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Abstract 22 

In this study, the impact of GPS radio occultation (RO) data on the prediction of the 23 

genesis of ten tropical cyclones over the western North Pacific is assessed. With the use of a 24 

nonlocal excess phase observation operator in cycling data assimilation, the probability of 25 

detection for tropical cyclogenesis is increased from 30% to 70% for the cases considered, all 26 

of which developed into typhoons. However, the probability of detection is only increased to 27 

40% when a local observation operator is used, indicating that the observation operator can 28 

significantly influence the performance of RO data assimilation in capturing tropical 29 

cyclogenesis. A nonlocal excess phase operator, which considers the atmospheric horizontal 30 

gradients by integrating the refractivity along a ray path, gives superior performance over the 31 

local observation operator.  32 

Additional sensitivity experiments on three of the ten typhoon cases show that the RO 33 

data in the vicinity of the incipient cyclones (within 500 km of the cyclone center) are most 34 

critical to successful cyclogenesis prediction. This reflects the fact that having good RO 35 

observations at the right time and place is critical for RO to have beneficial impacts on tropical 36 

cyclogenesis. Further analyses for Typhoon Nuri (2008) show that assimilation of RO data 37 

using the nonlocal operator leads to moistening of the lower and middle troposphere, organized 38 

convection, robust grid-scale vertical motions, and the development of middle-level relative 39 

vorticity, which are favorable for tropical cyclogenesis. 40 

  41 
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1. Introduction 42 

An intense tropical cyclone (TC) is usually accompanied by strong winds and heavy 43 

precipitation, which can result in serious damage to agriculture, economy, properties, and loss 44 

of human life. An early warning of tropical cyclone formation a few days before its actual 45 

genesis could allow more time for disaster preparedness. Numerical weather prediction (NWP) 46 

is the principal method to predict and detect tropical cyclogenesis. However, accurate 47 

prediction of cyclone formation—e.g., several days in advance—is still a challenge. For 48 

example, Tsai et al. (2011) studies the TC genesis over the western North Pacific (WNP) basin, 49 

and found that the skill of a 0-96 h forecast for cyclogenesis is considerably higher than a 50 

longer-range forecast (102-384 h). Halperin et al. (2013, 2016) analyzed TC genesis forecasts 51 

in the North Atlantic basin and eastern North Pacific basin from several operational global 52 

models, and showed that the success ratio (SR) of model-based TC genesis forecasts decreased 53 

with increasing forecast hour. Most of the models achieved a mean SR less than 0.5 after 72-54 

h forecast, except for the European Centre for Medium-Range Weather Forecasts (ECMWF). 55 

Even though ECMWF had the best performance, its SR also decreased with increasing time.  56 

Although the detecting skills of TC genesis in operational global models have been 57 

improved and become increasingly more reliable (Halperin et al. 2016), the model forecasts 58 

have been shown to be quite sensitive to the initial condition (e.g., Zhang and Sippel 2009; 59 

Doyle et al. 2012). Sippel and Zhang (2008) demonstrated that the presence of deep moisture 60 

and high convective available potential energy (CAPE) in the initial condition is very 61 

important for tropical cyclone formation. Doyle et al. (2012) used adjoint diagnostics to 62 

identify factors that are important to the prediction of tropical cyclogenesis, and they found 63 

that the accuracy of the forecast is most sensitive to the perturbations in moisture and 64 

temperature fields at the initial time. Furthermore, Li and Pu (2014) examined factors affecting 65 

Typhoon Nuri (2008) formation using the Weather Research and Forecasting (WRF) model, 66 



 4

and they also found the importance of initial conditions. In their study, forecasts initialized 67 

with the National Centers for Environmental Prediction (NCEP) Final (FNL) and ECMWF 68 

Re-Analysis (ERA-Interim) data gave very different results. Additional experiments showed 69 

that increasing the grid resolution to 4 km did not improve model skill for the prediction of 70 

Nuri’s genesis.  71 

A significant challenge for tropical cyclogenesis prediction is the lack of in situ 72 

observations over oceans. The global positioning system (GPS) radio occultation (RO) 73 

technique has many important attributes that can provide valuable observation over the ocean 74 

due to their global coverage and high vertical resolution. Since the GPS RO technique 75 

measures the time delay of signal phase passing through the atmosphere, it is minimally 76 

affected by clouds and precipitation and does not need calibration (Kursinski et al. 1997). The 77 

detail of GPS RO data processing procedures can be found in Kuo et al. (2004). GPS RO data 78 

have been widely used in NWP at the global operational weather centers, including ECMWF 79 

(Healy and Thépaut 2006), NCEP (Cucurull et al. 2007, 2013), Environment Canada (Aparicio 80 

and Deblonde 2008), Météo France (Poli et al. 2008) and Met Office (Rennie 2010). They 81 

have all shown positive impacts of RO data on global predictions, especially for the Southern 82 

Hemisphere where traditional observations are sparse. A study of Forecast Sensitivity to 83 

Observation (FSO) by ECMWF (Cardinali 2009) indicated that GPS RO data contribute 84 

approximately 2-3%, in terms of data volume, of all the data assimilated, but GPS RO ranked 85 

#5 in terms of its impact on the reduction of model forecast errors (Cardinali 2013; Healy 86 

2013). Based on the study from ECMWF, the RO data that contribute to the largest reduction 87 

on 24-h forecast errors are located over the upper troposphere and lower stratosphere (Healy 88 

2013), which agrees with Rennie (2010).  89 

Additional studies have demonstrated the impact of GPS RO data on climate monitoring, 90 

severe weather forecast, and verification (e.g., Huang et al. 2010; Anthes 2011; Steiner et al. 91 
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2011; Cucurull et al. 2014). The positive influences on tropical cyclone prediction have been 92 

demonstrated in several other studies as well: Huang et al. (2005, 2010), Chen et al. (2009), 93 

Kueh et al. (2009), Liu et al. (2012), and Chen et al. (2015). To examine the impacts of GPS 94 

RO data on typhoon predictions over the western North Pacific, Chen et al. (2015) performed 95 

forecast experiments for eleven typhoon events during 2008-2010. They showed that the 96 

assimilation of GPS RO refractivity improved the prediction of the western Pacific subtropical 97 

high and the associated circulation (i.e., steering flow), which subsequently reduced the 98 

forecast track error.  99 

Most of the previous investigations of RO data impacts focus on cyclones that have 100 

already formed or developed. Very few studies discussed RO data impact on tropical 101 

cyclogenesis, except for Liu et al. (2012). They investigated the formation of Hurricane 102 

Ernesto (2006) over the Atlantic Ocean using an ensemble Kaman filter data assimilation 103 

system, and they found that the assimilation of GPS RO refractivity data increased the moisture 104 

in the vicinity of the tropical cyclone, increased the cyclonic circulation, and subsequently led 105 

to the genesis of the storm. Liu et al. (2012) have clearly indicated the importance of moisture 106 

in the lower tropical troposphere for accurate prediction of tropical cyclogenesis. However, 107 

the moisture in the lower tropical troposphere is highly variable, with significant horizontal 108 

and vertical structure that is difficult to capture. This presents a significant challenge for the 109 

GPS RO measurement technique, as well as the modeling of such measurement in a numerical 110 

model (i.e., observation operator). Currently, the local refractivity and local bending angle 111 

observation operators are often used in operational centers. The GPS RO local refractivity 112 

forward observation operator is simpler and less demanding in computation than the local 113 

bending angle observation operator. The retrieval of GPS RO refractivity, which is derived 114 

from bending angle under an assumption of local spherical symmetry, requires the use of 115 

climatological information (Kuo et al. 2004). In contrast, the bending angle retrieval, which is 116 
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one-step ahead of the refractivity in the retrieval process, does not need the climatological 117 

information (Cucurull et al. 2013; Huang et al. 2016). However, it still requires the spherical 118 

symmetry assumption. The local bending angle observation operator assimilates the GPS RO 119 

retrieved bending angle, assuming it is horizontally homogeneous, only a function of the 120 

impact parameter and neglecting the horizontal gradients in NWP models (Syndergaard et al. 121 

2006). Neither of the local operators (refractivity and bending angle) consider the effect of 122 

atmospheric horizontal inhomogeneity. 123 

To take into account the effect of horizontal gradients, two-dimensional ray tracing 124 

operators have been developed recently (e.g., Healy et al. 2007; Wee et al. 2010), but it is more 125 

complicated and computationally demanding than with use of the local operators. Sokolovskiy 126 

et al. (2005a) proposed a nonlocal excess phase operator that integrates the GPS refractivity 127 

along a ray path in order to reduce the representativeness errors over the region with large 128 

horizontal refractivity gradients (due to moisture variations). Chen et al. (2009, 2011) have 129 

implemented the Sokolovskiy et al. nonlocal excess phase operator into the WRF data 130 

assimilation (DA) system. The performance of GPS RO assimilation can be sensitive to the 131 

observation operator used in the assimilation, particularly for the tropical cyclone prediction, 132 

as the observation operator reflects the accuracy of modeling the observables. In this study, we 133 

examine the impact of the RO operators on cyclogenesis prediction and compare the 134 

performance of the observation operators for the assimilation of GPS RO data. A 135 

comprehensive evaluation of all possible observation operators for NWP application is beyond 136 

the scope of this paper. In this paper, we only compare the local refractivity operator and the 137 

nonlocal excess observation operator for their impact on tropical cyclogenesis. To ensure that 138 

the results are statistically meaningful, assimilation and forecast experiments are performed on 139 

ten tropical cyclogenesis cases over the western North Pacific. 140 



 7

The model and GPS RO operators are discussed in Section 2. The data assimilation 141 

experiments and the forecast results are described in Section 3. The sensitivity of cyclogenesis 142 

prediction to the GPS RO soundings in the vicinity of an incipient cyclone is assessed as well. 143 

Section 4 presents an analysis of the impact of RO data on tropical cyclogenesis, using 144 

Typhoon Nuri (2008) as an example. Finally, conclusions are given in Section 5.      145 

 146 

2. Forecast Model and GPS RO operators  147 

a. Numerical model configuration 148 

The numerical model used in this study is the Advanced Research WRF (WRF-ARW) 149 

model (Skamarock et al. 2008; hereafter referred to as the WRF model). The WRF model is 150 

fully compressible and nonhydrostatic, which is suitable for diverse applications across a wide 151 

range of spatial scales. In addition, WRF Data Assimilation system (WRFDA; Barker et al. 152 

2012) has been developed for the WRF Model supporting variational (three- and four-153 

dimensional frameworks, i.e., 3DVAR and 4DVAR) (Barker et al. 2004; Huang et al. 2009); 154 

ensemble Kalman filter (Anderson 2010); and hybrid approaches (Wang et al. 2008a, b). In 155 

this study, we use WRF 3DVAR, as it serves the purpose of our study with modest 156 

computational cost. The nonlocal excess phase operator, which involves integrations along 157 

ray-paths, will be described in Section 2b. Both the WRF and WRFDA used in this study are 158 

version 3.3.1 (a detailed description of the WRF model and WRFDA can be found online at 159 

http://wrf-model.org).  160 

In this study, we use a single domain with horizontal resolution of 15 km on 600×400 161 

grid cells (Fig. 1), and the domain coverage is similar to the outermost domain of 36-km 162 

resolution in Li and Pu (2014). In Li and Pu (2014), they showed that a higher-resolution grid 163 

spacing (4 km) does not help the simulation of cyclogenesis. The WRF model has 45 layers in 164 
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the vertical with the model top at 30 hPa. The NCEP FNL analysis (0.5o×0.5o resolution) is 165 

used to provide the initial and lateral boundary conditions. The model physics options include 166 

Goddard cloud microphysics scheme (Lin et al. 1983, Rutledge and Hobbs 1984), the Rapid 167 

Radiative Transfer Model (RRTM; Mlawer et al. 1997), the Goddard shortwave radiation 168 

scheme (Chou and Suarez 1994), the unified Noah land surface model (Chen and Dudhia 2001), 169 

the Yonsei University (YSU) planetary boundary layer parameterization scheme (Hong et al. 170 

2006), and the Kain–Fritsch (1990, 1993) cumulus parameterization. 171 

b. GPS RO forward operators and the assimilation procedure  172 

Several data products are available from the GPS RO data processing chain, including 173 

bending angle, refractivity, derived temperature, pressure, and moisture (Kuo et al. 2004). 174 

Bending angle and refractivity are most widely used in both research and operational 175 

assimilation of RO data (e.g., Cucurull et al. 2007, 2013; Aparicio and Deblonde 2008; Poli et 176 

al. 2008; Rennie 2010; Chen et al. 2014; Yang et al. 2014; Huang et al. 2016). To assimilate 177 

either bending angle or refractivity observations in a data assimilation system, a corresponding 178 

forward operator is needed. The local refractivity operator is relatively simple. The 179 

atmospheric refractivity (N) is related to several meteorological variables (Lewis 2008), such 180 

as 181 

𝑁 ൌ 77.6 ௉

்
൅ 3.73 ൈ 10ହ ௉௤

்మሺ଴.଺ଶଶା଴.ଷ଻଼௤ሻ
         (1) 182 

where P is the pressure of the atmosphere in hPa, T is temperature in K, and q is the specific 183 

humidity in kg kg-1. Recently, a revised 3-term expression relating refractivity was  proposed 184 

and has been applied in operational centers, e.g., Environment Canada and Météo France 185 

(Lewis 2008). 186 

The GPS RO refractivity is derived based on the assumption of local symmetry, which is 187 

not valid over areas with significant horizontal gradients. The nonlocal excess phase operator 188 
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(Sokolovskiy et al. 2005a) takes into consideration the atmospheric horizontal refractivity 189 

variations, by integrating the GPS RO refractivity using a constant step of 5 km along a straight 190 

line representing the ray path (Sokolovskiy et al. 2005b; Chen et al. 2009). The total integration 191 

length is typically about 1000 km, or until the integration hits the model top and must be 192 

stopped. The integrated refractivity, i.e., a new observable called pseudo excess phase (S), is 193 

defined as (Fig. 1 in Sokolovskiy et al. (2005a)):  194 

𝑆 ൌ  𝑁𝑑𝑙            (2) 195׬

where l is the ray path. The assimilation of GPS RO data using the local refractivity operator 196 

and the nonlocal excess phase operator do not require the information above the model top.  197 

Most operational weather prediction centers make use of local bending angle operators 198 

(Cucurull et al. 2013). For the bending angle operator, an estimate of the atmospheric property 199 

above the model is needed, and is obtained through extrapolation (Healy and Thépaut 2006). 200 

This can potentially introduce some uncertainties, as the model top of 30 hPa in this study is 201 

much lower than that of typical operational global models. In addition, both the nonlocal and 202 

local operators use the retrieved GPS RO refractivity as inputs; they are more comparable 203 

with each other than with the bending angle operator which uses the GPS RO bending angle 204 

as input. Therefore, in this paper we focus on the comparison between local refractivity 205 

operator (hereafter referred as LOC) and nonlocal excess phase operator (EPH) for the GPS 206 

RO data assimilation. Chen et al. (2009) had implemented the nonlocal operator into the 207 

WRFDA, which calculates GPS excess phase on the mean altitude of each model layer. In 208 

this study, we revise the process and calculate the nonlocal excess phase on the observed 209 

height (i.e., the mean sea-level altitude) to make it consistent with the assimilation of local 210 

refractivity.  211 
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We now describe the assimilation procedures, including forward operator, observational 212 

error, and data quality control (QC). Both of the observables, i.e., local refractivity and 213 

nonlocal excess phase, are calculated at the observation heights of about 200-m vertical 214 

resolution. The 200-m resolution of the GPS RO data is comparable to that of World 215 

Meteorological Organization (WMO) BUFR data format which are used at operational centers. 216 

For the observation error, the error of refractivity depends on both altitude and latitude, which 217 

is the default configuration in WRFDA. For a sounding located at the equator, the percentage 218 

error for the local refractivity is 2.5% from the surface to the height of 2.5 km, and then linearly 219 

decreases to 1.3% at 5.5 km. It continues to decrease to 0.3% at 12 km. For a sounding located 220 

at the pole, it is 1.5% near the surface and linearly decreases to 0.3% at 12 km. All the 221 

observation errors above 12 km have the same constant value of 0.3%. Then, the observational 222 

error of a RO sounding located between the equator and pole is obtained from linear 223 

interpolation (Fig. 2). For the nonlocal excess phase, the statistical observation error provided 224 

in Chen et al. (2009; Fig. 1) is used, which depends on altitude only. According to the error 225 

estimation in Chen et al. (2011), the observation error for the excess phase is not sensitive to 226 

latitude in the summer season and thus we assimilate the RO data for typhoon cases without 227 

latitudinal variation for EPH. The error in EPH is smaller in magnitude than that in LOC (Fig. 228 

2). Different assimilation variables should have their own observation errors; therefore, we use 229 

their corresponding observational errors in the data assimilation. For the quality control, the 230 

LOC and EPH use the same gross check criterion, i.e., the innovation has to be smaller than a 231 

pre-defined ratio, otherwise the data will be rejected.  232 

c. Assimilation of a single RO profile  233 

To understand the behaviors of the two GPS RO operators, one RO sounding is chosen 234 

for the assimilations with the EPH and LOC, respectively. The sounding was obtained at 235 

22:45:08 UTC on 13 August 2008 and located at 7.32oN, 158.26oE. Figure 3 shows the analysis 236 
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increments for LOC and EPH, respectively. Assimilation with the nonlocal operator shows 237 

elliptical increments of the water vapor mixing ratio with a northeast-southwest orientation 238 

along the ray path (Fig. 3b), while the LOC shows more circular increments (Fig. 3a). On the 239 

cross-section along the ray path indicated in Fig. 3b, the patterns and magnitudes of the 240 

temperature and moisture increments are similar and comparable for both operators (Figs. 3c-241 

f). Both show a negative moisture increment below 6 km and a positive moisture increment 242 

above 6 km. It is interesting to note that EPH gives a larger moisture decrease below 6 km and 243 

smaller moisture increase above 6 km, compared with LOC. For the temperature, both have 244 

positive increments below 12 km and negative increments above 12 km. The lowest height of 245 

this GPS RO sounding is 1,935 m, therefore only small increments exist below 2 km. A 246 

comparison between moisture and temperature analysis increments clearly shows that 247 

assimilation of GPS RO data gives much larger change in moisture than temperature. This is 248 

because moisture is responsible for most of the variation in refractivity in the tropical lower 249 

troposphere. Also, the magnitude and distribution of analysis increments vary depending on 250 

the observation operators used in the assimilation. Both operators take into consideration the 251 

drifting of the perigee points with height of the RO sounding for the data assimilation.  252 

To assess the performance of these two operators, a co-located radiosonde at 6.97oN, 253 

158.22oE, which was observed about 1 hour and 15 minutes later than the GPS RO event, is 254 

used as independent verification. Figure 4 shows the difference between the radiosonde and 255 

the first guess (FG); and the analyses of EPH and LOC. For moisture, the EPH shows an 256 

obviously smaller difference than LOC (Fig. 4a). On the other hand, the patterns in temperature 257 

are very similar below 10 km (Fig. 4b) since the increments are small (Figs. 3e, f). Near the 258 

tropopause, the differences with radiosonde are reduced in the RO assimilation with either 259 

operator (LOC and EPH), comparing to that of the first guess (FG). Generally, EPH has a 260 

smaller moisture difference with the radiosonde in the lower troposphere and a smaller 261 
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temperature difference in the upper troposphere. Two additional radiosonde soundings co-262 

located with RO were verified as well, and EPH consistently showed better fit than LOC 263 

(figures now shown). In summary, the results from the single observation assimilation indicate 264 

that EPH may improve both temperature and moisture analyses throughout the troposphere. 265 

 266 

3. Experiments and Statistic Result 267 

a. Typhoon cases and experimental design 268 

To assess the GPS RO data impact on the genesis of WNP tropical cyclones, we selected 269 

ten typhoon cases during 2008-2010. The impact of GPS RO data on non-developing cases 270 

(and thus, the issue of false alarm) are not studied in this paper. The maximum intensities of 271 

all the ten typhoon cases were stronger than category one, i.e., a maximum wind speed 272 

exceeding 32.7 m s-1. They are Kalmaegi (2008), Fungwong (2008), Nuri (2008), Sinlaku 273 

(2008), Hagupit (2008), Jangmi (2008), Morakot (2009), Parma (2009), Fanapi (2010), and 274 

Megi (2010), where typhoons Nuri, Sinlaku, and Hagupit developed within the THORPEX 275 

(THe Observing Research and Predictability EXperiment) Pacific Asian Regional Campaign 276 

(T-PARC) period in 2008. In this study, we assimilate the conventional data (e.g., radiosonde 277 

soundings, surface observations, and aircraft data, etc.) and a few satellite data retrievals (e.g., 278 

Quick Scatterometer surface winds and atmospheric motion vectors), etc. The satellite radiance 279 

data are not assimilated. GPS RO data are obtained from COSMIC Data Analysis and Archive 280 

Center (CDAAC), which include the Challenging Minisatellite Payload (CHAMP), Satellite 281 

for Scientific Applications-C (SAC-C), Gravity Recovery and Climate Experiment (GRACE), 282 

Meteorological Operational Polar Satellite-A (Metop-A), X-Band TerraSAR satellite 283 

(TerraSAR-X), and the Formosa Satellite-3 and Constellation Observing System for the 284 

Meteorology, Ionosphere, and Climate (FORMOSAT-3/COSMIC).  285 
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To define the time of cyclogenesis, we follow the Joint Typhoon Warning Center (JTWC) 286 

definition as the time of tropical depression (TD) formation. The numerical experiments for 287 

each case start at five days (120 h) prior to the genesis of TD. For each of the ten typhoon cases 288 

we perform three experiments. The first two examine the impact of GPS RO observational 289 

operators, i.e., LOC and EPH, by assimilating GPS RO data together with all the other 290 

observations as mentioned above. The third experiment is a data-denial experiment by 291 

assimilating the same data (i.e., Global Telecommunication System, GTS) as the first two 292 

experiments, without the RO data. The specific times of the cyclogenesis in JTWC and  that 293 

in the corresponding WRF forecasts for the ten typhoon cases are listed in Table 1. There are 294 

more than 600 RO soundings on average within the model domain for the typhoon cases before 295 

2010, and the data volume is decreased afterward (Table 2). Four cycling assimilation cycles 296 

per day, each with a time window of 6 h, are performed for each experiment. After three days 297 

of cycling data assimilation, a WRF model free forecast of more than four days is conducted 298 

(Fig. 5).   299 

A detection of cyclogenesis for each experiment was processed by a typhoon tracking 300 

algorithm in the RIP4 (version 4 of the Read/Interpolate/Plot) software package. Several 301 

criteria in the RIP4 must be met before a cyclone formation is declared. The criteria include a 302 

tropical cyclone formed over water; a closed low with a sea-level pressure lower than 1004 303 

hPa; the detection of a storm center according to temperature, wind speed, and vorticity, etc.; 304 

the surface temperature to be higher than 280 K, 700-hPa temperature higher than 1oC, and the 305 

maximum vorticity at 700 hPa greater than 1x10-4 s-1 in the defined center. Since the loci of 306 

vortex centers based on above criteria may differ slightly, the final vortex position is defined 307 

by weighting the loci based on sea-level pressure, 700-hPa vorticity, and 10-m wind speed. 308 

More detail of the typhoon tracking criteria can be found in the RIP4 package 309 

(http://www2.mmm.ucar.edu/wrf/users/docs/ripug.htm). After a simulated cyclone meets all 310 
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these criteria, the associated maximum 10-m wind speed has to be higher than 25 kts (12.87 m 311 

s-1) to satisfy a successful simulation of cyclone formation.  312 

b. Statistical results and the importance of observation near the incipient cyclone  313 

Table 1 lists the time of vortex formation for each experiment, relative to the JTWC’s 314 

genesis time. A positive hour indicates a delayed TD genesis in the simulation, a negative hour 315 

indicates an early prediction of the cyclone formation, and a zero hour indicates a perfect match 316 

of genesis time as reported in JTWC. The TD genesis can be simulated in most cases with or 317 

without the assimilation of the RO data, however the timing can be significantly off (Table 1). 318 

Note that the cyclogenesis is captured by EPH for all the ten typhoon cases, but three typhoon 319 

cases (2008_Nuri, 2008_Sinlaku, and 2010_Fanapi) are failed by GTS, and two cases by LOC. 320 

Following Halperin et al (2013), we define a hit, a successful genesis prediction, if the model 321 

cyclone forms within ±24 h time window of the actual TD genesis as defined by the JTWC. 322 

Based on this definition, the probability of detection (POD) is 70% for EPH, 40% for LOC, 323 

and 30% for GTS (Table 1). Both experiments with GPS RO data assimilation (LOC and EPH) 324 

have higher PODs than that without RO data assimilation (GTS). It is worth noting that EPH 325 

has more than doubled the POD in cyclogenesis than GTS. It also shows the observation 326 

operator can have a significant influence on the prediction of tropical cyclogenesis. The use of 327 

the nonlocal operator EPH results in the highest POD. In addition, EPH did not miss any 328 

genesis captured by LOC or GTS for the ten typhoon cases. 329 

Observation in the vicinity of the incipient storm may play an important role in 330 

cyclogenesis prediction. We investigate the influences of GPS RO data in the vicinity of the 331 

incipient cyclone for typhoons Nuri (2008), Sinlaku (2008), and Fanapi (2010). For these three 332 

cases, EPH has successfully captured the genesis, but GTS failed. To understand the impact of 333 

RO data near the storm, we define a box with the size of 10x10 degrees centered on the 500-334 

hPa vortex. There are 16, 18, and 5 GPS RO soundings in the vicinity of the incipient vortices 335 
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during the three-day DA period for Typhoons Nuri, Sinlaku, and Fanapi, respectively. The loci 336 

of GPS RO data for the three typhoon cases are shown in Fig. 1. A cross sign indicates the TD 337 

genesis position from JTWC, and the RO soundings near the incipient cyclone, within the box 338 

as defined earlier, during the assimilation period are marked as open circles. We found that by 339 

removing the GPS RO data in the vicinity of the incipient storm from the assimilation, the 340 

EPH fail to predict the genesis for all the three cases. This indicates that the GPS RO data near 341 

the incipient storm are quite important for the prediction of cyclogenesis. To gain insights into 342 

the impact of the GPS RO data on the prediction of tropical cyclogenesis, a detailed analysis 343 

of the simulations is conducted for Typhoon Nuri (2008) in the next section.   344 

 345 

4. Typhoon Nuri (2008) 346 

a. A brief overview of Typhoon Nuri (2008) 347 

Typhoon Nuri (2008) originated from an easterly wave over the WNP and the incipient 348 

disturbance was tracked by JTWC beginning at 0000 UTC 16 August 2008. After 18 hours 349 

(i.e., 1800 UTC 16 August), the system reached the intensity of a tropical depression with a 350 

minimum sea-level pressure of 1004 hPa and a maximum surface wind speed of 12.8 m s-1. 351 

Then, it moved westward and developed into a tropical storm by 1200 UTC 17 August. Several 352 

studies have discussed the genesis mechanism of Typhoon Nuri (2008), e.g., Raymond and 353 

Carrillo (2011), Lussier III et al. (2014), and Li and Pu (2014), etc. Li and Pu (2014) found 354 

that different model initial conditions lead to different performance on the prediction of Nuri’s 355 

genesis, reflecting the importance of the initial condition. They also found that both sufficiently 356 

warm SSTs and weak vertical wind shear are necessary, but not sufficient, for the genesis of 357 

Nuri. Their results show that mid- to upper-level moisture is an important factor which is 358 

favorable for Nuri’s genesis. 359 
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b. Results and analyses 360 

The geographical distributions of 730 GPS RO soundings during the three-day 361 

assimilation for Nuri are shown in Fig. 1a. Figure 6 shows the vertical distribution of GPS RO 362 

data before and after QC that are actually assimilated into the WRFDA. The assimilated RO 363 

data amounts change only slightly above 5 km for both operators, while decreasing rapidly in 364 

the lower troposphere. Because a similar QC procedure is employed for both operators, their 365 

usage in data assimilation is comparable. Thus, the differences in forecasts of Nuri for EPH 366 

and LOC should not be attributed to the small differences in RO data counts.  367 

Figure 7 compares the ECMWF analysis and WRF 48-h prediction, from different 368 

experiments, of the sea-level pressure and 10-m wind speed at 1800 UTC 16 August 2008. 369 

The horizontal resolution of the ECMWF analysis is about 25 km. The 48-h WRF forecasts 370 

(Fig. 7b), initialized with the ECMWF analysis, gives weaker winds in the vortex region than 371 

the verifying ECMWF analysis at that time (Fig. 7a). None of the 48-h WRF forecast from 372 

ECMWF analysis, GTS, or LOC (Figs. 7b-d) produce an organized vortex with closed isobars 373 

at the sea level. And, the simulated wind in the vicinity of the incipient cyclone is weak. A lot 374 

of additional observations and satellite radiances have been assimilated into the ECMWF or 375 

NCEP analyses that are used as the WRF initial conditions, but they still fail to produce the 376 

genesis of typhoon Nuri (Figs. 7b-d). On the other hand, EPH predicts a well-organized vortex 377 

with stronger winds associated with the incipient cyclone, which has a sea-level pressure of 378 

1004 hPa (Fig. 7e). The wind field structures are similar for LOC and EPH (Fig. 7d, e), but the 379 

former in general is weaker. None of the WRF experiments in this study assimilates satellite 380 

radiance but some of them successfully predict a genesis. This suggests that the RO data could 381 

provide complementary information to improve the regional data analysis and prediction.  382 

To gain further insights on the impact of GPS RO operators, we calculate the time-383 

averaged differences in analysis increments for 850 hPa water vapor mixing ratio between 384 
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EPH and LOC (Fig. 8), which is defined as (∑ ሺINCሺ𝑣𝑎𝑟ሻEPH െ INCሺ𝑣𝑎𝑟ሻLOCሻ௧ ) where var 385 

represents a variable and INC is the increment of the variable after assimilation. 386 

Correspondingly, Fig. 9 shows the time-averaged differences in the analyses of 850-hPa water 387 

vapor mixing ratio (Fig. 9a) and temperature (Fig. 9b) between EPH and LOC. Figure 8 shows 388 

that EPH produces more moisture increment than LOC in the vicinity of the incipient cyclone 389 

averaged over the three-day assimilation period. Similar patterns can be found in Fig. 9a with 390 

higher moisture in the EPH analysis along the track of the incipient storm. While the time-391 

averaged difference in the water vapor increment along the storm track is not large, generally 392 

less than 0.4 g kg-1 (Fig. 8), the resulting time-averaged analysis difference is nearly doubled 393 

(Fig. 9a). This reflects the accumulative effect of the analysis increments as well as the 394 

contribution of the model physics. In terms of temperature, the time-averaged analysis 395 

difference presents warmer temperature in EPH (Fig. 9b) in the storm environment. The 396 

warmer temperature in the lower troposphere allows for higher saturation moisture. 397 

Consequently, the EPH produces an analysis that is more favorable for tropical cyclogenesis 398 

compared with LOC, as shown in Fig. 7. Our results are consistent with Li and Pu (2014), 399 

which showed that latent heat release associated with moisture is an important factor for the 400 

formation of Nuri. We note that the assimilation of GPS RO data using the EPH operator does 401 

not always produce more moisture than the LOC operator. The moisture analysis increments 402 

can vary depending on the accuracy of the background and the accuracy of the observation 403 

operator, i.e., different moisture increments in different cases. For example, EPH produces 404 

drier time-averaged moisture analysis relative to LOC near the incipient region for Typhoon 405 

Fanapi (2010) (figures not shown).  406 

Figure 10 shows the best track for Nuri from JTWC and the simulated track of the 500-407 

hPa vortex from EPH. Note that the JTWC’s best track starts from the time of TD genesis, but 408 

the simulated track starts from beginning time of data assimilation. The simulated track is close 409 
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to the best track, except for the early stage of the TD. In addition, the simulated track of LOC 410 

after genesis is close to that of EPH (figure not shown). Figure 11 shows the 6-h accumulated 411 

precipitation from grid-scale microphysics, sub-grid cumulus, and total precipitation for GTS, 412 

LOC and EPH, respectively. It is interesting to note that the amount of sub-grid-scale 413 

convective precipitation is compatible among GTS, LOC, and EPH. The resolvable scale 414 

precipitation is the differentiator, with GTS the lowest, and the EPH the highest, and LOC 415 

being in the middle. This is true both during the assimilation period and the free forecast period. 416 

The assimilation of GPS RO data is able to produce more grid-scale saturation, allowing grid-417 

scale heating to interact positively with the dynamics of the developing vortex. This is 418 

apparently quite important to the prediction of tropical cyclogenesis, as the genesis was not 419 

predicted by GTS and was delayed by 30 h by LOC. 420 

To further examine the influence of the GPS RO data assimilation, Fig. 12 shows the 421 

differences in moisture, vertical velocity, and relative vorticity between EPH and GTS in a 422 

6ox6o region centered on the 500-hPa vortex of EPH (as in Fig. 10). During the 72-h data 423 

assimilation, EPH produces an initial condition with higher humidity below 500 hPa (Fig. 12a), 424 

and the maximum difference in water vapor mixing ratio between EPH and GTS reaches 2.5 425 

g kg-1 at t = -30h. Shortly after that, the EPH produces much stronger vertical motion, 426 

extending from about 600 hPa to 150 hPa, while their difference in moisture below 500 hPa 427 

decreases with time. This suggests that the significant increase of moisture in the lower 428 

troposphere associated with the assimilation of GPS RO data using the EPH operator is able 429 

to enhance organized convection, inducing robust grid-scale vertical motion. The strong 430 

vertical motion in turn spins up positive vorticity in the middle troposphere from 700 hPa to 431 

400 hPa during the last day of the assimilation (Fig. 12b). After 72-h of data assimilation of 432 

GPS RO data using the nonlocal observation operator, we have a robust middle level vortex, 433 

coupled with ample moisture in the lower and middle troposphere. The environment is primed 434 
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to support the tropical cyclogenesis. This helps explain why the tropical cyclogenesis is 435 

captured in EPH, but fails in GTS.  436 

Comparison between LOC and EPH indicates that EPH produces stronger moisture 437 

increase (particularly near the ocean surface), stronger vertical motion, and subsequently, 438 

stronger mid-level vorticity development (Fig. 13). This provides an explanation of why 439 

cyclogenesis predicted by LOC is delayed by 30 h (Table 1). Clearly, assimilation of GPS RO 440 

data with the nonlocal excess phase operator is advantageous over the local refractivity 441 

operator, and is very important for tropical cyclone prediction.  442 

c. Moisture effect  443 

With the assimilation of GPS RO data, all the variables are modified. The GPS refractivity 444 

(and the excess phase) is a function of temperature, pressure, and water vapor; the assimilation 445 

of GPS RO data will induce changes in the height field (through the temperature analysis 446 

increment). Wind fields, though not directly related to GPS reflectivity, will also be changed 447 

through multivariate background error covariances and through geostrophic adjustment 448 

(caused by height field changes). From the analysis shown earlier, the assimilation of GPS RO 449 

data using EPH operator produces a significant increase of moisture in the lower troposphere, 450 

which is important to the development of convection. An interesting question is: Is the 451 

improved prediction of cyclogenesis caused primarily by changes in moisture? Or, are the 452 

changes of wind and height (i.e., dynamic variables) just as important? To answer these 453 

questions, we replace the moisture fields in the final analysis of EPH by that of LOC 454 

(EPH.QfromLOC), while keeping other variables unchanged. The moisture fields include the 455 

mixing ratios for water vapor, cloud, rain, snow, and ice. Figure 14 shows that replacing the 456 

moisture fields of EPH by those from LOC causes a reduction of lower troposphere moisture 457 

in the subsequent forecast and weaker vertical motion in middle to upper troposphere. 458 

Consequently, the genesis is delayed by 18 h (Table 3). In a reversed experiment, replacing 459 
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the moisture fields of LOC by those of EPH, i.e. LOC.QfromEPH, leads to an improvement in 460 

the timing of genesis (from 30-h delay to 24-h delay). Even though slight supersaturation is 461 

presented at a small number of grid points in the initial field for LOC.QfromEPH, which 462 

disappears almost immediately after the model integration.  463 

The results of these moisture-exchange experiments suggest that while the changes of 464 

moisture as a result of GPS RO data assimilation is critical, the changes in temperature, height, 465 

and wind fields are just as important. Given the fact that LOC.QfromEPH has the same 466 

moisture analysis as EPH, the differences lie in temperature, height and wind fields (i.e., 467 

dynamic variables). It implies that the moisture in itself is not sufficient to produce the genesis 468 

if the dynamic variables are not accurate.  469 

 470 

5.  Summary 471 

In this study, we assess the impact of RO data assimilation on the formation of ten tropical 472 

cyclones over the northwestern Pacific during 2008 through 2010. Specifically, we conducted 473 

three data assimilation experiments. The first experiment only assimilates conventional data 474 

from GTS without the use of GPS RO data. The second experiment assimilates GPS RO data 475 

using a nonlocal excess phase observation operator (EPH) in addition to the assimilation of the 476 

GTS data. The third experiment is similar to that of the second experiment, except a local GPS 477 

RO refractivity observation operator is used instead. The results show that the assimilation of 478 

GPS RO data using the nonlocal excess phase operator increased the probability of detection 479 

of tropical cyclogenesis from 30% to 70%, while the assimilation of GPS RO data using the 480 

local observation operator only increases to 40%. This clearly shows that GPS RO data are 481 

quite valuable for the prediction of tropical cyclogenesis. Also, the observation operator can 482 

have a significant impact on the performance of GPS RO data assimilation. 483 
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Among the ten typhoon cases, Nuri (2008), Sinlaku (2008), and Fanapi (2010), are well 484 

captured by EPH, but failed by assimilation of GTS only. To assess the importance of GPS 485 

RO soundings in the vicinity of the incipient cyclone, we remove GPS RO data within 500 km 486 

of the 500 hPa vortex during the three-day data assimilation period. Interestingly, all of them 487 

fail to form. This illustrates that the data near the incipient cyclone are critical for the prediction 488 

of cyclogenesis.  489 

Using Nuri (2008) as an example, we found that the assimilation of GPS RO data using 490 

the nonlocal excess phase operator increases the moisture in the lower to middle troposphere 491 

substantially. About two days into the assimilation, the increase of moisture induces organized 492 

convection, develops robust vertical motion, and causes a significant increase in relative 493 

vorticity in the middle troposphere, creating an environment very favorable for tropical 494 

cyclogenesis. The assimilation of GPS RO data using the local refractivity operator produces 495 

less increase in lower tropospheric moisture, weaker convection, and weaker vertical motion. 496 

As a result, the cyclogenesis is delayed by 30 h.  497 

Additional forecast experiments by exchanging the moisture fields between data 498 

assimilation experiments using local and nonlocal observation operators indicate that while 499 

moisture is important, the changes in the dynamic variables (i.e., wind, temperature, and height 500 

fields) are just as important. The assimilation of GPS RO data using the nonlocal observation 501 

operator has produced a strong middle vortex coupled with strong middle and low-level 502 

moisture, which is favorable for tropical cyclogenesis. Decoupling the dynamic variables from 503 

the moisture will cause the cyclogenesis to be delayed.  504 

As a cautionary note, this study did not make use of satellite radiance data. The data 505 

assimilation experiments are significantly different from that of a modern operational global 506 

data assimilation system. As a result, the impact of GPS RO data may be overestimated in the 507 

absence of radiance assimilation. Moreover, for a complete assessment of GPS RO data 508 
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impacts on tropical cyclogenesis an investigation of the RO data impact on non-developing 509 

cases should be conducted, to see if RO data can reduce false alarms in cyclogenesis prediction. 510 

These important issues will be addressed in a future study.   511 

The FORMOSAT-7/COSMIC-2, a follow-on mission of FORMOSAT-3/COSMIC, was 512 

launched on 25 June 2019 at an inclination angle of 24 degrees. It is now operational and 513 

providing about 5,000 RO observations a day over the tropics. This offers a great opportunity 514 

for the research and operational prediction of tropical cyclones.  515 
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Table 1. Cyclogenesis for the ten typhoon cases. A genesis time relative to the JTWD’s TD genesis is indicated for each experiment (GTS, 709 
LOC, and EPH). A cross sign (x) indicates no cyclone formation.  710 
 711 
 712 
 713 
 714 
 715 
 716 
 717 
 718 
 719 
 720 
 721 
 722 
 723 
 724 
 725 
 726 
 727 
 728 
 729 
 730 
 731 
  732 

TYPHOON JTWC TD GENESIS GTS LOC EPH 
2008_KALMAEGI 2008/07/14 0000UTC -48h -42h -42h 

2008_FUNGWONG 2008/07/24 0600UTC -36h -36h -42h 

2008_NURI 2008/08/16 1800UTC x 30h 0h 

2008_SINLAKU 2008/09/08 0000UTC x x 6h 

2008_HAGUPIT 2008/09/18 1800UTC 24h 0h -12h 

2008_JANGMI 2008/09/23 1200UTC 6h 6h -12h 

2009_MORAKOT 2009/08/03 1800UTC -48h -24h -6h 

2009_PARMA 2009/09/27 1200UTC -6h 6h -12h 

2010_FANAPI 2010/09/14 1200UTC x x 36h 

2010_MEGI 2010/10/12 1800UTC 36h 60h 24h 

PREDICTABILITY  30% 40% 70% 
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Table 2. The amounts of GPS RO soundings in the model domain at each assimilating time window.  733 
 734 
Typhoon Case DA1 DA2 DA3 DA4 DA5 DA6 DA7 DA8 DA9 DA10 DA11 DA12 DA13 Total 

2008_Kalmaegi 45 6 35 38 57 27 39 34 52 37 36 34 60 500 

2008_Fungwong 21 5 35 54 44 72 49 52 32 60 64 47 24 606 

2008_Nuri 60 49 53 63 59 40 44 78 58 56 53 65 52 730 

2008_Sinlaku 21 33 40 31 19 42 43 33 34 41 50 42 45 474 

2008_Hagupit 49 40 52 58 51 41 61 75 49 66 53 65 36 696 

2008_Jangmi 64 35 51 57 62 53 39 39 58 40 50 37 69 654 

2009_Morakot 61 54 35 54 58 57 37 63 48 42 38 62 52 661 

2009_Parma 26 36 51 46 58 42 54 57 53 37 58 44 62 624 

2010_Fanapi 34 23 34 46 38 18 26 26 37 25 47 48 41 443 

2010_Megi 30 38 31 33 24 43 25 28 15 42 35 26 23 393 

 735 
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Table 3. Sensitivity tests for Typhoon Nuri (2008). The genesis time with a positive hour 736 
indicates a delay compared to the observed, i.e., TD genesis time in JTWC. The observational 737 
error percentage is shown as in Fig. 2. 738 
 739 

Exp.  Integral along 
Ray Path 

Obs. Error 
Percentage 

Other Comments Genesis Time 

LOC.QfromEPH NO LOCAL Moisture fields 
exchanged from 
EPH at the last 

cycling run 

NURI: 24h 
 

EPH.QfromLOC YES NONLOCAL Moisture fields 
exchanged from 
LOC at the last 

cycling run 

NURI: 18h 
 

 740 
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 741 

 742 

 743 
 744 
Fig. 1.  Locations of GPS RO soundings within 3 days of data assimilation for 745 
Typhoons (a) Nuri (2008), (b) Sinlaku (2008), and (c) Fanapi (2010). The cross sign 746 
indicates the location of JTWC’s tropical depression (i.e., observed cyclogenesis), and 747 
the open circles are the GPS RO data near the region of incipient cyclone.  748 
  749 

(a) 

(b) 

(c) 
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 750 
 751 
Fig. 2.  The statistical observation errors for the local (LOC) and nonlocal (EPH) 752 
operators. The observational error in the assimilation system is related to both the 753 
altitude and latitude for the local operator, but only related to the altitude for the 754 
nonlocal operator. 755 
  756 
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   757 

 758 

 759 
 760 
Fig. 3.  Increments of water vapor mixing ratio at 700 hPa for (a) LOC and (b) EPH. 761 
(c) and (d) are increments of water vapor mixing ratio on the vertical cross-section 762 
along the line in (b) for LOC and EPH, respectively. (e) and (f) are the same as (c) and 763 
(d), respectively, but for temperature.    764 
  765 

 

(a) (b) 

(c) (d) 

(e) (f) 
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 766 
  767 
Fig. 4.  The verification against radiosonde in (a) water vapor mixing ratio (unit: g kg-768 
1) and (b) temperature (unit: K) for the first guess from NCEP (thick dark-gray line), 769 
and the analyses from LOC (thin black line) and EPH (thin light-gray line). 770 
  771 

 

(a) (b) 
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 772 
 773 

 774 
 775 
Fig. 5.  Experimental design. Each simulation was carried out by three-day cycling data 776 
assimilation and then forecasted for more than 48 h, that is, the time of a tropical 777 
depression genesis identified in JTWC (red digits). The forecast hour is indicated by 778 
blue digits. 779 
  780 
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 781 
 782 
Fig. 6. Vertical variations of RO data amounts for Typhoon Nuri (2008). The RO data 783 
available before QC process during the DA period are indicated by ALL (bold line). 784 
After QC, LOC (dashed line) and EPH (thin line) indicate the actual use in WRFDA 785 
for each operator.  786 
   787 
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 788 

 789 

 790 
 791 
Fig. 7. Sea-level pressure (black contour, unit in hPa), 10-m wind speed (shaded color, 792 
unit in m s-1) and wind vector from (a) ECMWF analysis at 1800 UTC 16 August 2008. 793 
(b), (c), (d) and (e) are 48-h WRF forecasts with an initial condition at 1800 UTC 14 794 
August 2008 of ECMWF, GTS, LOC, and EPH, respectively. 795 
  796 
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 797 
  798 

Fig. 8. Time-averaged analysis increment differences from EPH and LOC in 850-hPa 799 
water vapor mixing ratio (g kg-1) during the three-day data assimilation for Typhoon 800 
Nuri. The typhoon symbols are the 500-hPa vortex centers from EPH. 801 
  802 
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803 

 804 
 805 
Fig. 9.  The same as in Fig. 8, but for the time-averaged differences in the analyses of 806 
850-hPa (a) water vapor mixing ratio (g kg-1) and (b) temperature (K).  807 
  808 
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 809 
 810 
Fig. 10. The best track from JTWC (dots) and simulated track of the 500-hPa vortex 811 
from EPH (cross sign) for Typhoon Nuri (2008). The JTWC best track starts from 1800 812 
UTC 16 August 2008, and the simulated track starts from 1800 UTC 11 August 2008.   813 
  814 



 44 

815 

816 

 817 
 818 
Fig. 11. The 6-h accumulated rainfall from grid-scale, cumulus parameterization, and 819 
total precipitation for (a) GTS, (b) LOC, and (c) EPH, for Typhoon Nuri. 820 
  821 

(a) 

(b) 
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 822 

 823 
 824 
Fig. 12. Differences between the EPH and GTS experiments shown by a time-pressure 825 
section during assimilation period (-72 h-0 h) for Typhoon Nuri (2008) in (a) vertical 826 
velocity (color, m s-1) and water vapor mixing ratio (contour, g kg-1), and (b) vertical 827 
velocity (color, m s-1) and vorticity (contour, 10-5 s-1). The 0 h on the x-axis indicates the 828 
end time of data assimilation cycling and the start time for a free forecast. 829 
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 831 

 832 

 833 
 834 
Fig. 13. The same as in Fig. 12, but for the difference between EPH and LOC. 835 
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 837 
 838 

 839 
 840 
Fig. 14. Differences in vertical velocity (color; m s-1) and water vapor mixing ratio (contour; 841 
g kg-1) between EPH and EPH.QfromLOC during the forecast period for Typhoon Nuri 842 
(2008).  843 
 844 

hr 


