The Geophysical Fluid Dynamics Laboratory (GFDL) tracker (Marchok 2002) is used 85 

to determine the storm track and intensity. 86 

The configuration for the operational forecasts in 2016 includes one fixed coarse mesh 87 

with 45-km grid spacing and two two-way interactive moving nests that move with the storm 88 

with 15-km and 5-km grid spacing, respectively (blue boxes in Fig. 1).  The vertical domain 89 

consists of 40 sigma-z levels, extending from 10 m above the surface to a model top at 90 

approximately 32 km.  The initial and boundary conditions consist of the forecasts (at 0.5-degree 91 

resolution) produced by the Global Forecast System (GFS) from the National Centers for 92 

Environmental Prediction (NCEP).  93 

3. Track and intensity forecast 94 

The COAMPS-TC track forecast for Typhoon Nepartak agrees with the best track from 95 

Joint Typhoon Warning Center (JTWC) reasonably well for the forecast starting from 1200 UTC 96 

3 July 2016 (Fig. 2).  For forecasts initialized at later times, a rightward bias is apparent in some 97 

of COAMPS-TC forecasts, which is not inconsistent with other operational models 98 

(https://www.nrlmry.navy.mil/coamps-web/web/tc?sid=02W&ddtg=2016070312&scl=4).  99 

COAMPS-TC predicts the slow movement of Typhoon Nepartak and the timing of landfall 100 

reasonably well, with ~6-12 hours delay.  The limitations in current operational tropical cyclone 101 

forecasts may be contributed by uncertainty of both large and small scale environment and their 102 

interaction, along with lack of observations at small scales to better initialize the vortex.  Its 103 

landfall location is close to the estimated landfall location near southern Taiwan.  104 
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The COAMPS-TC captures the rapid intensification of Typhoon Nepartak.  The forecast 105 

MSLP decreases from 980 hPa at 42 h to 897 hPa at 90 h, an 83 hPa decrease in 48 h (Fig. 3a), 106 

compared to 78 hPa observed decrease (from 989 hPa at 18 h to 911 hPa at 66 h).  The MWS 107 

increases from ~36 m s-1 to ~78 m s-1 (during 42 - 90 h) an increase of 42 m s-1 compared to an 108 

observed 53 m s-1 increase (from 23 m s-1 at 18 h to about 76 m s-1 at 66 h).  The COAMPS-TC 109 

performed relatively better than other operational models with regard to Nepartak’s RI at this 110 

forecast time (Fig. 3).   111 

4. Rapid intensification 112 

Figure 1 shows the large-scale environment at 42-h (the starting time for the simulated 113 

RI, as shown Fig. 3a) from the forecast initialized at 1200 UTC 3 July 2016, when Typhoon 114 

Nepartak is located south of Guam in the western Pacific Ocean.  Nepartak has an intense core of 115 

850-hPa relative vorticity with a maximum of 2x10-4 s-1 and strong upper level divergence at 200 116 

hPa (Fig. 1a).  A subtropical high is located to the north of the system, as shown from 500-hPa 117 

geopotential height distribution, acting as a dominant forcing for the steering flow.  The sea 118 

surface temperature (SST) in the western Pacific Ocean along the northwesterly storm path 119 

towards Taiwan is relatively warm (above 30oC) (Fig. 1b).  Vertical wind shear between 850-200 120 

hPa is moderate (~10 m s-1) along the storm path (Fig. 1c), with 850-hPa winds from the 121 

southwest and 200-hPa winds from the northeast.  The storm develops in a rich moisture 122 

environment, with the averaged relative humidity (from surface to 850 hPa) over 90% within the 123 

inner-core of the storm (Fig. 1d).  The moisture in the vicinity of the storm is primarily 124 

transported by the prominent southwesterly low-level flow.  The warmer SST, rich low-level 125 

moisture, low-level convergence, and upper-level divergence over the TC, provide a favorable 126 
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large scale environment for the RI, which agrees with the previous studies on the environmental 127 

conditions of TC intensification and RI (Merrill 1988; Kaplan et al. 2010). 128 

Figure 4 depicts the evolution of azimuthally-averaged tangential and radial winds and 129 

vertical velocity during the RI period.  The storm is relatively weak at 48 h with the peak 130 

tangential wind speed at ~40 m s-1 and the peak radial inflow at ~5 m s-1 (Fig. 4a).  The storm 131 

then intensifies with the peak tangential wind over 50 m s-1 and the peak radial inflow increase to 132 

10 m s-1 (Fig. 4b).   The 40 m s-1 contour of the primary circulation extends from 3 km at 48 h to 133 

5 km at 60 h.  The peak tangential wind rapidly increases to 60 m s-1 and the peak radial wind 134 

increases to 20 m s-1 by 72 h with the 40 m s-1 contour extending through a deep layer up to ~12 135 

km (Fig. 4c).  The surface inflow layer depth increases from ~500 m to ~1-km near the eyewall 136 

as the radius of maximum wind (RMW) increase.  The peak vertical velocity reaches over 2.5 m 137 

s-1 at 12-km height.  Both the tangential winds (the primary circulation) and radial winds 138 

connected through vertical velocity (the secondary circulation) become significantly enhanced 139 

and much better organized.  The storm’s tangential winds reach the maximum value of 75 m s-1 140 

by 84 h with the 40 m s-1 contour extending upward to a 14-km altitude (Fig. 4d).  The peak 141 

radial inflow increases to 25 m s-1 and the thickness of the radial inflow layer extends vertically 142 

to ~ 1.5 km.  The storm size (measured by RMW) is ~60-80 km during the RI period, relatively 143 

large compared to other storms that went through RI (e.g., Stern et al. 2015).  144 

It is well established by previous studies that warmer SSTs are correlated with TCs that 145 

undergo RI.  Although Kanada et al. (2017) suggested that the RI is sensitive to the SST pattern, 146 

the SST at the storm center is used here as a basic and more independent (of storm size) 147 

diagnostic.  Figure 5 shows time series of SST and the value of 200-850-hPa vertical wind shear 148 

at the storm center following with the storm movement along the forecast time.  The SST is 149 
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warm (>29.4 oC) and exceeds 30oC during the RI period (42-90 h).  The vertical wind shear is ~ 150 

7 m s-1 at 42 h and decreased to ~ 3 m s-1 between 54-72 h.  The vertical shear increases from 4 151 

m s-1 at 78 h to ~ 8 m s-1 by 90 h.  This analysis suggests that the period of 54-78 h with the 152 

increasingly warm SST and the low vertical wind shear provides favorable environmental 153 

conditions for RI.   154 

Figure 6 provides a more detailed depiction of the interaction between the primary and 155 

secondary circulations in the typhoon boundary layer during the RI (60-78 h).  The low-level 156 

radial inflow increases from ~15 m s-1 to ~20 m s-1 and expands vertically, along with an 157 

increase of tangential wind speed (primary circulation) from 40 m s-1 to 70 m s-1.  Associated 158 

with the enhanced radial inflow, the upward motion also intensifies along the eyewall, as shown 159 

by the green vectors, which reflects the positive interactions between the primary and secondary 160 

circulations during RI from a kinematic perspective. 161 

At 60 h two diabatic heating centers begin to form, with one at the lower levels (under 4-162 

km) and a second at mid- to upper-levels (6-12 km), separated by a diabatic cooling region near 163 

the melting layer at 4-6 km (Fig. 7a).  The mid- to upper-level diabatic heating rapidly increases 164 

and exceeds 150 K h-1 at 66 h; this occurs at a much faster rate than that at the lower levels (~100 165 

K h-1), in part due to the larger ascent in the mid- to upper-levels (Fig. 7b).  Over the next 12 h, 166 

the eyewall updraft continues to intensify and at the same time the diabatically-induced cooling 167 

is reduced and moves outward from the eyewall (Figs. 7c, d).  A warm core (up to +10oC) has 168 

been well established at mid- to upper-levels. 169 

The surface enthalpy fluxes beneath the typhoon eyewall increase moderately over the 170 

first 2 days of the simulation, reaching 800 W m-2 for the azimuthally averaged value at 48 h 171 

(Fig. 8a), at the onset of RI.  The enthalpy fluxes increase rapidly during RI and reach 2000 W 172 
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m-2 by 84 h, associated with the increase in the tangential wind (i.e., the primary circulation) 173 

from 30 m s-1 to 60 m s-1.  During the 42-84 h period, the radial wind (i.e., the secondary 174 

circulation) increases from 6 m s-1 to 24 m s-1 along with a 1-km vertical velocity increase from 175 

0.5 to 1.5 m s-1 (Fig. 8b).  The diabatic heating and vertical velocity at 8-km height increase 176 

greatly during the 42 – 84 h period (Fig. 8c).  It is noteworthy that the increase in the upper-level 177 

vertical velocity is larger (particularly during the 60-78 h period) relative to the lower level 178 

vertical velocity during RI, in part due to the strong interactions between the vertical velocity and 179 

diabatic heating.  The TB at the cloud top (less -80 oC) suggests that the deep convection is very 180 

active within the eyewall during the early portion of the RI (36-60 h) (Fig. 8d).  The convective 181 

cloud structure undergoes reorganization during 60-69 h and takes on a more asymmetric 182 

appearance (Figs. 11f-i) with a smaller area of low TB (less than -80 oC).  The higher TB in the 183 

eye is consistent with the clear eye structure apparent as the storm intensifies during 54-90 h. 184 

During the 60-78 h period (two red lines in Figure 9 delineating the starting and ending 185 

times of the positive interactions during the RI), a noticeable increase in both the primary 186 

circulation (Fig. 9a) and secondary circulation (Fig. 9b) are closely related to increased surface 187 

enthalpy fluxes (Fig. 9c), consistent with previous studies (Emanuel 1986; Kondo 1975).  The 188 

intensified secondary circulation provides low-level moist air that is entrained into the eyewall 189 

that leads to stronger ascent (Fig. 9d) and latent heat release (Fig. 9e), which further reinforces 190 

the secondary circulation (Fig. 5).  191 

The evolution of the structure of Typhoon Nepartak is apparent in the satellite 192 

observations derived from Himawari-8 (Fig. 10).  The vigorous deep convection within the 193 

inner-core region of the TC is apparent from the high cloud tops that attain a TB < -80 oC.  The 194 

TC was not well organized at 0300 UTC 5 July and exhibited an asymmetric inner core (deepest 195 
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convection located to the south of the eye) and bands of convection located to the north and 196 

northeast (Fig. 10a).  The TC became more organized with a tightly structured inner core by 197 

0710 UTC 5 July, however it retained an asymmetric appearance with enhanced convection in 198 

the southern semi-circle (Fig. 10b).  As the TC strengthened further to its peak intensity, a small 199 

eye with a radius of ~10 km was clearly apparent (Figs. 10c-f).  During the weakening stage, the 200 

deep convection region was reduced in size and became more prominent in the southern semi-201 

circle as the storm structure attained more asymmetric structure (Figs. 10g-i).   202 

To evaluate the real-time forecast using the satellite observations, we computed synthetic 203 

TB (Bikos et al. 2012) for the COAMPS-TC forecasts following Jin et al. (2014).  The model 204 

forecast hydrometeors (cloud droplets, rain, ice, snow, and graupel) and thermodynamic fields 205 

(e.g., pressure, temperature, and humidity) are used as input for a forward radiative transfer 206 

model to derive a synthetic TB analogous to the satellite observations.  The simulated TBs 207 

displayed in Fig. 11 are at the similar locations and intensity relative to the Himawari-8 satellite 208 

observations (Fig. 10).  The cold and deep cloud top region (TB<-80oC) associated with the inner 209 

core is captured well by the model.  More convective bands are found in the southern region with 210 

an asymmetric structure broadly apparent (Fig. 11).  However, the synthetic TBs derived from 211 

the COAMPS-TC forecasts exhibit a much broader coverage of high cloud tops than the satellite 212 

observations indicate.  The simulated eye size (Figs. 11d-g) is ~two times larger than the size 213 

apparent in the satellite imagery during the RI period (Fierro et al. 2009; Gentry and Lackmann 214 

2010).  The relative large simulated eye is also apparent in the azimuthally averaged fields (Fig. 215 

4).  The TC becomes more asymmetric during 69-93 h (Figs. 11e-i).  One contributing factor to 216 

this discrepancy is that the model horizontal resolution (5 km) may not be high enough (Jin et al. 217 

2014).  A 5-km grid spacing used by COAMPS-TC during the 2016 season is not capable to 218 
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capture the tight inner-core structure of Nepartak with a radius of just ~10 km.  It should be 219 

noted that the resolution was increased in the operational version of COAMPS-TC to 4 km 220 

beginning in 2017. 221 

5. Summary 222 

Super Typhoon Nepartak was a category 5 tropical cyclone which had significant societal 223 

impacts.  The real-time COAMPS-TC system produced reasonably accurate track and intensity 224 

forecasts for Nepartak and captured the RI phase as well.  Our results suggest that the large-scale 225 

environment, particularly the upper-level divergence, lower-level convergence, weak vertical 226 

wind shear, ample moisture supply in lower levels (surface to 850-hPa), and warm SSTs (over 227 

30oC) all set the stage for Nepartak’s intensification.  The surface enthalpy flux, and convective 228 

latent heat release act in concert to increase the TC primary and secondary circulations as RI 229 

ensues. The storm structure variations seen from the simulated TB during RI bear considerable 230 

resemblance to the observed satellite images from Himawari-8, although the forecast inner core 231 

is systematically too large relative to the satellite observations.  Higher horizontal resolution is 232 

needed to improve the storm structure forecasts. 233 
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Figure Caption List 304 

Figure 1. (a) 850-hPa relative vorticity (shaded, 10-5 s-1), 500-hPa geopotential height (purple 305 

contours, m) and 200-hPa winds (stream), (b) sea surface temperature (0C), (c) 200-850 306 

hPa wind shear (shaded, m s-1) and 850-hPa winds (stream), and (d) surface to 850-hPa 307 

averaged relative humidity (%) and winds (stream) from model domain 1 with 45 km 308 

horizontal grid spacing at 42-h model time, (valid at 0600 UTC 5 July 2016), just before 309 

the RI.  The blue boxes are the two nested domains with grid spacing of 15-, and 5- km 310 

centered at Typhoon Nepartak and moving along with the storm.  311 

Figure 2.  Comparison of multi-model real-time track forecasts starting at 1200 UTC 3 July 2016 312 

with the best-track (black) for Typhoon Nepartak.  CTCX (red) is the COAMPS-TC 313 

forecast track.  The dots are for the storm locations every 6-h. 314 

Figure 3.  Comparison of multi-model real-time intensity forecasts starting at 1200 UTC 3 July 315 

2016 with the best-track (black) for Typhoon Nepartak: (a) minimum sea level pressure 316 

(hPa) and (b) maximum wind speed (kt, 1 kt = 0.51444 m s-1).  317 

Figure 4.  Radius-height plots of the azimuthally averaged radial winds (shaded, m s-1), 318 

tangential winds (black contours, m s-1), vertical velocity (red contours at 0.5 m s-1 319 

intervals), and the radius of maximum winds (RMW, black line) at (a) 48 h, (b) 60 h, (c) 320 

72 h, and (d) 84 h. 321 

Figure 5.  Time series of model output (circles) (a) SST and (b) the value of 850-200 hPa vertical 322 

wind shear (kt, 1 kt = 0.514 m s-1) at the storm center.  323 

Figure 6.  Vertical zoomed-in radius-height plots of the azimuthally averaged radial winds 324 

(shaded, m s-1), tangential winds (black contours, m s-1), vertical velocity (red contours, 325 



16 
 

m s-1), wind vectors (green, expanded vertically with vertical-horizontal ratio) and RMW 326 

(black line) at (a) 60 h, (b) 66 h, (c) 72 h, and (d) 78 h. 327 

Figure 7.  Radius-height plots of the azimuthally averaged diabatic heating rate (shaded, K h-1), 328 

vertical velocity (back contours, m s-1), temperature anomaly (from the domain average 329 

temperature, green contours, K), and RMW (black line) at (a) 60 h, (b) 60 h, (c) 72 h, and 330 

(d) 78 h. 331 

Figure 8.  Radius-time plots of the azimuthally averaged (a) surface enthalpy heat flux (shaded, 332 

W m-2), 10-m tangential wind (black contours, m s-1) and the RMW (green line, defined 333 

as the radius of maximum 10-m winds from storm center to 250 km); (b) 10-m radial 334 

wind (shaded, m s-1), 1-km height vertical velocity (black contours, m s-1), and the RMW 335 

(green line); (c) 8-km height diabatic heating rate (shaded, K h-1) and 8-km vertical 336 

velocity (black contours, m s-1); (d) brightness temperature (shade, oC) from the 36- to 337 

96-h simulations.  The period between red lines are an example of positive interactions 338 

between primary, secondary circulations, enthalpy flux, and diabatic heating. 339 

Figure 9.  Time series of the maximum values of the azimuthally averaged (a) 10-m tangential 340 

wind (m s-1), (b) 10-m radial wind (m s-1), (c) surface enthalpy flux (W m-2), (d) 8-km 341 

vertical velocity (m s-1), and (e) 8-km diabatic heating rate (K h-1) from the typhoon 342 

center.  The period between red lines are an example of positive interactions between 343 

primary, secondary circulations, enthalpy flux, and diabatic heating. 344 

Figure 10. Satellite Himawari-8 images of brightness temperature for Typhoon Nepartak at (a-d) 345 

0300 UTC, 0710 UTC, 1500 UTC and 2100 UTC on 5 July, (e-h) 0300 UTC, 0900 UTC, 346 

1500 UTC and 2100 UTC on 6 July, and (i) 0000 UTC 7 July 2016.  Yellow lines mark 347 

latitudes/longitudes every 2 degrees. 348 
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Figure 11.  Simulated brightness temperature (shaded, oC) of Typhoon Nepartak at (a-c) 45-h, 349 

51-h, 57-h, (0900 UTC, 1500 UTC, 2100 UTC 5 July), (d-g) 63-h, 69-h, 75-h, 81-h, 350 

(0300 UTC, 0900 UTC, 1500 UTC, 2100 UTC 6 July), and (h-i) 87-h, 93-h (0300 UTC, 351 

0900 UTC 7 July) from the forecast starting at 1200 UTC 3 July 2016.  Yellow lines 352 

mark latitudes/longitudes every 2 degrees. 353 

  354 
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Figures 355 

 356 

 357 

Figure 1. (a) 850-hPa relative vorticity (shaded, 10-5 s-1), 500-hPa geopotential height (purple 358 

contours, m) and 200-hPa winds (stream), (b) sea surface temperature (0C), (c) 200-850 359 

hPa wind shear (shaded, m s-1) and 850-hPa winds (stream), and (d) surface to 850-hPa 360 

averaged relative humidity (%) and winds (stream) from model domain 1 with 45 km 361 

horizontal grid spacing at 42-h model time, (valid at 0600 UTC 5 July 2016), just before 362 

the RI.  The blue boxes are the two nested domains with grid spacing of 15-, and 5- km 363 

centered at Typhoon Nepartak and moving along with the storm.   364 

 365 
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 366 

Figure 2.  Comparison of multi-model real-time track forecasts starting at 1200 UTC 3 July 2016 367 

with the best-track (black) for Typhoon Nepartak.  CTCX (red) is the COAMPS-TC 368 

forecast track.  The dots are for the storm locations every 6-h. 369 

 370 
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 371 

Figure 3.  Comparison of multi-model real-time intensity forecasts starting at 1200 UTC 3 July 372 

2016 with the best-track (black) for Typhoon Nepartak: (a) minimum sea level pressure 373 

(hPa) and (b) maximum wind speed (kt, 1 kt = 0.51444 m s-1).  374 

 375 
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 376 

Figure 4.  Radius-height plots of the azimuthally averaged radial winds (shaded, m s-1), 377 

tangential winds (black contours, m s-1), vertical velocity (red contours at 0.5 m s-1 378 

intervals), and the radius of maximum winds (RMW, black line) at (a) 48 h, (b) 60 h, (c) 379 

72 h, and (d) 84 h. 380 

 381 
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 382 

Figure 5.  Time series of model output (circles) (a) SST and (b) the value of 850-200 hPa vertical 383 

wind shear (kt, 1 kt = 0.514 m s-1) at the storm center.  384 

 385 



23 
 

 386 

Figure 6.  Vertical zoomed-in radius-height plots of the azimuthally averaged radial winds 387 

(shaded, m s-1), tangential winds (black contours, m s-1), vertical velocity (red contours, 388 

m s-1), wind vectors (green, expanded vertically with vertical-horizontal ratio) and RMW 389 

(black line) at (a) 60 h, (b) 66 h, (c) 72 h, and (d) 78 h. 390 

 391 
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 392 

Figure 7.  Radius-height plots of the azimuthally averaged diabatic heating rate (shaded, K h-1), 393 

vertical velocity (back contours, m s-1), temperature anomaly (from the domain average 394 

temperature, green contours, K), and RMW (black line) at (a) 60 h, (b) 60 h, (c) 72 h, and 395 

(d) 78 h. 396 

 397 

 398 
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 399 

Figure 8.  Radius-time plots of the azimuthally averaged (a) surface enthalpy heat flux (shaded, 400 

W m-2), 10-m tangential wind (black contours, m s-1) and the RMW (green line, defined 401 

as the radius of maximum 10-m winds from storm center to 250 km); (b) 10-m radial 402 

wind (shaded, m s-1), 1-km height vertical velocity (black contours, m s-1), and the RMW 403 

(green line); (c) 8-km height diabatic heating rate (shaded, K h-1) and 8-km vertical 404 

velocity (black contours, m s-1); (d) brightness temperature (shade, oC) from the 36- to 405 

96-h simulations.  The period between red lines are an example of positive interactions 406 

between primary, secondary circulations, enthalpy flux, and diabatic heating. 407 

 408 
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 409 

Figure 9.  Time series of the maximum values of the azimuthally averaged (a) 10-m tangential 410 

wind (m s-1), (b) 10-m radial wind (m s-1), (c) surface enthalpy flux (W m-2), (d) 8-km 411 

vertical velocity (m s-1), and (e) 8-km diabatic heating rate (K h-1) from the typhoon 412 

center.  The period between red lines are an example of positive interactions between 413 

primary, secondary circulations, enthalpy, flux and diabatic heating. 414 

 415 
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 416 

Figure 10. Satellite Himawari-8 images of brightness temperature for Typhoon Nepartak at (a-d) 417 

0300 UTC, 0710 UTC, 1500 UTC and 2100 UTC on 5 July, (e-h) 0300 UTC, 0900 UTC, 418 

1500 UTC and 2100 UTC on 6 July, and (i) 0000 UTC 7 July 2016.  Yellow lines mark 419 

latitudes/longitudes every 2 degrees. 420 

 421 
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 422 

Figure 11.  Simulated brightness temperature (shaded, oC) of Typhoon Nepartak at (a-c) 45-h, 423 

51-h, 57-h, (0900 UTC, 1500 UTC, 2100 UTC 5 July), (d-g) 63-h, 69-h, 75-h, 81-h, 424 

(0300 UTC, 0900 UTC, 1500 UTC, 2100 UTC 6 July), and (h-i) 87-h, 93-h (0300 UTC, 425 

0900 UTC 7 July) from the forecast starting at 1200 UTC 3 July 2016.  Yellow lines 426 

mark latitudes/longitudes every 2 degrees. 427 

 428 


