
 

 

 

 

 

 

 

 

 

EARLY ONLINE RELEASE 

This is a PDF preprint of the manuscript that has been 

peer-reviewed and accepted for publication.  

This pre-publication manuscript may be downloaded, 

distributed, and cited. Since it has not yet been formatted, 

copyedited, or proofread, there will be a lot of differences 

between this version and the final published version. 

  

The DOI for this manuscript is  

DOI:10.2151/jmsj. 2017-004 

J-STAGE Advance published data: December 23, 2016 

The final manuscript after publication will replace the 

preliminary version at the above DOI once it is available. 



 
Impact Propagation of Radiosonde Data Assimilation over the Kuroshio 
and Kuroshio Extension: Case Study on the Early Summer (Baiu) in 2012 
 

Yoshimi KAWAI 

Research and Development Center for Global Change, Japan Agency for Marine–Earth 
Science and Technology,Yokosuka, Japan 
 

Qoosaku MOTEKI 

Department of Coupled Ocean-Atmosphere-Land Processes Research, Japan Agency 
for Marine–Earth Science and Technology, Yokosuka, Japan 
 

Akira YOSHIDA-KUWANO 

Application Laboratory, Japan Agency for Marine–Earth Science and Technology, 
Yokohama, Japan 

 

Takeshi ENOMOTO 

Disaster Prevention Research Institute, Kyoto University, Uji, Japan 
Application Laboratory, Japan Agency for Marine–Earth Science and Technology, 
Yokohama, Japan 

 

Atsuyoshi MANDA 

Graduate School of Bioresources, Mie University, Tsu, Japan 
 

Hisashi NAKAMURA 
Research Center for Advanced Science and Technology, The University of Tokyo, Tokyo, 
Japan 
Application Laboratory, Japan Agency for Marine–Earth Science and Technology, 
Yokohama, Japan 
 

November 24, 2016 
---------------------------------------------------------------------------------- 
Corresponding author: Yoshimi Kawai, Research and Development Center for Global 
Change, Japan Agency for Marine–Earth Science and Technology, 2-15 
Natsushima-Cho, Yokosuka, 237-0061, Japan. 
E-mail: ykawai@jamstec.go.jp 
TEL: +81-46-867-9495; FAX: +81-46-867-9455 
  



1 
 

Abstract 1 

The present study has investigated how the impacts of the inclusion of 2 

radiosonde observations conducted locally in early summer of 2012 over the 3 

Kuroshio and Kuroshio Extension (KE) can spread over time across the 4 

North Pacific basin to influence the predictability of synoptic and large-scale 5 

tropospheric circulation. For that purpose, observing system experiments 6 

(OSEs) has been performed where each of two extra sets of radiosonde data, 7 

one obtained over the East China Sea in mid-May and the other over the KE 8 

in early July, is added to an atmospheric ensemble data assimilation system 9 

for comparison with the corresponding analyses without those data. The 10 

experiments show that the impact of the extra data assimilated propagates 11 

eastward mainly due to the advection by the subtropical jet (STJ) in May and 12 

July. The strong STJ in May allows the upper-tropospheric impact to travel 13 

across the basin only within two days. Under the weaker STJ, the 14 

corresponding impact in July tends to remain within the western Pacific, 15 

until it eventually reaches the eastern portion of the basin. The assimilation 16 

of the extra radiosonde data over the Kuroshio or KE can lead to decrease of 17 

pressure over the Gulf of Alaska both in May and July.  18 
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Additional forecast experiments based on the OSEs for May has revealed 19 

that the pressure decrease over the Gulf of Alaska can be traced back to the 20 

west of the Alaska Peninsula and to east of Japan over three days. The 21 

impacts that originate on different dates via different paths merge over the 22 

central North Pacific, acting to reinforcing the cyclone over the Gulf of 23 

Alaska. This study presents examples where the impacts of atmospheric 24 

observations over the western boundary current can propagate across the 25 

ocean basin through the westerlies to influence the forecast skill in distant 26 

regions. 27 

 28 

Keywords: Data assimilation; Radiosonde; Kuroshio; North Pacific; 29 

Observing system experiment 30 

  31 
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1. Introduction 32 

Rapid advance of mid-latitude air-sea interaction study has revealed its 33 

importance in the climate system and its variability (e.g., Small et al. 2008; 34 

Kwon et al. 2010; Kelly et al. 2010; Nakamura et al. 2015). The warm 35 

western boundary currents (WBCs) and eddies warm the marine 36 

atmospheric boundary layers (MBALs) to modify the wind and pressure 37 

fields near the sea surface (e.g., Chelton et al. 2004; Tokinaga et al. 2009; 38 

Kawai et al. 2014), and moreover the effect of the WBCs penetrate into the 39 

middle and upper troposphere. Minobe et al. (2008) indicated that upward 40 

motion and convective clouds were organized along the Gulf Stream based on 41 

reanalysis data and numerical modeling. While the convective heating 42 

tended to be confined into the lower troposphere in winter, deep convective 43 

heating reaching into the middle and upper troposphere was organized in 44 

summer (Minobe et al. 2010). Sato et al. (2014) argued that diabatic heating 45 

over the Gulf Stream could remotely affect the atmospheric circulation over 46 

the Barents Sea and Eurasia in forcing stationary Rossby waves, with the 47 

potential to contribute to the formation of the “warm Arctic and cold 48 

Eurasian pattern”. In fact, previous studies assessed predictability of 49 
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marked downstream development of weather events over the Atlantic, 50 

Europe and Africa that had been triggered by upper-tropospheric Rossby 51 

wave trains (Szunyogh et al. 2002; Enomoto et al. 2007; Grazzini 2007).  52 

Nishii and Nakamura (2010) investigated the prediction skill of a 53 

stratospheric sudden warming (SSW) event observed in winter, by analyzing 54 

a product of a monthly ensemble-forecast system. They found that 55 

upper-tropospheric forecast errors propagated downstream across the North 56 

Pacific and then into the subpolar Atlantic with a speed comparable to the 57 

group velocity of a baroclinic wave packet, before spreading up into the 58 

stratosphere. This three-dimensional propagation of forecast errors was 59 

associated with important dynamical processes for the particular SSW event: 60 

the downstream development of synoptic-scale baroclinic disturbances 61 

followed by the upward propagation of stationary Rossby waves. The 62 

particular study suggests that forecast errors due to uncertainties in diabatic 63 

heating over the Kuroshio or the Kuroshio Extension (KE) may also 64 

propagate downstream to affect predictability over the distant regions. 65 

During the Baiu/Meiyu season, deep convective heating tend to be 66 

organized along the warm Kuroshio in the East China Sea (ECS) under the 67 
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warm, moist monsoonal near-surface southwesterlies, as shown by Sasaki et 68 

al. (2012) and Miyama et al. (2012). In their numerical experiments, 69 

artificial smoothing of particularly high SST along the Kuroshio axis acts to 70 

suppress convective precipitation along the Kuroshio, while large-scale 71 

structure of the Baiu/Meiyu rainband is kept essentially unchanged. Despite 72 

the sensitivity of the formation of clouds and precipitation systems to the 73 

SST distribution along the Kuroshio and its extension, however, virtually no 74 

attempt has been made to assess its impacts on forecast through observing 75 

system experiments (OSEs), which are suited for assessing remote influence 76 

of forecast errors and impacts of in-situ observations on forecast skill. 77 

This paper attempts to examine impacts of assimilating radiosonde 78 

observations over the Kuroshio and KE by performing OSEs, in addressing 79 

how sensitive the prediction skill of the atmospheric circulation over the 80 

North Pacific can be to local atmospheric observations across the Kuroshio 81 

and KE, from which heat and moisture release into the atmosphere is locally 82 

enhanced. The in-situ intensive atmospheric observations utilized in the 83 

present study were conducted over the Kuroshio in the ECS and over the KE 84 

east of Japan in the Baiu/Meiyu season of 2012. Though not necessarily 85 
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leading to the full extraction of local impacts of the Kuroshio/KE on the 86 

atmosphere, the addition of those observational data to the OSEs is still 87 

useful for gaining insight into the processes through which signals induced 88 

by the Kuroshio/KE can propagate into far fields. In section 2, we describe 89 

the assimilation system, the radiosonde observations and our OSEs. Results 90 

of the OSEs are shown and physical processes involved into the propagation 91 

of observation impacts are discussed in section 3. In section 4, a sensitivity 92 

analysis based on forecast experiments is conducted for further investigation 93 

of the impacts of the observations over the ECS. A summary and implications 94 

of the present study are presented in section 5. 95 

 96 

2. Data and Method 97 

2.1 Assimilation system 98 

Miyoshi et al. (2007) developed a system called ALEDAS (AFES-LETKF 99 

Ensemble Data Assimilation System), in which the Atmosphere general 100 

circulation model For the Earth Simulator (AFES) was utilized as a forecast 101 

model (Ohfuchi et al. 2004) with local ensemble transform Kalman filter 102 

(LETKF) as an assimilation algorithm. The AFES-LETKF experimental 103 
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ensemble reanalysis (ALERA) was generated for approximately one and a 104 

half years since May 2005 using a 40-member ensemble forecast. In this 105 

study, we utilized ALERA2, a revised version of ALERA, produced by 106 

ALEDAS2 from January 2008 (Enomoto et al. 2013). In ALEDAS2 the 107 

ensemble size is increased from 40 to 63. The version 3.6 of AFES adopted in 108 

ALEDAS2 has a slightly lower horizontal resolution (T119) compared with 109 

AFES 2.2 in ALEDAS, but with the same vertical levels (L48) retained. 110 

Six-hourly gridded data on a horizontal resolution of 1.25°×1.25° at the 18 111 

standard pressure levels are available at a data server 112 

(http://www.jamstec.go.jp/esc/fes/dods/alera2) of the Japan Agency for 113 

Marine-Earth Science and Technology (JAMSTEC). Cloud and land-surface 114 

schemes are updated in AFES (Kuwano-Yoshida et al. 2010), which has 115 

resulted in, for example, a 6% reduction in the root mean square difference of 116 

the 500hPa height forecast over the Northern hemisphere in AFES 3.6 than 117 

in AFES 2.2. The error covariance localization in the LETKF has also been 118 

improved in ALEDAS2, leading to the elimination of notable discontinuities 119 

in the analysis ensemble spread in polar regions.  120 

As the lower boundary condition of AFES, the daily 0.25° optimum 121 
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interpolation SST version 2 produced by Reynolds et al. (2007) is used. 122 

ALEDAS2 mainly assimilates conventional atmospheric observations, 123 

PREPBUFR, compiled by the US National Centers for Environmental 124 

Prediction (NCEP) and archived at the US University Corporation for 125 

Atmospheric Research (UCAR). No satellite data are assimilated into 126 

ALEDAS2, except for atmospheric motion vectors derived from geostationary 127 

satellites, which are included in PREPBUFR. Refer to Enomoto et al. (2013) 128 

for more details of ALERA2. Some figures in this paper (Figs. 7c-d and 14c) 129 

have been constructed without 0600 and 1800 UTC data. Because of much 130 

fewer observations in PREPBUFR around 0600 and 1800 UTC than around 131 

0000 and 1200 UTC, time series of the ALEDAS2 output can occasionally be 132 

noisy. ALEDAS and ALEDAS2 have been utilized effectively for OSEs to 133 

investigate the impacts of in-situ observations over the Arctic Ocean (Inoue 134 

et al. 2009; Inoue et al. 2013; Yamazaki et al. 2015), the tropical Pacific 135 

(Moteki et al. 2007) and the tropical Indian Ocean (Moteki et al. 2011). 136 

 137 

2.2 Radiosonde observations 138 

Global-Positioning-System (GPS) radiosonde observations were 139 
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conducted on R/V Nagasaki-maru of Nagasaki University in May 2012 140 

around the Kurosho in the ECS. The present study uses the data obtained 141 

from 36 radiosondes launched within 53 hours from 15 to 17 May on the way 142 

from Nagasaki to Naha (Table 1, Fig. 1a), although seven of them failed to 143 

observe the free atmosphere above the 830-hPa level. In this cruise, the 144 

ocean temperature profiles were also observed with eXpendable 145 

BathyThermographys (XBTs) manufactured by The Tsurumi-Seiki Co., Ltd. 146 

The onset of the Baiu season in 2012 in the Okinawa/Amami area was on 13 147 

May, according to the Japan Meteorological Agency (JMA). In fact, the 148 

Baiu/Meiyu rain front was situated just south of the observation area (see 149 

Fig. 3). 150 

In early July 2012, during the late Baiu season, intensive radiosonde 151 

observations were carried out across the SST front on the northern flank of 152 

the KE with three vessels simultaneously: R/V Tansei-maru of JAMSTEC, 153 

R/V Wakataka-maru of Tohoku National Fisheries Research Institute, and 154 

R/V Seisui-maru of Mie University (Table 1 and Fig. 1b). The three vessels 155 

were aligned with latitudinal intervals of 30’ or 45’ along the 143°E meridian 156 

across the front. They launched totally 233 radiosondes in five and a half 157 
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days. Details of the three-vessel observations across the KE are described in 158 

Kawai et al. (2015). The type of all the GPS radiosondes used in this study 159 

was RS-06G manufactured by Meisei Electric Co., Ltd. With no barometer 160 

attached, atmospheric pressure has been calculated using the hypsometric 161 

equation and the height measured with GPS. 162 

 163 

2.3 Observing system experiments (OSE) 164 

None of the radiosonde observations mentioned in section 2.2 were sent to 165 

the Global Telecommunications System (GTS) and thus included in the 166 

PREPBUFR. Hereafter, the difference between the analyses with our special 167 

observations assimilated (OSE run) and without them (CTL run) is referred 168 

to as ‘impact signal’. Near-surface meteorological data observed on the 169 

research vessels were not assimilated in either the CTL or OSE runs. 170 

Difference total energy (DTE) at each level is defined as (Hodyss and 171 

Majumdar 2007; Moteki et al. 2011) 172 

 = ( − ) + ( − ) + ( − ) ,               (1) 173 

where Cp =1004 Jkg-1K-1 represents the specific heat at constant pressure 174 

and Tr (=300 K) a reference temperature, while u, v, and T signify the 175 
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ensemble means of the zonal and meridional wind velocities and 176 

temperature, respectively. The subscripts ‘w’ and ‘o’ indicate the analyses of 177 

the OSE and CTL runs, respectively. A significance test was performed to 178 

assess whether the two ensemble means at a given grid point differ 179 

significantly from each other at the 95 % confidence level, and any local 180 

difference that is not significant at that level has been replaced with zero. 181 

Note that the impact signal is caused not only by the Kuroshio or KE. 182 

Corrections of inaccuracies included in the CTL run will also affect it. 183 

In the case for May 2012, we also performed ensemble forecast 184 

experiments in which none of the observations was assimilated after 1200 185 

UTC on 18 May, to highlight the impact of the extra radiosonde data (section 186 

4). The forecast runs from the CTL and the OSE are referred to as ‘CTL-F’ 187 

and ‘OSE-F’, respectively. The horizontal resolution of the output of the 188 

forecast runs is 1°. 189 

 190 

2.4 Simple sensitivity analysis 191 

We performe the ensemble singular-vector sensitivity analysis proposed 192 

by Enomoto et al. (2015), based on the ensemble forecast data, in order to 193 
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identify which areas were sensitive at the initial time to a given forecasted 194 

phenomenon (section 4). This technique assumes that initial perturbations y 195 

growing optimally in a verification domain at a given forecast time can be 196 

expressed in a linear combination of the ensemble initial perturbations  197 

= + + ⋯+ , 198 

where = ( , ,⋯ , )  represents coefficients and yi the initial 199 

perturbations of the ith ensemble member ( = 1,2,⋯ , ). One can identify a 200 

particular set of pi that maximizes the norm of forecast perturbations within 201 

the verification domain, by solving an eigenvalue problem under the 202 

constraint that the norm of yi equals unity. In our application, the norm of an 203 

arbitrary perturbation x, used as a measure of sensitivity, is defined in terms 204 

of dry total energy as  205 

 ‖ ‖ = 〈 , 〉 = ∫ ∫ ′ + ′ + ′ + ,      (2) 206 

where the primes denote deviations from the unperturbed member, A the 207 

area of the verification domain; F a non-negative symmetric matrix that 208 

represents the weight in the definition of norm, ps, pr, and R the surface 209 

pressure, reference pressure and the gas constant of dry air, respectively. We 210 

use Tr = 270 K and pr = 1000hPa for our evaluation. See Enomote et al. 211 
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(2015) and Nishii and Nakamura (2010) for more details of this analysis 212 

technique. Note that the obtained initial perturbations y are normalized by 213 

the spreads among the ensemble members at the initial time when the norm 214 

of y was calculated. The spreads of the initial perturbations are then mapped 215 

as they become spatially quite inhomogeneous in our ensemble forecast 216 

system. 217 

 218 

3. Results 219 

3.1 Mid-May, 2012 220 

a. Local impacts over the ECS 221 

The atmospheric and oceanic observations obtained during the 222 

Nagasaki-maru cruise are shown in Fig.2. After the departure from 223 

Nagasaki, the vessel ran westward around 32.4°N till around 2230 UTC on 224 

15 May, then turned south toward Naha (Fig.1a). On 15 May, the center of an 225 

anticyclone was located southwest of the vessel, and the observed wind 226 

direction was west or northwest in the lower level (Fig.2a). R/V 227 

Nagasaki-maru traversed the Kuroshio southward on 16 May, when the 228 

anticyclone was fading (Fig.2d). South of the Kuroshio SST front, which the 229 
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vessel reached at around 1600 UTC on 16 May, water vapor and temperature 230 

in the boundary layer rose together with ocean temperature (Fig.2a-b), and 231 

the near-surface atmosphere became unstable (Fig.2c). The observed SST 232 

difference across the Kuroshio was more than 8.0 °C, which was much larger 233 

than that of the objectively analyzed SST used for AFES (Fig.1a). 234 

Figure 3 shows time-height sections of the impact signals of the 235 

radiosonde data averaged over the rectangular domain indicated in Fig. 1a. 236 

The impact of the extra data assimilated started emerging at 1200 UTC on 237 

15 May. Geopotential height was slightly lowered by assimilating our 238 

radiosonde data (Fig. 3a), as an upper-level pressure trough was 239 

approaching toward the ECS. When the ship went across the SST front on 16 240 

May in launching radiosondes across the Kuroshio between 27°N and 30°N, 241 

the Baiu/Meiyu front was located to the south (Fig. 4a). Tropospheric winds 242 

were overall southwesterly except near the surface, where the winds were 243 

southerly (contoured in Fig. 3b-c). This can be also seen in the radiosonde 244 

observations (Fig.2a). In the OSE, the pressure trough was deeper especially 245 

after 1200 UTC on 16 May (colored in Fig. 3a), and wind direction was more 246 

zonal with stronger westerlies except in the boundary layer (colored in Fig. 247 
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3b-c). The westward-tilting pressure trough passed through the ECS by 1200 248 

UTC on 17 May (Figs. 3a and 4b). Upon its passage, our extra radiosonde 249 

observations generated an obvious impact signal in the reanalysis ALEDAS2, 250 

as indicated by large DTE throughout the depth of the troposphere (“B” in 251 

Fig. 3d). The larger DTE in the boundary layer in the latter half of 16 May 252 

presumably reflected the effect of the Kuroshio on the radiosonde 253 

observations (Fig.2a). Another impact signal, though somewhat weaker, 254 

emerged on 15 May, on the approach of that trough (“A” in Fig.3d).  255 

 256 

b. Propagation of the impact signal 257 

As shown in Fig. 5b-d, the particular impact signal, which emerged in the 258 

upper troposphere over the ECS at 1200 UTC on 15 May (“A” in Figs. 3d and 259 

5a), propagated as far east as 170°W by 0000 UTC on 17 May. In mid-May of 260 

2012, the subtropical jet (STJ) was located over the ECS with its core 261 

velocity exceeding 60 m s–1 around 32°N at the 200-hPa level (Fig. 6). As 262 

estimated from Fig. 5, the propagation speed of the DTE “A” from 1200 UTC 263 

on 15 May to 0000 UTC on 17 May was approximately 45 m s-1, which is 264 

about 1.5 times faster than the typical zonal group velocity of a baroclinic 265 
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wave packet (e.g., Nishii and Nakamura 2010). A zonal wavelength of the 266 

anomalies observed over the North Pacific in Fig. 5 appears to have been 267 

slightly greater than typical wavelength of 4000 km of synoptic-scale 268 

baroclinic waves. The eastward wave activity flux (Takaya and Nakamura 269 

2001) accompanied by those wavy anomalies is indicative of downstream 270 

development of a Rossby wave train over the western Pacific (Fig. 5h-k) and 271 

thus consistent with the rapid downstream extension of the upper-level DTE 272 

(Figs. 5a-d, 7a). The eastward transfer of the impact signal was along a 273 

contour of 9300 m of the 300-hPa level, close to the core of the westerly jet. 274 

The upper-tropospheric jet acted as a waveguide for the Rossby wave train 275 

with which the rapid downstream DTE extension could occur. While the jet 276 

over the ECS in mid-May must be an STJ as accompanied by the surface 277 

Baiu/Meiyu front, the jet over the central Pacific seems to have had hybrid 278 

characteristics between an STJ and a polar-front jet (PFJ), accompanying 279 

stronger surface westerlies between 40°N and 47°N.  280 

On 17 May, another signal of large DTE emerged over the eastern Pacific 281 

around 45°N, 155°W (“C” in Fig. 5d). Unlike the signal “A”, which extended 282 

throughout the depth of the troposphere, the signal “C” was large in the 283 
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lower troposphere (Fig. 7b) and propagated slower than the signal “A”. As 284 

indicated by Fig. 5h-l, the signal “C” seems to be related with downstream 285 

development of synoptic-scale wavy disturbances over the eastern Pacific, 286 

where the upper-level westerlies were weaker (less than 40 m s-1) than over 287 

the western Pacific in the presence of a persistent blocking ridge recognized 288 

as a prominent quasi-stationary anticyclonic anomaly in Fig. 5. The DTE 289 

signal “C” probably arisen from computational errors since it appears to have 290 

no connection with the ECS, although it may be partly ascribed to the 291 

low-level pressure decrease around 160°W after 0000 UTC on 16 May just 292 

downstream of a deepened upper-level pressure trough.  293 

The upper-level DTE signal “C” became stronger when the 294 

faster-propagating signal “A” caught up around 1200 UTC on 17 May (Figs. 295 

5e and 7a). Since then the upper-level pressure trough moved northeastward, 296 

reaching over the Gulf of Alaska (Fig. 5f-g), and accordingly 300- and 297 

700-hPa height simulated in the OSE became lower since 17 May compared 298 

with that in the CTL (Fig. 7c-d). Furthermore, another impact signal (labeled 299 

“B” in Figs. 3d and 5c), which was stronger than the signal “A”, emerged over 300 

the ECS at 1200 UTC on 16 May and then quickly propagates eastward 301 
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along the jet (Fig. 5d-g). The leading group of large DTE later spread over 302 

the West Coast of the North American Continent and the Alaska Peninsula 303 

(Fig. 5e-g). The wave activity flux became weaker as the blocking ridge 304 

decayed after 17 May (Fig. 5m-n). 305 

Compared with the upper troposphere, the DTE propagation was slower 306 

in the lower troposphere (Fig. 7b), where the mean westerlies were weaker. 307 

The OSE-CTL difference in lower-tropospheric geopotential height (Fig. 7d) 308 

indicates that the extra radiosonde data led to the lowering of pressure east 309 

of Japan, where a cyclone was migrating eastward along the Baiu front on 17 310 

May (Fig. 4b-c). The local pressure decrease propagated across the North 311 

Pacific, contributing to the lowering of sea-level pressure (SLP) over the Gulf 312 

of Alaska, where another cyclone developed intensively on 21 May (Figs. 8a 313 

and 9). The local SLP difference between the CTL and OSE was relatively 314 

small, which is reasonable since both assimilated the same quantity of data, 315 

except for the special radiosonde data (Yamazaki et al. 2015). The possible 316 

effect of the extra data assimilated for this cyclone is further examined with 317 

the forecast experiment in section 4.  318 

 319 
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3.2 Early July, 2012 320 

We examine how the seasonal weakening of the westerlies into summer 321 

can influence the downstream spread of impact signals, by comparing the 322 

aforementioned analysis for the case in May 2012 with its counterpart for 323 

radiosonde measurements along the 143°E meridian around the KE at the 324 

beginning of July 2012 (Fig. 1b). At that time, the core of the STJ at 142.5°E 325 

was located at the 200-hPa level at 37°N (Fig. 10a), accompanying the 326 

surface Baiu front at around 34°N (Fig. 11). The core velocity of the STJ was 327 

less than 35 m s-1 throughout this period, which is much weaker than in the 328 

case of May. Over the western Pacific, the STJ was well separated from the 329 

PFJ located around 65°N (Fig. 10b). As a pressure ridge rapidly developed 330 

over the Pacific basin by 3 July (see Fig. 13a-c), the STJ over Japan 331 

weakened downstream and appeared to merge into the PFJ over the Bering 332 

Sea (Fig. 10b). In the presence of the ridge, the Baiu front was not well 333 

defined east of Japan throughout the observation period (Fig. 3 of Kawai et 334 

al. 2015), suggestive of the critical importance of the STJ in organizing the 335 

rainband and the Baiu front (Sampe and Xie 2010). The weather condition 336 

over the KE was therefore relatively calm, although weak depressions 337 
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passed over the observation sites on 1-2 and 3-4 July (Kawai et al. 2015). 338 

Assimilating the extra radiosonde data along 143°E around the KE was 339 

found to increase geopotential height in the upper troposphere over the 340 

observation area (Fig. 12a), in contrast to the case of May over the ECS (Fig. 341 

3). As labeled “D” in Figs. 13a-c and 14, the impact signals of the extra data 342 

slowly developed northeastward from the KE region to the western Bering 343 

Sea. The spread was evident from 1 to 3 July with speed of approximately 13 344 

m s-1, which is much slower than in the case of May (Figs. 5 and 7). In fact, 345 

the Rossby wave activity flux at the 300-hPa level along the spreading signal 346 

was weaker than in the case of May (not shown). After 4 July, another local 347 

maximum of the DTE (labeled “E” in Figs. 13b-e and 14) rapidly developed in 348 

the upper troposphere around the Bering Sea and Alaska. This signal is, 349 

however, likely to be originated from computational errors rather than an 350 

impact of the radiosonde assimilation, since any connection with the KE 351 

region was not seen. 352 

The propagation of the impact signal “D” became faster after reaching 353 

around the Aleutian Islands on 3 July (Figs. 13 and 14), where the westerlies 354 

were locally intensified (Fig. 10b). This large upper-tropospheric DTE signal, 355 
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which might have been intensified over the Bering Sea by the strong PFJ, 356 

crossed the date line on 5 July and then merged into the DTE “E” over the 357 

eastern Bering Sea (Fig. 14a). 358 

Around 0000 UTC on 4 July, a weak depression passed across the KE 359 

region, lowering geopotential height of the OSE in the lower troposphere and 360 

thus increasing DTE (Fig. 12). This low-level DTE accompanied by the 361 

height differences (labeled “F” in Fig. 14b-c), propagated rather slowly 362 

northeastward, crossing the date line on 6 July and then arrived at the Gulf 363 

of Alaska on 8 July while weakening. 364 

 365 

4. Forecast experiments 366 

 In this section, we focus on the impacts of the extra in-situ observations 367 

conducted over the Kuroshio in the ECS on the forecast of a particular low 368 

pressure system that was observed at 47.5°N, 175.0°E at 0600 UTC on 18 369 

May and then quickly developed after 0000 UTC on 19 May (Fig. 9). Over the 370 

Gulf of Alaska, the center of this cyclone was split into two at 0600 UTC on 371 

20 May, and the northern center diminished by 21 May. The southern center 372 

then intensified while migrating within the Gulf of Alaska, as indicated in 373 
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Fig. 9a. The observed central SLP fell below 985 hPa at 0000 UTC on 22 May, 374 

but each of the forecast runs (CTL-F and OSE-F) underestimated the 375 

strength of the cyclone with westward bias in its central position (Fig. 9). 376 

The predicted central pressure in the OSE-F experiment was nevertheless 377 

more realistic than in the CTL-F experiment, where the development of this 378 

cyclone was too weak. In the following, we examine what caused this 379 

difference. 380 

 At the initial time of the forecast experiment (1200 UTC on 18 May), 381 

DTE was maximized around the eastern Bering Sea and east of Japan (Figs. 382 

5g and 7a-b), where geopotential height in the troposphere tended to be 383 

lower in the OSE run (Fig. 7c-d). As illustrated in the evolution of 500-hPa 384 

height difference between the OSE-F and CTL-F experiments (Fig. 15), the 385 

pressure decrease over the Gulf of Alaska can be traced back to a surface 386 

depression west of the Alaska Peninsula (labeled by “G”) and another one 387 

east of Japan (“H”) (Fig. 15f-g). In developing and migrating around the 388 

Aleutian Islands (Fig. 15f to 15d), the former signal “G” in 500-hPa height 389 

underwent its merger on 20 May (Fig. 15c) with the latter signal “H” that 390 

was weakening in traveling eastward over the mid-latitude Pacific. The 391 
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merged signal developed further until it reached the Gulf of Alaska (Fig. 15b 392 

to 15a). As discussed above, the impact signal of the extra in-situ 393 

observations conducted over the Kuroshio has been identified in the forecast 394 

experiment as strengthening of synoptic-scale cyclones. This signal can also 395 

be traced as high isentrophic potential vorticity on the 315-K surface (not 396 

shown), which was situated at the 500-hPa level around 40°N and the 397 

300-hPa level around 55°N.  398 

The above findings can be confirmed by a simple sensitivity analysis as 399 

explained in section 2.4 that was based on a set of the ensemble forecast 400 

experiments. The verification domain for this analysis was set to the Gulf of 401 

Alaska (135°W-150°W, 40°N-60°N). The domain is marked with the red 402 

rectangle in Fig. 16a, which shows the sum of the 10-leading modes of the 403 

initial norm ‖ ‖  (sensitivity defined in (1)) calculated from the OSE-F 404 

experiment at 1800 UTC on 21 May. The accumulated contribution rate by 405 

the 10-leading modes was 79.8%. As shown in Fig. 16a, the sensitivity 406 

evaluated for normalized initial perturbations was particularly large to the 407 

north of Kamchatka, around the Aleutian Islands, and in subtropical areas 408 

around 165°E and 135°W. The forecast around the Gulf of Alaska exhibited 409 
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high correlation with the initial states in these areas, but the actual 410 

differences of the initial values between the CTL-F and OSE-F experiments, 411 

ydif, were small in magnitude in these areas (Fig. 16b). Both the sensitivity 412 

and the initial value differences have to be large within a given domain, in 413 

order to exert a large impact on a forecast in the verification domain. Figure 414 

16c shows the inner product of Fy in (2) and ydif, 〈 , 〉, where positive 415 

(negative) values mean that a difference in the initial state at a given 416 

location tends to lead to the strengthening (weakening) of the cyclone in the 417 

Gulf of Alaska at the forecast time. It is evident in Fig. 16b-c that the 418 

differences in the initial state were particularly large around the Alaska 419 

Peninsula and east of Japan and they contributed to the enhanced 420 

development of the particular cyclone in the forecast.  421 

 422 

5. Summary 423 

In this study, the OSEs were conducted by assimilating the extra 424 

radiosonde data over the Kuroshio or the KE to investigate how the impact of 425 

those extra observations propagates over the North Pacific. Although no 426 

direct assessment of diabatic heating caused by the particular warm current 427 
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has been done, this study helps us gain some insight into the remote 428 

influence of the Kuroshio or its Extension on the atmosphere. The OSEs 429 

were performed for the two different conditions in the same Baiu season: 430 

mid-May and the beginning of July in 2012. In the former period just after 431 

the Baiu onset in the Okinawa and Amami regions, the special radiosonde 432 

observations were carried out around the Kuroshio in the ECS. In the latter 433 

period in the late Baiu season, as many as 233 radiosondes were launched 434 

over the KE over five and a half days. These extra radiosonde data were not 435 

sent to the GTS and therefore not utilized in any operational weather 436 

forecast system. We compared the assimilated products with and without 437 

those extra radiosonde data for assessing their impacts. 438 

In the case of May, the STJ was strong over the ECS and extending 439 

eastward over the mid-latitude North Pacific. As illustrated in Fig. 17, the 440 

impact signal of the extra in-situ observations that emerged over the ECS on 441 

15 May quickly propagated eastward with a speed of approximately 45 m s-1 442 

in the upper troposphere. This fast evolution was mainly due to the advective 443 

effects by the strong STJ, including the propagation of a Rossby wave packet. 444 

This impact signal thus traveled across the Pacific basin only within two 445 
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days. On the other hand, in the lower troposphere, the DTE and difference in 446 

geopotential height that emerged over the ECS propagated northeastward 447 

with a surface depression with slower speed than in the upper troposphere. 448 

As a result of these effects, another cyclone in the Gulf of Alaska was slightly 449 

reinforced in the OSE run on 21 May. 450 

In the case of July, the propagation of the impact signals was slower than 451 

in the case of May due to the weakened STJ, especially east of Japan. The 452 

impact of the extra in-situ observations around the KE in the assimilation 453 

tended to be confined into the western North Pacific. Still, there is a case 454 

where the decrease of geopotential height in the lower troposphere as an 455 

impact of the extra observations reaches the Gulf of Alaska even in July. 456 

To further investigate how the extra observational data in the 457 

assimilation in the case of May can remotely influence the pressure field over 458 

the Gulf of Alaska, forecast experiments were performed with two different 459 

initial conditions at 1200 UTC on 18 May: one obtained from the analyses of 460 

the OSE run and the other from the CTL run in which none of the extra 461 

in-situ observations was included. Each of the forecast experiments was 462 

found to underestimate the strength of the cyclone over the Gulf of Alaska 463 
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and displace its center somewhat westward. However, the predicted central 464 

pressure was less underestimated in the experiment into which the extra 465 

observations were incorporated as the initial condition. As illustrated in Figs. 466 

15 and 17, the difference in geopotential height predicted over the Gulf of 467 

Alaska on 21 May was traced back to the west of the Alaska Peninsula and to 468 

east of Japan on 18 May. The former resulted from the propagation of the 469 

impact signals “A” and “C”, and the latter originated from the impact signal 470 

“B”. The impacts of the extra in-situ observations that emerged at different 471 

times merged together and acted to reinforce the cyclone over the Gulf of 472 

Alaska. 473 

Our study has shown that the impacts of the assimilated extra in-situ 474 

observations over the Kuroshio or KE current can affect a cyclone 475 

development over the Gulf of Alaska more evidently in May than in July, 476 

which is probably due to the stronger STJ in May. The purpose of this case 477 

study was to illustrate one of the possible propagation patterns of 478 

perturbations over the Kuroshio or KE, rather than to indicate the 479 

importance of routine radiosonde observations there for operational weather 480 

forecasts. And there are still some questions left. Although the contributions 481 
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from Rossby wave packets to the impact propagation were not necessarily 482 

marked in the two cases we analyzed, for example, there may be other cases 483 

where those wave packets can play a more important role in the downstream 484 

spread of the impacts. Furthermore, an assessment is required on the remote 485 

influences of diabatic heating caused by the WBCs or eddies in various 486 

circumstances. 487 
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 647 

Figure 1. Locations of radiosonde observations (dots) (a) in the ECS in May 648 

2012, and (b) in the KE in July 2012. Black rectangular domains in (a) and 649 

(b) indicate the analysis areas for Figs. 3 and 12, respectively. Contours and 650 

color show daily optimum interpolation SSTs (Reynolds et al. 2007) on (a) 16 651 

May, and on (b) 4 July. The intervals of thin and bold contours are 1 °C and 652 

5 °C, respectively. Thin blue line on the dots in (a) shows the cruise track of 653 

R/V Nagasaki-maru. 654 

 655 

Figure 2. (a) Equivalent potential temperature (colored, K) and wind velocity 656 

(arrows), (b) ocean temperature observed with XBTs (colored, °C), (c) SST 657 

(red) and near-surface air temperature (blue), and (d) sea level pressure 658 

observed during the R/V Nagasaki-maru cruise on 15-17 May 2012. Scaling 659 
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for the arrows (50 m s-1) is given near the upper-right corner of (a). An arrow 660 

pointing upward (rightward) indicates a southerly (westerly) wind. The 661 

cruise track is shown in Fig.1a. The vessel traversed the Kuroshio 662 

southward. 663 

 664 

Figure 3. Time-vertical sections of the differences (OSE minus CTL; colored) 665 

in (a) geopotential height (m), (b) zonal wind velocity (m s-1), and (c) 666 

meridional wind velocity (m s-1) averaged within the rectangular domain 667 

indicated in Fig. 1a, for the period from 0000UTC on 15 May to 0000UTC on 668 

19 May 2012. Black contours represent (a) height anomaly (every 10m; 669 

dashed lines for negative values) from the 4-day averages at individual levels, 670 

(b) zonal wind velocity (every 2.0 m s-1; dashed lines for the easterlies) and (c) 671 

meridional wind velocity (every 2.0 m s-1; dashed lines for the northerlies) in 672 

the CTL run within the same rectangular domain. Bold white and black 673 

contours denote zero. (d) DTE (m2 s-2) averaged over the rectangle domain. 674 

Labels “A” and “B” designate groups of the impact signals (see text and Figs. 675 

5 and 7). 676 

 677 
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Figure 4. Weather charts at 0000 UTC on (a) 16, (b) 17, and (c) 18 May 2012 678 

provided by the Japan Meteorological Agency. 679 

 680 

 681 

Figure 5. (a-g) 300-hPa DTE (colored, m2 s-2) and geopotential height 682 

(contoured for every 100m; bold lines for 9500m), and (h-n) 300-hPa wave 683 

activity flux (blue arrows) and height anomalies (every 50m; dashed lines for 684 

negative values and bold lines for zero) from the average for May 2012, 685 

shown every 12 hours from 1200 UTC on 15 May. On each of the left panels, 686 

the zonally elongated domain between two dashed lines denotes the analysis 687 

domain for Fig. 7. Labels “A”, “B”, and “C” designate groups of the impact 688 

signals (see text and Figs. 3 and 7). Scaling for the arrows (200 m2 s-2) is 689 

given near the lower-right corner in each panel. 690 

 691 

Figure 6. Meridional sections of zonal wind velocity in the CTL run along 692 

127.5°E at 0000 UTC on 17 May 2012. Contoured for every 5 m s-1; bold lines 693 

for 0 and 50 m s-1, and dashed lines for the easterlies. 694 

 695 



40 
 

Figure 7. (left) Hovmöller diagrams of DTE (m2 s-2) for (a) 300 hPa and (b) 696 

700 hPa, averaged meridionally between the dashed lines in Fig. 5. (right) 697 

Hovmöller diagrams of the difference (OSE minus CTL) of geopotential 698 

height (m) at (c) 300 hPa and (d) 700 hPa, plotted without data at 0600 and 699 

1800 UTC. Bold white contour denotes zero. Red vertical line indicates the 700 

radiosonde observation period. DTEs labeled with “A”, “B”, and “C” 701 

correspond to those in Figs. 3 and 5. 702 

 703 

Figure 8. SLP difference (hPa; colored) averaged from 0000 to 1800 UTC on 704 

21 May 2012 (a) between the assimilation experiments (OSE minus CTL) 705 

and (b) between the forecast experiments (OSE-F minus CTL-F). SLPs in the 706 

(a) CTL and (b) CTL-F experiments are contoured for every 4 hPa (bold lines 707 

for 1000 and 1020 hPa). 708 

 709 

Figure 9. (a) Tracks of the center (minimum SLP) of a particular cyclone 710 

moving into the Gulf of Alaska on 21 May 2012, based on the CTL (black 711 

solid), CTL-F (blue dashed) and OSE-F (red dashed) experiments. The 712 

cyclone position in the OSE is almost the same as in the CTL. For each of the 713 



41 
 

experiments the cyclone centers at 0000 UTC on 19, 20, 21 and 22 May are 714 

plotted, in addition to the center at 0600 UTC on 18 May for the CTL (the 715 

westernmost circle). (b) Time series of SLP (hPa) of the cyclone center. Bold 716 

dashed, bold solid, thin dashed, and thin solid lines represent the CTL, OSE, 717 

CTL-F, and OSE-F experiments, respectively. 718 

 719 

Figure 10. (a) As in Fig. 6, but for 142.5°E at 0000 UTC on 2 July 2012, based 720 

on the CTL run. (b) 300-hPa zonal wind velocity (colored, m s-1) averaged 721 

between 0000 UTC on 3 July and 1800 UTC on 6 July. Zonally elongated 722 

domain between the two dashed lines denotes the analysis domain for Fig. 723 

14. 724 

 725 

Figure 11. Weather charts at 0000 UTC on 2 July 2012 provided by the 726 

Japan Meteorological Agency. 727 

 728 

Figure 12. As in (a) Fig. 3a and (b) Fig. 3d, respectively, but the period from 729 

0000 UTC on 1 July to 0000UTC on 9 July 2012 and based on the averages 730 

within the rectangular domain shown in Fig. 1b. 731 
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 732 

Figure 13. As in the left panels of Fig. 5, but for the period from 1 to 8 July 733 

2012 every 24 hours. The two dashed lines define the analysis area for Fig. 734 

14. Labels “D” and “E” designate groups of the impact signals (see text and 735 

Fig. 14). 736 

 737 

Figure 14. (a-c) As in Fig. 7a, 7b and 7d respectively, but for the period from 1 738 

to 9 July 2012, as the meridional average between the dashed lines shown in 739 

Fig. 13. Dashed lines highlight the propagation of the lowering of 740 

lower-tropospheric geopotential height due to the extra in-situ observations, 741 

the period of which is shown as red vertical lines. Labels “D”, “E”, and “F” 742 

designate groups of the impact signals (see text and Fig. 13). 743 

 744 

Figure 15. Difference (OSE-F minus CTL-F) in 500-hPa height (m; colored) 745 

and SLP in the CTL-F experiment (hPa; contoured for every 4 hPa; bold lines 746 

for 1000 and 1020hPa) at 12-hour intervals retrogressively from 1200 UTC 747 

on 21 May 2012 to 1200 UTC on 18 May. Bold white contour denotes the zero 748 

difference. Dashed lines with labels “G”, and “H” trace the negative 749 
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difference in geopotential height (see also text). 750 

 751 

Figure 16. (a) Sensitivity in terms of the vertically averaged dry total energy 752 

norm, ‖ ‖ , (as the sum of the 10-leading modes) at the initial time, 1200 753 

UTC on 18 May 2012, calculated from the OSE-F at 1800 UTC on 21 May. 754 

The verification domain is marked with a red rectangle. This sensitivity is 755 

dimensionless since the initial perturbations have been normalized. (b) 756 

Norm of the differences of the initial values between the CTL-F and the 757 

OSE-F,  (m2 s-2). (c) Inner product of Fy and ydif, 〈 , 〉, whose 758 

positive (negative) values indicate the strengthening (weakening) a cyclone 759 

in the verification domain at the forecast time. Contours in each of the 760 

panels represent SLP in the OSE-F (every 4 hPa; bold lines for 1000 and 761 

1020 hPa). See text for more details. 762 

 763 

Figure 17. Schematic picture of the propagation of the impact signals from 764 

the ECS to the Gulf of Alaska in the case of mid-May 2012. 765 

  766 
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Table 1. Infomation of radiosonde observations. 767 

 Date and time of 
launch (UTC) 

Latitude and 
longitude  

Number of 
observations 

Period 1 0910 on 15 May to 
1355 on 17 May 

32°34’N, 129°06’E to 
27°07’N, 127°49’E 

36 

Period 2 1400 on 1 July to 
2200 on 6 July 

35°15’N, 143°00’E to 
37°30’N, 143°00’E 

233 
 

 768 



Figure 1. Locations of radiosonde observations (dots) (a) in the ECS in May 2012, and (b) in the KE in July 2012.
Black rectangular domains in (a) and (b) indicate the analysis areas for Figs. 3 and 12, respectively. Contours
and color show daily optimum interpolation SSTs (Reynolds et al. 2007) on (a) 16 May, and on (b) 4 July. The
intervals of thin and bold contours are 1°C and 5°C, respectively. Thin blue line on the dots in (a) shows
the cruise track of R/V Nagasaki-maru. 1



Figure 2. (a) Equivalent potential temperature (colored, K) and wind velocity (arrows), (b) ocean 
temperature observed with XBTs (colored, °C), (c) SST (red) and near-surface air temperature 
(blue), and (d) sea level pressure observed during the R/V Nagasaki-maru cruise on 15-17 May 
2012. Scaling for the arrows (50 m s-1) is given near the upper-right corner of (a). An arrow pointing 
upward (rightward) indicates a southerly (westerly) wind. The cruise track is shown in Fig.1a. The 
vessel traversed the Kuroshio southward.

2



Figure 3. Time-vertical sections of the differences (OSE minus CTL; colored) in (a) geopotential
height (m), (b) zonal wind velocity (m s-1), and (c) meridional wind velocity (m s-1) averaged
within the rectangular domain indicated in Fig. 1a, for the period from 0000UTC on 15 May to
0000UTC on 19 May 2012. Black contours represent (a) height anomaly (every 10m; dashed lines
for negative values) from the 4-day averages at individual levels, (b) zonal wind velocity (every
2.0 m s-1; dashed lines for the easterlies) and (c) meridional wind velocity (every 2.0 m s-1;
dashed lines for the northerlies) in the CTL run within the same rectangular domain. Bold white
and black contours denote zero. (d) DTE (m2 s-2) averaged over the rectangle domain. Labels “A”
and “B” designate groups of the impact signals (see text and Figs. 5 and 7).
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Figure 4. Weather charts at 0000 UTC on (a) 16, (b) 17, and (c) 18 May 2012 provided by
the Japan Meteorological Agency.
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Figure 5. (a-g) 300-hPa DTE (colored, m2 s-2) and geopotential height (contoured for every 100m;
bold lines for 9500m), and (h-n) 300-hPa wave activity flux (blue arrows) and height anomalies
(every 50m; dashed lines for negative values and bold lines for zero) from the average for May 2012,
shown every 12 hours from 1200 UTC on 15 May. On each of the left panels, the zonally elongated
domain between two dashed lines denotes the analysis domain for Fig. 7. Labels “A”, “B”, and “C”
designate groups of the impact signals (see text and Figs. 3 and 7). Scaling for the arrows (200 m2 s-2)
is given near the lower-right corner in each panel.



Figure 6. Meridional sections of zonal wind velocity in the CTL run along 127.5°E at 0000 UTC
on 17 May 2012. Contoured for every 5 m s-1; bold lines for 0 and 50 m s-1, and dashed lines
for the easterlies.
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Figure 7. (left) Hovmöller diagrams of DTE (m2 s-2) for (a) 300 hPa and (b) 700 hPa, averaged
meridionally between the dashed lines in Fig. 5. (right) Hovmöller diagrams of the difference (OSE
minus CTL) of geopotential height (m) at (c) 300 hPa and (d) 700 hPa, plotted without data at 0600
and 1800 UTC. Bold white contour denotes zero. Red vertical line indicates the radiosonde
observation period. DTEs labeled with “A”, “B”, and “C” correspond to those in Figs. 3 and 5.
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Figure 8. SLP difference (hPa; colored) averaged from 0000 to 1800 UTC on 21 May 2012 (a)
between the assimilation experiments (OSE minus CTL) and (b) between the forecast experiments
(OSE-F minus CTL-F). SLPs in the (a) CTL and (b) CTL-F experiments are contoured for every 4 hPa
(bold lines for 1000 and 1020 hPa).
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Figure 9. (a) Tracks of the center (minimum SLP) of a particular cyclone moving into the Gulf of
Alaska on 21 May 2012, based on the CTL (black solid), CTL-F (blue dashed) and OSE-F (red
dashed) experiments. The cyclone position in the OSE is almost the same as in the CTL. For each
of the experiments the cyclone centers at 0000 UTC on 19, 20, 21 and 22 May are plotted, in
addition to the center at 0600 UTC on 18 May for the CTL (the westernmost circle). (b) Time
series of SLP (hPa) of the cyclone center. Bold dashed, bold solid, thin dashed, and thin solid lines
represent the CTL, OSE, CTL-F, and OSE-F experiments, respectively.
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Figure 10. (a) As in Fig. 6, but for 142.5°E at 0000 UTC on 2 July 2012, based on the CTL run. (b)
300-hPa zonal wind velocity (colored, m s-1) averaged between 0000 UTC on 3 July and 1800 UTC
on 6 July. Zonally elongated domain between the two dashed lines denotes the analysis domain
for Fig. 14.
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Figure 11. Weather charts at 0000 UTC on 2 July 2012 provided by the Japan Meteorological 
Agency.
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Figure 12. As in (a) Fig. 3a and (b) Fig. 3d, respectively, but the period from 0000 UTC on 1 July
to 0000UTC on 9 July 2012 and based on the averages within the rectangular domain shown in
Fig. 1b.
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Figure 13. As in the left panels of Fig. 5, but for the period from 1 to 8 July 2012 every 24 hours.
The two dashed lines define the analysis area for Fig. 14. Labels “D” and “E” designate groups of
the impact signals (see text and Fig. 14).
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Figure 14. (a-c) As in Fig. 7a, 7b and 7d respectively, but for the period from 1 to 9 July 2012, as
the meridional average between the dashed lines shown in Fig. 13. Dashed lines highlight the
propagation of the lowering of lower-tropospheric geopotential height due to the extra in-situ
observations, the period of which is shown as red vertical lines. Labels “D”, “E”, and “F” designate
groups of the impact signals (see text and Fig. 13).
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Figure 15. Difference (OSE-F minus CTL-F) in 500-hPa height (m; colored) and SLP in the CTL-F
experiment (hPa; contoured for every 4 hPa; bold lines for 1000 and 1020hPa) at 12-hour intervals
retrogressively from 1200 UTC on 21 May 2012 to 1200 UTC on 18 May. Bold white contour denotes
the zero difference. Dashed lines with labels “G”, and “H” trace the negative difference in
geopotential height (see also text). 15



Figure 16. (a) Sensitivity in terms of the vertically averaged dry total energy norm, , (as the
sum of the 10-leading modes) at the initial time, 1200 UTC on 18 May 2012, calculated from the
OSE-F at 1800 UTC on 21 May. The verification domain is marked with a red rectangle. This
sensitivity is dimensionless since the initial perturbations have been normalized. (b) Norm of the
differences of the initial values between the CTL-F and the OSE-F, (m2 s-2). (c) Inner product
of Fy and ydif, , , whose positive (negative) values indicate the strengthening (weakening) a
cyclone in the verification domain at the forecast time. Contours in each of the panels represent
SLP in the OSE-F (every 4 hPa; bold lines for 1000 and 1020 hPa). See text for more details.
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Figure 17. Schematic picture of the propagation of the impact signals from the ECS to the Gulf
of Alaska in the case of mid-May 2012.
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