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Abstract 2 

 3 

  Rapid scan atmospheric motion vectors (RS-AMV) were derived with an algorithm 4 

developed by the Meteorological Satellite Center of the Japan Meteorological Agency 5 

(JMA) from Himawari-8 rapid scan imagery over the area around Japan. They were 6 

computed every 10 min for seven different channels, namely, the visible channel (VIS), 7 

near infrared and infrared channels (IR), three water vapor absorption channels (WV), and 8 

CO2 absorption channel (CO2), from image triplets with time intervals of 2.5 min for VIS and 9 

5 min for the other six channels. In June 2016, the amount of data was increased by more 10 

than 20 times compared to the number of routinely used AMVs. To exploit these 11 

high-resolution data in mesoscale data assimilation for the improvement of short-range 12 

forecasts, data verification and assimilation experiments were conducted. The RS-AMVs 13 

were of sufficiently good quality for assimilation and consistent overall with winds from 14 

JMA’s mesoscale analyses, radiosonde, and wind profiler observations. Errors were slightly 15 

larger in WV than in VIS and IR channels. Significant negative biases relative to sonde 16 

winds were seen at high levels in VIS, IR, and CO2, while slightly positive biases were 17 

noticeable in WV at mid- to high levels. Data assimilation experiments with the JMA’s 18 

non-hydrostatic model based Variational Data Assimilation System (JNoVA) on a cold 19 

vortex event in June 2016 were conducted using RS-AMVs from seven channels. The wind 20 

forecasts improved slightly in early forecast hours before 12 hours in northern Japan, over 21 

which the vortex passed during the assimilation period. They also showed small 22 

improvement at low levels when averaged over the whole forecast period. The results 23 

varied slightly depending on the channels used for assimilation, which might be caused by 24 

different error characteristics of RS-AMVs in different channels. 25 

Keywords Himawari-8; rapid scan; atmospheric motion vectors; data assimilation 26 
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1. Introduction 27 

  Atmospheric motion vectors (AMV) are wind vectors derived by tracking the spatial 28 

distributions of clouds and water vapor in consecutive satellite images. They have been 29 

used in operational numerical weather prediction (NWP) systems around the world since as 30 

early as the 1970s (Menzel 2001). With their good coverage, AMVs have been proven 31 

useful for identifying synoptic air flows, including over the ocean where other observational 32 

data are comparatively scarce. The Meteorological Satellite Center (MSC) of the Japan 33 

Meteorological Agency (JMA) began routinely computing AMVs by using imagery from their 34 

first geostationary meteorological satellite in 1978, and the JMA started to use them in their 35 

NWP system the next year. Advances in both satellites and NWP systems over the years 36 

have made more highly spatial and temporal AMV datasets available for assimilation into 37 

operational NWP systems with finer model resolutions. AMVs are considered to be useful 38 

for representing local-scale flow in mesoscale systems as well as synoptic winds in global 39 

systems (Bedka and Mecikalski 2005; Velden et al. 2005; Bedka et al. 2009). Now that 40 

recent satellites such as Himawari and the Geostationary Operational Environment Satellite 41 

(GOES) series are operated in rapid scan (RS) mode, the possibility of producing even 42 

higher resolution AMVs is expanding. 43 

  The benefits of reducing the time interval between images for computing AMVs have 44 

been discussed in earlier studies (Rodgers 1979; Johnson and Suchman 1980; Saito and 45 

Takano 1986; Uchida et al. 1991; Velden et al. 2005). The major advantages of RS-AMVs 46 

found in these studies include an increase in the number of data points, especially at low 47 

levels, and the possibility of depicting wind fields near targeted tropical cyclones (TC) or 48 

front systems in greater detail; thus, they have been considered favorably for dealing with 49 

such mesoscale phenomena. Among recent studies that use RS imagery from 50 

multi-functional transport satellites (MTSAT-1R and 2R), Oyama et al. (2016) showed that 51 

upper tropospheric AMVs can be used to detect TC intensification, and Hamada and 52 
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Takayabu (2016) estimated vertical velocities at the convective cloud top. 53 

  Furthermore, attempts to assimilate high-resolution RS-AMVs into NWP systems to 54 

improve forecasts of tropical cyclones have been getting more attention. Some studies 55 

using GOES RS-AMVs for assimilation showed improvement in forecasts of TC track or 56 

intensity (Langland et al. 2009; Velden et al. 2017; Wu et al. 2015). Berger et al. (2011) and 57 

Wu et al. (2014; 2015) investigated the impact of assimilating enhanced AMVs processed 58 

by the Cooperative Institute for Meteorological Satellite Studies (CIMSS, University of 59 

Wisconsin–Madison) from MTSAT RS imagery obtained for the THORPEX Pacific Asian 60 

Regional Campaign in 2008 (Nakazawa et al. 2010).  61 

  MTSATs, the former geostationary satellite series before Himawari-8 and -9, conducted 62 

RS operations during the THORPEX campaign, daytime during the summers of 2011–2014, 63 

and during some other periods, and RS-AMVs were produced accordingly by MSC. 64 

Yamashita (2010) performed assimilation experiments for typhoon cases with MTSAT 65 

RS-AMVs during the THORPEX campaign using the global and mesoscale operational 66 

NWP systems of the JMA and found positive impacts on track forecasts. MTSAT RS-AMVs 67 

derived from three images at 5-min intervals proved to be useful in global and mesoscale 68 

assimilation and typhoon analyses in some studies: Yamashita (2012) reported some 69 

improvement in rainfall and typhoon intensity forecasts by assimilating such RS-AMVs into 70 

JMA’s operational mesoscale NWP system. Otsuka et al. (2015) conducted assimilation 71 

experiments of a heavy rainfall event associated with a stationary front and found a slight 72 

positive impact on precipitation forecasts. 73 

  Since July 2015, with additional varieties of channels and improved sensor performance, 74 

Himawari-8 has been able to produce higher resolution AMVs such as hourly computed 75 

AMVs from 10 min full disk scans for routinely operated NWP systems (RTN-AMV) and 76 

RS-AMVs from 2.5 min rapid scans. Assimilation of Himawari-8 RTN-AMVs into the JMA’s 77 

operational global and mesoscale NWP systems positively impacted analyses and 78 
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improved typhoon and rainfall forecasts (Yamashita 2016). The assimilation of Himawari-8 79 

RS-AMVs by an ensemble Kalman filter implemented with a mesoscale regional model 80 

improved precipitation forecast scores for a heavy rainfall event (Kunii et al. 2016) and wind 81 

forecasts in another case study (Otsuka et al. 2016). While these results suggest that the 82 

impacts of Himawari-8 RS-AMVs on mesoscale forecasts are positive and promising, they 83 

still seem to be case dependent, since there is no established method for making better use 84 

of such a large amount of high-resolution RS-AMV data and their data representativeness 85 

and error characteristics are not sufficiently taken into account. It is necessary to 86 

understand more about the features and qualities of RS-AMV data before developing 87 

optimal methods for data selection, data thinning, quality control, and other pre-processing 88 

procedures to utilize them more efficiently in a mesoscale NWP system. In addition to the 89 

increase in resolution and frequency, Himawari-8 RS-AMVs are available in more channels 90 

than MTSAT RS-AMVs, including the two new water vapor channels (WV) and the CO2 91 

absorption channel (CO2). The data characteristics of RS-AMVs in each channel had not 92 

yet been fully examined in the previous studies. We also need to study the characteristics 93 

of different channels and provide useful information so as to better handle these 94 

multi-channel RS-AMVs in the assimilation system. 95 

The purpose of this study was to clarify data characteristics of RS-AMVs in terms of their 96 

use in mesoscale data assimilation for the improvement of short-range forecasts. First, their 97 

data quality and observation error characteristics were examined based on the statistics of 98 

the differences from JMA mesoscale analyses, radiosonde and wind profiler observations, 99 

and JMA non-hydrostatic model (JMA-NHM; Saito et al. 2006) forecasts. Next, assimilation 100 

experiments were conducted for a mesoscale cold vortex event to investigate the impacts 101 

of RS-AMVs on the analyses and forecasts and to see how the data characteristics were 102 

reflected in the results of the assimilation.  103 

  The rest of the paper is structured as follows: Section 2 describes the data verification 104 
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and error characteristics of RS-AMVs, Section 3 describes the assimilation experiments, 105 

and Section 4 provides discussion. Finally we present our conclusions in Section 5. 106 

 107 

2. Verification and error characteristics of RS-AMVs 108 

2.1 Data verification 109 

a. Data and methods 110 

  Himawari-8 RS-AMVs were derived from image triplets at 2.5-min intervals for the visible 111 

(VIS) channel, and at 5-min intervals for the near-infrared and infrared (IR) channels, three 112 

WV channels, and the CO2 channel, extracted from 2.5 min rapid scan observations over 113 

two rectangular areas around Japan (Fig. 1). They were computed every 10 min for each of 114 

the seven channels of the Advanced Himawari Imager (AHI) using the same AMV software 115 

as used for RTN-AMVs, which was developed to adapt to the high spectral, spatial, and 116 

temporal resolution of the AHI (Shimoji 2014). Figure 2 shows the number of RS-AMVs by 117 

pressure level for the month of June 2016. As mentioned in Shimoji and Nonaka (2016), 118 

improvements in cloud feature tracking and cloud height assignment methods in the 119 

software and the increased number of channels enabled Himawari-8 to produce many 120 

more low- and middle-level winds as well as additional high-level winds than previous 121 

satellites. It should be noted that low-level winds over land finally became available 122 

because the high resolution of the AHI made it possible to distinguish cloud movements 123 

from land features. The horizontal resolution of the RS-AMV dataset was about 0.04º in 124 

latitude and longitude, and the target box size used for cloud tracking in the computation 125 

was 5 pixels x 5 pixels. The total number of data for the month was more than 20 times the 126 

number of RTN-AMVs, owing to the higher space and time resolution of the RS-AMV data. 127 

  Because each channel of the AHI has a unique specification and sensitivity to 128 

atmospheric conditions as described in Bessho et al. (2016), RS-AMVs of different 129 

channels are expected to represent wind fields with different horizontal scales and at 130 
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different heights. For example, high clouds such as cirrus or water vapor features with 131 

relatively large horizontal scale are tracked in mid- to upper air in IR or WV for the retrieval 132 

of AMVs, while local cumulus clouds are targeted in VIS and IR at low levels. It is necessary 133 

to understand their data characteristics before putting them to use for assimilation. As 134 

shown in Table 1, RS-AMVs were computed in seven channels: VIS with the highest spatial 135 

resolution of 0.5 km (B03), IR included in the short-wave infrared band (B07) and the 136 

infrared band (B13), WV in the water vapor absorption bands (B08, B09, and B10), and 137 

CO2 in the CO2 absorption band (B16). AMVs have been computed in almost the same 138 

bands as B03, B07, B08, and B13 since the MTSAT series, while B09, B10, and B16 are 139 

entirely new for AMV retrieval. WV AMVs were obtained only in cloudy conditions, so they 140 

were supposed to track cloud tops similarly to high-level IR winds (Velden et al. 1997). CO2 141 

AMVs also track clouds since CO2 is normally well mixed in the troposphere. Though CO2 142 

band is often used in height assignment as auxiliary information, it seems convenient for 143 

tracking because land features are not so apparent at low levels in its imagery and tracking 144 

features are more recognizable at high levels than in those of WVs. 145 

The RS-AMV datasets were compared with the JMA’s Mesoscale Analysis (MA) and 146 

upper-air observational data for the month of June 2016. Figure 3 maps out the GPS 147 

radiosonde and wind profiler (WPR) stations in the JMA’s upper-air observation network 148 

used for the comparisons. The distance between a pair of compared observations was 149 

within 150 km horizontally, 25 hPa vertically, and 1.5 hours in time for sonde observations 150 

following the recommendation of the Coordination Group for Meteorological Satellites 151 

(Schmetz et al. 1999). Moreover, WPR observations used for comparison were within 50 152 

km, 10 hPa, and 10 min, respectively. The statistical analysis for the verification was 153 

separately made for each group of three different height classes: low (below 700 hPa 154 

pressure level), middle (700–400 hPa), and high (above 400 hPa) levels. 155 

 156 
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b. Results of verification 157 

  First, RS-AMVs were compared with MA at the nearest grids. Table 2 shows the 158 

differences (RS-AMV minus MA) averaged over the entire month of June 2016. The root 159 

mean square vector differences (RMSVD) in the VIS and IR (B03, B07, and B13) channels 160 

were around 3.4–4.6 m s–1 at low levels, 4.5–4.8 m s–1 at mid-levels, and 5.4–5.6 m s–1 at 161 

high levels. They were somewhat smaller compared to those in the WV channels (B08, B09, 162 

and B10) at mid- or high levels. The root mean square differences (RMSD) for the u- and 163 

v-components and wind speed were also slightly larger in WV than in the VIS and IR 164 

channels, and slight positive biases were noticeable in the mean differences (MD) for wind 165 

speed in B08 and B09. B10 showed the smallest differences among the three WV channels. 166 

As for the CO2 channel, its low-level winds had larger RMSVDs and RMSDs compared to 167 

VIS and IR, while its errors for mid- and high level winds were comparable to VIS and IR 168 

and smaller than the WV channels.   169 

  The comparisons with sonde observations (Table 3) showed similar results, with slightly 170 

larger RMSVDs and RMSDs in the WV channels than in the VIS, IR, and CO2 channels. In 171 

contrast to the results of the comparison with MA, MDs of the u-component and wind speed 172 

suggested that RS-AMVs in VIS and IR had significant negative biases above mid-level. 173 

High-level winds in CO2 also showed a slight negative bias. Furthermore, in the WV 174 

channels, slight positive biases were seen at high levels in B08 and at mid-level in B09 and 175 

B10. Low-level winds in VIS and IR showed slight positive biases, which were not distinctly 176 

seen in the comparison with MA.  177 

  With their higher spatial and temporal data resolutions than sonde observations, WPR 178 

observations could validate many more local winds at low level. Table 4 shows the 179 

differences of low-level RS-AMVs in the VIS, IR, and CO2 channels from WPR observations. 180 

Overall they appear consistent except for a slight negative bias in the u-component and 181 

wind speed of B16. RMSVD, RMSDs, and MDs were smallest in the VIS channel, as 182 
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expected, because it has the highest spatial and temporal resolutions of all the channels. 183 

The positive wind speed biases that were seen in the comparison with sonde low-level 184 

winds in VIS and IR were not recognized in the comparison with WPR observations.  185 

  In summary, the quality of Himawari-8 RS-AMVs is sufficient for assimilation. The VIS 186 

and IR channels that were inherited from the MTSAT series proved to produce better 187 

RS-AMVs than the WV channels including the two new channels (B09 and B10) in terms of 188 

consistency with MA, sonde, and WPR observations; however, negative biases against 189 

sonde observations above mid-level were significant. In fact, this negative trend has been a 190 

well-known issue in AMV communities for many years (Schmetz et al. 1993; Velden and 191 

Bedka 2009); it has been considered due to either height assignment errors or target 192 

tracking errors, especially in and near jet streams, and was recognized in MTSAT-1 193 

RS-AMV as well (Otsuka et al. 2015). Although Shimoji and Nonaka (2016) reported that 194 

the negative biases against sonde were somehow alleviated in Himawari-8 RTN-AMVs 195 

compared to MTSAT RTN-AMVs, the same trend was still found. The reason why they were 196 

not conspicuous in the comparison with the MA may be that RTN-AMVs were already 197 

assimilated during the construction of the MA. Velden and Bedka (2009) showed that errors 198 

associated with height assignment contributed an important part of AMV data uncertainties 199 

by comparing with collocated rawinsonde profiles. It was found that many AMVs in the 200 

location of the jet stream were assigned to higher than the level of best fit determined with 201 

the rawinsonde collocation. The similar issues of the height assignment uncertainties and 202 

the vertical representativeness were addressed in other studies as well by using 203 

space-borne lidar observations (Weissmann et al. 2013; Folger and Weissmann 2014; 204 

Folger and Weissmann 2016) or simulated AMVs (Hernandez-Carrascal and Bormann 205 

2014; Lean et al. 2015). In contrast to IR channels, WV channels, B08 in particular tended 206 

to show positive bias above mid-level. Velden et al. (1997) reported that WV high level 207 

winds were similar to those of IR, but exhibit slightly lower heights because of the spectral 208 



 

9 

response functions. This may partly explain the bias difference between IR and WV. 209 

Another new channel, CO2, also seemed to produce winds of good quality comparable to 210 

those of VIS and IR except at low level. Low-level winds in VIS and IR, including those over 211 

land areas, were in good agreement with WPR, so that they could possibly capture 212 

characteristic wind features near the surface that are useful for mesoscale prediction. It 213 

should be noted that low-level winds in B03 were of better quality than other winds, 214 

probably because that channel has the highest resolution in both space and time. 215 

We applied the same kind of statistical analysis to RTV-AMVs and found that the 216 

tendency and magnitude of the differences from MA and upper-air observations for each 217 

channel were similar to those of RS-AMVs regardless of their differences in temporal 218 

resolution (not shown). This result means that the characteristics of AMVs found in the data 219 

originated from the AHI specifications as well as from the new retrieval algorithm (Shimoji 220 

2014). The advantages of using a 2.5 min rapid scan over the routine 10-min scan for AMV 221 

retrieval seemed to be in the increased number of data and higher density and frequency 222 

rather than the data quality. 223 

 224 

2.2 Inter-channel observation error correlation 225 

a. Data and method 226 

  We estimated the inter-channel correlation of observation errors of RS-AMV based on 227 

first-guess departure (RS-AMVs minus NHM first-guess winds) statistics by using the 228 

so-called Hollingsworth-Lönnberg method (Bormann and Bauer 2010; Waller et al. 2016). 229 

This method is limited in its ability to estimate accurately observation error correlation 230 

between observations because first-guess departures may also be influenced by correlated 231 

first guesses between the two observations. However, it may serve our purpose in this 232 

paper for obtaining an overall view of the relationships of the error characteristics among 233 

the multi-channel RS-AMVs. The first-guess samples were taken every 10 min from the 234 
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15-hour NHM forecasts, which were run every day at an initial time of 00:00 UTC from 1 to 235 

10 June 2016 with a horizontal resolution of 5 km (721 x 577 grid points) and 50 vertical 236 

levels. Among the 15-hour forecasts, those in the first six hours were discarded as spin up 237 

and not used for the computation. First-guess departures were obtained as RS-AMVs 238 

minus NHM forecast winds (first guess) at the time of RS-AMV observations every 10 min 239 

from the 6 hour Forecast Time (FT06) to FT15. Correlations of first-guess departures 240 

between pairs of observations within the same 3-hour window and within a distance of 50 241 

km in the horizontal and 25 hPa in the vertical were calculated and averaged for the 10-day 242 

period.  243 

b. Estimated observation error correlations 244 

  Table 5 shows the estimated inter-channel observation error correlations for the u- and 245 

v-components. It is generally considered that an error correlation between two adjacent 246 

observations greater than around 0.2 degrades the analysis and forecast (Liu and Rabier 247 

2003). The values were around 0.20 to 0.35, indicating moderately high correlations 248 

between the channels. The two IR channels, B07 and B13, were most strongly related, with 249 

values of 0.35 for both u and v. The three WV channels also showed relatively high 250 

correlation with each other and were well correlated with B13 with values above 0.25. B16 251 

showed the strongest correlation with B13 and rather high correlations with WVs and B07 252 

as well. B03 showed the highest correlation value with B13 compared with the other 253 

channels. These relationships among the channels seem reasonable, assuming similar 254 

error characteristics for channels of the same category as we saw in the data verification 255 

results in Section 2.2. The differences or similarities of data distribution by layers (Fig. 2) 256 

between the channels could also be a factor to decide their relationships. 257 

 258 

3. Assimilation experiments 259 

The features of RS-AMV observation errors were presented in the previous sections. For 260 
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the next step, this section shows how their data characteristics are reflected in their 261 

assimilation behavior, which is one of our major interests in this paper. 262 

3.1 The data assimilation system and experimental design  263 

Assimilation experiments were conducted using the JNoVA data assimilation system 264 

(Honda et al. 2005). JNoVA is an incremental 4D-Var system for mesoscale analysis based 265 

on the formulations of Courtier et al. (1994). Because details of the system are described in 266 

JMA (2013), here we only explain the modifications that were made for the purpose of 267 

assimilating RS-AMVs in this study. First, 10-min RS-AMV observations were collected into 268 

10-min time slots within a 3-hour time window instead of the ordinary interval of 1 hour used 269 

for the other observation data, including surface, upper air, radar, satellite, and 270 

ground-based Global Navigation Satellite System data. Thus, data for each slot were 271 

compared with the NHM first guess and quality controlled every 10 min in the case of 272 

RS-AMV. Second, RTN-AMVs around Japan were excluded when RS-AMVs were 273 

assimilated to avoid the redundancy that might be caused by using two AMV datasets 274 

obtained from the same Himawari-8. It should be noted that the domain of excluded 275 

RTN-AMVs was almost the same as MA area (Fig. 4a) and much broader than the rapid 276 

scan area in Fig. 1. Finally, the horizontal scale of RS-AMV thinning was reduced to 0.5° or 277 

1.0° from the operational setting of 2.0° to exploit these high-density data. Two different 278 

thinning scales were used to examine the impact on the analysis and forecast by the length 279 

of data thinning. A thinning distance of 0.5° may be slightly too short, considering possible 280 

observation error correlations in space. However, its use can be justified because we 281 

intended to distinguish the expected impact by using as many RS-AMV data as possible 282 

and to demonstrate their effects in a case study on mesoscale disturbance. The vertical 283 

thinning scale was 100 hPa, the same as for RTN-AMVs. The data thinning was done once 284 

during a 3-hour window in the same way as RTN-AMVs to avoid observation error 285 

correlations in time space. Through the thinning procedure, a representative RS-AMV 286 
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vector was chosen from all the RS-AMVs of all the channels in a three-dimensional thinning 287 

box space of 0.5° x 0.5° x 100 hPa (1° x 1° x 100 hPa) collected in 10-min timeslots in a 3-h 288 

assimilation window. It was determined based on combining three factors with weights, the 289 

time difference from the analysis time, distance from the center of the thinning box, and the 290 

value of the quality indicator flag (QI; Holmlund 1998). A vector that is closer to the analysis 291 

time and the box center and has a higher QI value was prioritized. In this way, we could 292 

usually avoid inter-channel observation error correlations. The possible nearest distance 293 

between the adjacent observations was approximately 50 (100) km and 100 hPa in space 294 

and 10 min in time.  295 

RS-AMVs were selected based on QI, which was attached to individual data in the first 296 

phase of quality control, before going through the thinning process and other quality checks 297 

such as for gross errors. The QI value is based on consistency checks with the first-guess 298 

field of a global spectral model, neighboring wind vectors, and previous observations. A 299 

higher QI value means better data quality. The QI thresholds used in the experiments were 300 

determined depending on the channel categories and height classes, taking into account 301 

the results of data verification (Table 6). The observation errors were the same as those 302 

used operationally during the time of the MTSAT series (Table 7). The magnitudes of the 303 

observation errors were determined according to pressure height levels, regardless of the 304 

differences among channels. 305 

Table 8 summarizes the designs of the test experiments. In a test experiment for a certain 306 

channel, RS-AMVs derived only from that channel were assimilated to examine their impact 307 

independently, while those of all seven channels were used in ALL. In ALL, two 308 

experiments with the different thinning scales, namely, ALL with 0.5° and ALL1.0 with 1.0° 309 

thinning scale, were performed. The forecast results of each test were compared with a 310 

control experiment (CNTL), in which no RS-AMVs and only RTN-AMVs were assimilated. 311 

As for CNTL, an additional experiment with 0.5° thinning, CNTL0.5 was also conducted in 312 
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order to compare the RTN-AMV dataset with the RS-AMVs in the same thinning scale. In 313 

B03, only low-level winds were assimilated to examine the impact of the local scale winds 314 

with higher resolution than other data. Low-level winds of B16 were not used because they 315 

were few in number and of worse quality than those of VIS and IR, as seen in Section 2.1. 316 

The domains of assimilation and forecasts are shown in Fig. 4. The assimilation 317 

experiments described in Table 8 were conducted during 12 hours in the daytime when VIS 318 

AMVs were available (21:00 UTC 19 to 09:00 UTC 20 June 2016), i.e., four 319 

forecast-analysis cycles of JNoVA, during which a cold vortex, described in the next section, 320 

passed over the north Tohoku region from the Japan Sea to the Pacific side of Japan. In 321 

each experiment, the analysis results at 09:00 UTC 20 were used as the initial conditions, 322 

and a 24-h forecast was obtained. 323 

 324 

3.2 The selected event  325 

  Assimilation experiments with RS-AMVs were performed for a cold vortex event that 326 

occurred on 20 June 2016. On that day and the next, a Baiu stationary front extended 327 

across from China to the southern coast of the main island of Honshu (Figs. 5a, c, and e), 328 

and a low appeared in the Japan Sea off the coast of northern Japan, Hokkaido and Tohoku. 329 

At 500 hPa, there was an upper level low over the Japan Sea accompanied with a cold 330 

vortex of –15ºC (Fig. 5b) that moved eastward during the day, passed across the northern 331 

part of Tohoku and out on to the Pacific at night (Figs. 5d, f).  332 

  Figures 6a, b, c and d shows the distributions of the Himawari-8 AMVs that were 333 

assimilated in the experiments of CNTL, ALL, CNTL0.5 and ALL1.0 during the fourth cycle, 334 

06:00–09:00 UTC 20 June. RS-AMVs in ALL (Fig. 6b) distinctly represent the wind field 335 

near the cold vortex over northern Japan with much denser data than RTN-AMVs in CNTL 336 

(Fig. 6a), which also indicated the location of the vortex but less clearly with many fewer 337 

data. CNTL0.5 (Fig. 6c) assimilated a larger amount of RTN-AMVs than CNTL but still 338 
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failed to capture wind vectors near the vortex in detail compared to ALL or ALL1.0 (Fig. 6d). 339 

It seemed that RS-AMVs had the advantage of detecting mesoscale flow fields near the 340 

vortex with higher temporal resolution than RTN-AMVs. Figures 6e and f shows the 341 

first-guess departures of wind vectors in the ALL experiment during the same period. The 342 

low-level winds around the low over the Japan Sea seemed to have changed to strengthen 343 

cyclonic flow, while weakening of westward winds was significant above 400 hPa. Hereafter, 344 

we focus on the changes that occurred only in the vicinity of the cold vortex in northern 345 

Japan because our strongest interest was in those local winds near the vortex that were 346 

expressed well with RS-AMVs but not with RTN-AMVs. 347 

 348 

3.3 Results of assimilation experiments 349 

a. Analysis 350 

The differences in the analyses at the end of the four cycles at 09:00 UTC on 20 June 351 

2016 between ALL and CNTL experiments are shown in Fig. 7. The cold vortex was over 352 

northern Tohoku at that time and moving eastward. Differences in the wind vector and wind 353 

speed fields at 500 and 300 hPa (Figs. 7a and b) corresponded well with the wind field of 354 

the first-guess departures in the last assimilation circle (Figs. 6e and f) described in the 355 

previous section. Westward winds near the cold vortex were weaker at 300 hPa in ALL, 356 

which might affect the eastward moving speed of the cold vortex. In ALL, geopotential 357 

heights of 500 hPa were higher to the north of the vortex and lower to its south (Fig. 7c), 358 

and temperatures at 500 hPa were slightly lower around the cold vortex than in CNTL (Fig. 359 

7d).  360 

 361 

b. Forecast 362 

Next, the forecasts in ALL and CNTL were compared at 12:00 UTC on 20 June (FT03). 363 

The maps in Figs. 5c and d show that the center of the cold vortex was off the Pacific coast 364 
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of northern Tohoku, and a low at 500 hPa was over the strait between Tohoku and 365 

Hokkaido, while surface lows appeared on both the Japan Sea and Pacific sides of the 366 

upper low. The ALL experiment simulated the positions and scales of the cold core and 367 

upper low (Fig. 8a) nearly as well as CNTL (not shown). Although the temperatures at 500 368 

hPa did not show significant differences around the vortex (Fig. 8c), geopotential heights at 369 

500 hPa (Fig. 8b) and surface pressures (Fig. 8d) in ALL were lower than those in CNTL in 370 

that area. These changes seem to agree with the changes in wind field analyses where 371 

cyclonic flows at low or mid-levels were enhanced by RS-AMVs. It is probable that 372 

assimilation of RS-AMVs caused the slight change in the intensity of the vortex.  373 

The mesoscale cold vortex had weakened and lost its circular structure as it moved to the 374 

northeast over the Pacific in later hours. By 00:00 UTC on 21 June (FT15), circulation of the 375 

cold vortex was no longer identifiable, the intensity of the low had weakened (Fig. 8e), and 376 

two small cold-core lows appeared side by side in the area between Hokkaido and Tohoku 377 

(Fig. 5f). The geopotential heights of 500 hPa near the lows were lower in ALL than in CNTL 378 

(Fig. 8f) indicating their slight intensification.  379 

The forecast winds and temperatures at FT03 and FT15 were validated using sonde data 380 

at the observational sites over northern Japan (Fig. 9). At FT03, the RMSVDs were smaller 381 

overall in ALL than CNTL from 850 to 300 hPa levels except at around 600 hPa (Fig. 9a) 382 

indicating a positive impact on the wind fields near the cold vortex. Furthermore, the 383 

temperature errors improved slightly at mid- to high levels (300–600 hPa) but degraded at 384 

the lowest and uppermost levels (below 800 hPa and above 250 hPa) (Fig. 9b). The 385 

RMSVDs at FT15 showed better agreement in ALL than CNTL from 700 to 300 hPa (Fig. 386 

9c). The temperatures at 500 and 600 hPa were worse than CNTL, but improvement was 387 

seen at some levels, especially above 400 hPa (Fig. 9d).  388 

As described in Section 3.2, two additional experiments, CNTL0.5 and ALL1.0 besides 389 

CNTL and ALL in which the scales of data thinning were changed were also conducted. 390 
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CNTL0.5 exhibited the similar results to CNTL besides the winds at FT15. It also 391 

outperformed ALL at low-levels at that time, which reason we do not look into further here. It 392 

might be because its dense coverage in much broader area than ALL had some 393 

advantages in later hour forecasts. As for ALL1.0, the results showed no or little 394 

improvement compared to ALL except for the temperatures at FT03. More RS-AMVs with 395 

the shorter length thinning scale might cause a more positive impact, however, we do not 396 

further discuss about the reason for it. We can deduce that we could safely use the thinning 397 

scale of 0.5° in assimilating RS-AMVs for the purpose of this paper without fear of 398 

degradation originated from observation error correlations among neighboring observations. 399 

Hereinafter, we refer to the ALL experiment with the data-thinning scale of 0.5° only. In the 400 

comparison with ALL, CNTL with the operational thinning scale of 2.0° was used because 401 

our main purpose was to distinguish the impact of RS-AMV and investigate their 402 

characteristics in the current operational system. 403 

 404 

3.4 Impact by channel 405 

  The analyses and forecasts for the seven experiments where the RS-AMVs of each 406 

individual channel were assimilated were examined in the same way as ALL in the previous 407 

section. Because the RS-AMVs of the seven channels were assimilated in ALL, the 408 

contribution from each channel mixed with the others so it was not easy to track it to its 409 

source. As we saw in Section 2.1, the different characteristics of winds in different channels 410 

might affect the results of assimilation in ALL differently. We compared the assimilation 411 

results of individual channel experiments to those of ALL.  412 

Figure 10 shows the analysis and forecast differences of 500 hPa geopotential heights in 413 

each experiment at FT00 (Figs. 10b–h), FT03 (Figs. 10j–p), and FT15 (Figs. 10r–x). We 414 

can tell whether analyses and forecasts obtained in each experiment contradicted those in 415 

ALL (Figs. 10a, i, and q) by the appearance of the color patterns in the figures. At FT00 and 416 
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FT03, the analysis and forecast differences from CNTL around northern Japan in ALL 417 

corresponded well overall to those in the seven experiments, with the exceptions of B03 418 

and B08. It may be reasonable that B03 or B08 showed patterns dissimilar to ALL and the 419 

others because their RS-AMVs covered only low or high levels. IR (B07 and, in particular, 420 

B13), were in fairly good agreement with ALL, as expected. This agreement is probably 421 

because a sufficient number of RS-AMVs were assimilated to cover all the layers from 422 

lower to upper. B10 and B16 also had results similar to ALL, with a good amount of wind at 423 

mid- and high levels, although the negative region over the central part of Honshu was 424 

shifted eastward in both B10 and B16 at FT00. B09 showed a few contradictions but still 425 

some similarities were found. The negative region in B09 seemed smaller compared to 426 

negative regions in other experiments at FT00 and FT03, except for B03 and B08. At FT15, 427 

when the differences from CNTL became much smaller than in previous hours as the cold 428 

vortex disappeared, only IR showed results similar to ALL. The three WV channels (B08, 429 

B09, and B10) and B16 sometimes showed more similarity to each other than to ALL or IR. 430 

In addition to the differences of layers covered by the data, the channel categories might 431 

have such different patterns because of their different data characteristics.  432 

  The differences of RMSVDs against sonde winds from those of CNTL (RMSVDs with 433 

RS-AMV minus RMSVDs without RS-AMV) for each experiment at FT03 and FT15 are 434 

shown in Fig. 11. Negative (positive) values mean improvement (degradation) compared 435 

with CNTL. At FT03 (Figs. 11a−d), B03, B13, and B10 slightly improved at low levels below 436 

700 hPa. B07, B08, B09, and B16 showed no or little improvement at low levels but 437 

improved at 500–400 hPa. B13, B09, B10, and B16 showed slight improvement at 300–200 438 

hPa. Because ALL improved below 700 hPa and at 500–300 hPa as mentioned in the 439 

previous section, the results of individual channel experiments were partly contradicted and 440 

partly consistent with ALL. B13 showed the most similarity to ALL in the RMSVD profiles. At 441 

FT15 (Figs. 11e−h), VIS, IR, B10, and CO2 improved from CNTL around 700 hPa, but B08 442 
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and B09 showed no or little improvement at that level. Moreover, WV (B08, B09, and B10) 443 

showed some improvement at 400–200 hPa whereas the other channels showed overall 444 

degradation. 445 

 446 

3.5. Validation of forecast winds against wind profiler observations 447 

  Wind profiler observations enabled more frequent and closer comparison for low- to 448 

mid-level winds than sonde observations. The forecast winds below the 400 hPa level were 449 

compared with WPR winds in northern Japan at each forecast hour up to 24 hours. 450 

RMSVDs for ALL and CNTL experiments showed little difference (Fig. 12a); however, the 451 

values were slightly smaller in ALL in the early hours before FT12. This result seems to be 452 

consistent with the fact that the winds below 700 hPa and at 500–300 hPa in ALL at FT03 453 

were in better agreement with sonde winds than CNTL, as we saw in Section 3.3. The 454 

same statistical analysis was also applied to the other seven experiments (B03–B16), in 455 

which the RS-AMVs of an individual channel were assimilated. A tendency to show slight 456 

improvement from CNTL in the earlier hours and no or little improvement in the later hours 457 

was commonly found among all the channels with the exception of B03 (not shown in the 458 

figures).  459 

Figure 12b shows the profiles of RMSVDs averaged over the entire forecast period of 24 460 

hours. In ALL, RMSVDs were somewhat smaller in nearly all of the layers, especially at 900 461 

to 800 hPa, indicating slight improvement from CNTL. The RMSVD profiles for individual 462 

channel experiments are shown in Fig. 13 as the differences from CNTL. They were nearly 463 

the same pattern as CNTL, although slight differences were seen in wind height levels 464 

where improvement or degradation occurred according to the channels. B03 also showed 465 

slight improvement at 900 to 800 hPa (Fig. 13a), and, in addition, B13 excelled at that level 466 

and also at 600 to 400 hPa (Fig. 13b). B07 improved above 700 hPa at mid-levels (Fig. 467 

13b). Overall, WV channels and B16 showed degradation below 700 hPa without any low 468 



 

19 

RS-AMVs assimilated, but slight improvement was seen at some levels in mid-layers (Figs. 469 

13c and d). When averaged over entire layers, RMSVDs were smallest in ALL compared 470 

with the other experiments. These results of the comparisons with WPR are roughly 471 

consistent with those with sonde data as described in the previous section. 472 

 473 

4. Discussion 474 

The results of both the data verification and assimilation experiments suggest some 475 

ideas for building a future strategy for dealing with such high-density data as Himawari-8 476 

RS-AMVs in a mesoscale data assimilation system. The process of data selection should 477 

be refined to pick up the most beneficial information from an enormous amount of data 478 

without causing possible degradation of the analysis due to observation error correlations. 479 

As the number of channels available for AMV retrieval has increased from four to seven by 480 

the change from MTSAT to Himawari-8, it is necessary to optimize the use of data from all 481 

these channels. We found that channels of the same category shared similar error 482 

characteristics, which as a consequence could have similar impacts on the assimilation 483 

experiments. For example, in Section 2.1 negative biases were observed in upper air in IR 484 

channels, while in some WV channels, positive biases were seen at the same levels. When 485 

these negative IR winds and positive WV winds are assimilated together, their effects might 486 

be somehow mixed and produce an unexpected impact. It can be said that the ALL 487 

experiment in Sections 3.3 to 3.5 provided fairly reasonable assimilation results with overall 488 

consistency with the individual channel experiments despite a few exceptions. We need to 489 

develop a method to prioritize data of better quality to make better use of multi-channel 490 

RS-AMVs. 491 

In the experiments described in this paper, the data selection relied on QI number 492 

thresholds and other basic QCs such as gross error checks that are embedded in the 493 

pre-processing procedures of JNoVA. Because QI can sometimes assign a low number to a 494 
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mesoscale AMV (Bedka and Mecikalski 2005), we may need to lower the thresholds or 495 

disable the forecast check test, and develop an additional quality check tailored to 496 

high-resolution RS-AMVs. Concerning the negative wind speed biases in upper layers that 497 

are also recognized in RTN-AMVs, Yamashita (2016) introduced a new QC procedure in 498 

the JMA global NWP system to reject u-components with negative bias around the jet 499 

stream. Shimoji and Nonaka (2016) reported that estimated heights of Himawari-8 showed 500 

some improvement in accuracy compared to those of MTSAT-2 in terms of collocation with 501 

backscatter plots of CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 502 

Observations), which probably due to the new height assignment method (Shimoji 2014) 503 

with more variety of channels. However, the available samples for collocation were limited, 504 

and the accuracy of the CALIPSO product as reference was not exactly known. Future 505 

work should include estimation of height assignment uncertainties and representative 506 

errors of Himawari-8 AMVs based on such as best-fit statistics (Solonen et al. 2015). It is 507 

necessary to consider these error characteristics in QC or other preprocessing procedures 508 

to better utilize RS-AMVs in data assimilation. 509 

The data-thinning procedure is another important issue in dealing with high-density 510 

RS-AMVs. Judging from the results of assimilation and their comparison with CNTL, data 511 

thinning on a scale of 50 km once within a 3-hour time window for RS-AMVs for all the 512 

channels seems to have been adequate for the purpose of this study. It is necessary to find 513 

an optimal scale and time interval for data thinning by trying other cases in different settings. 514 

A super observation approach is another option if the data representative scale can be 515 

properly taken (Wu et al. 2014; Yamashita 2016; Kunii et al. 2016). In dealing with multiple 516 

channels, it may be worthwhile to try to assimilate RS-AMVs for each channel separately as 517 

different kinds of observation. In this study, RS-AMVs of all channels were formed into one 518 

box observation through the data thinning process to avoid possible inter-channel 519 

correlations.  520 
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 521 

5. Conclusion 522 

  Himawari-8 RS-AMVs obtained in June 2016 were more than 20 times the number of 523 

RTN-AMVs obtained in the same month, and they had much higher density and frequency. 524 

Their data quality proved to be sufficiently good for assimilation when compared with MA 525 

and upper-air observations. Different error characteristics were observed in different 526 

channels, which can be classified by the categories VIS, IR, WV, and CO2. The channels in 527 

the same categories showed characteristics similar to each other in terms of data quality. 528 

Among the categories, VIS and IR showed a relatively high degree of similarity, and CO2 529 

fell in between these two and WV. Such tendencies in the relationships between channels 530 

and categories were also recognized in the estimated inter-channel observation error 531 

correlations. 532 

  Assimilation experiments for a cold vortex event were conducted with JNoVA using 533 

RS-AMVs from the seven channels. Although the differences in analysis and forecast 534 

results between the experiments with and without RS-AMVs were subtle, some interesting 535 

changes were found. First, RS-AMVs seemed to slightly intensify the upper low at 500 hPa. 536 

Second, the verifications against sonde and WPR observations indicated small 537 

improvements in low- to mid-level winds over northern Japan in the vicinity of the cold 538 

vortex, especially in the early forecast hours before FT12. In addition, the results from the 539 

experiments that used each individual channel might reflect similarities in the error 540 

characteristics among channels. The experiment in which all seven channels were 541 

assimilated performed better than the individual channel experiments in terms of the 542 

agreement of wind forecasts with upper air observations. The better coverage of RS-AMVs 543 

from low to high levels may be the reason for the better forecast results. While spatial and 544 

temporal resolution of RS-AMV data set was improved over that of RTN-AMVs, the domain 545 

of rapid scan observations was limited, which might be a reason of the subtle impact of 546 
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RS-AMVs particularly in later hours. 547 

  To exploit these high-density and high-frequency data, we need to further investigate 548 

optimal methods for data selection and QCs before assimilation, based on what we found in 549 

this work. 550 

 551 
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 698 

Fig. 1  2.5-min rapid scan area around Japan by Himawari-8.  699 

 700 

Fig. 2  Distributions of RS-AMVs according to pressure level in June 2016. Black, dark 701 

gray, gray hatched with black lines, gray, white hatched with light gray lines, white 702 

hatched with black lines, and white bars show the number of B03, B07, B08, B09, B10, 703 

B13, and B16 observations, respectively.  704 

 705 

Fig. 3  Upper-air observation stations of the JMA used for the comparison with RS-AMVs. 706 

Circles and crosses represent sonde and WPR stations, respectively.  707 

 708 
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Fig. 4  (a) The JNoVA and (b) NHM forecast domains. Topography (meters above sea 709 

level) is indicated by shading.  710 

 711 

Fig. 5  JMA produced weather analysis at 00:00 UTC (a), 12:00 UTC (c) on 20, and 00:00 712 

UTC on 21 (e) June 2016 for the surface. Geopotential heights in meters (color shades) 713 

and contours of temperatures in degrees Celsius using a contour interval of 3.0 degrees 714 

at 500 hPa height obtained from JMA’s meso analyses at 00:00 UTC (b), 12:00 UTC (d) 715 

on 20, and 00:00 UTC on 21 (f) June 2016. 716 

 717 

Fig. 6  The spatial distribution of assimilated RS-AMVs during the period 06:00–09:00 718 

UTC on 20 June 2016 around Japan. Purple, blue, and green arrows represent high-, 719 

mid-, and low-level winds, respectively. (a) CNTL with RTN-AMVs, (b) ALL with RS-AMVs, 720 

(c) CNTL0.5 with RTN-AMVs thinned to 0.5° , (d) ALL1.0 with RS-AMVs thinned to 1.0° , 721 

and ALL minus first guess for (e) low-level winds and (f) mid- and high-level winds.  722 

 723 

Fig. 7  Differences in the analysis results between ALL and CNTL (ALL minus CNTL) at 724 

09:00 UTC on 20 June 2016 after the four assimilation cycles. (a) Wind vectors and wind 725 

speeds at 500 hPa, (b) wind vectors and wind speeds at 300 hPa, (c) geopotential 726 

heights at 500 hPa, and (d) temperatures at 500 hPa. Arrows represent wind direction in 727 

(a) and (b). Color shades represent wind speed (m s-1) in (a) and (b), geopotential 728 

heights in (c), and temperatures in (d). Crosses indicate the position of the center of the 729 

cold vortex. 730 

 731 

Fig. 8  Forecast results in ALL and CNTL. (a) Geopotential heights (color shades) and 732 

temperatures (contour lines) at 500 hPa in ALL, differences between ALL and CNTL (ALL 733 

minus CNTL ) in (b) geopotential heights and (c) temperatures at 500 hPa, and (d) 734 
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surface pressure (hPa) at 12:00 UTC on 20 June 2016 (FT03). (e) Geopotential heights 735 

(color shades) and temperatures (contour lines) at 500 hPa in ALL and (f) differences 736 

between ALL and CNTL in geopotential heights at 500 hPa at 00:00 UTC on 21 June 737 

2016 (FT15). Color shades represent differences of geopotential heights in (b) and (f), 738 

temperatures in (c), and surface pressures in (d). 739 

 740 

Fig. 9  Forecast winds and temperatures in northern Japan validated against sonde 741 

observations. The two upper panels (a, b) at FT03, the bottom panels (c, d) at FT15. 742 

RMSVD profiles (a, c) and RMSE profiles for temperature (b, d). The black solid line 743 

represents ALL, and the dashed line represents CNTL. The gray line indicates ALL1.0 744 

with 1.0° data thinning, while the gray dashed line indicates CNTL0.5 with 0.5° thinning 745 

scale.  746 

 747 

Fig. 10  Differences in the analysis and forecast results of geopotential heights at 500 hPa 748 

from CNTL. Analysis differences in (a) ALL and (b) B03, (c) B07, (d) B08, (e) B09, (f) B10, 749 

(g) B13, and (h) B16. Forecast differences at 12:00 UTC 20 June (FT03) in (i) ALL and (j) 750 

B03, (k) B07, (l) B08, (m) B09, (n) B10, (o) B13, and (p) B16. Forecast differences at 751 

00:00 UTC 21 June (FT15) in (q) ALL and (r) B03, (s) B07, (t) B08, (u) B09, (v) B10, (w) 752 

B13, and (x) B16.  753 

 754 

Fig. 11  Forecast winds in northern Japan validated against sonde observations. Profiles 755 

of RMSVD differences from CNTL for the (a) VIS, (b) IR, (c) WV, and (d) CO2 channels at 756 

FT03 and (e) VIS, (f) IR, (g) WV, and (h) CO2 channels at FT15. The dotted lines indicate 757 

ALL. The solid line represents B03 in (a) and (e), B07 in (b) and (f), B08 in (c) and (g), 758 

and B16 in (d) and (h). The dashed line represents B13 in (b) and (f) and B09 in (c) and 759 

(g). The dash-dot line represents B10 in (c) and (g). 760 
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 761 

Fig. 12  Forecast winds in northern Japan validated against WPR observations. (a)  762 

RMSVDs at each forecast hour and (b) profiles of RMSVD averaged over the whole 763 

fore-cast period. The solid lines and dashed lines represent ALL and CNTL, respectively. 764 

 765 

Fig. 13  Forecast winds in northern Japan validated against WPR observations. Profiles of 766 

RMSVD differences from CNTL averaged over the entire forecast period for the (a) VIS, 767 

(b) IR, (c) WV, and (d) CO2 channels. The dotted lines indicate ALL. The solid line 768 

represents B03 in (a), B07 in (b), B08 in (c), and B16 in (d). The dashed line represents 769 

B13 in (b) and B09 in (c). The dash-dot line represents B10 in (c). 770 

  771 
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 794 
 795 
Fig. 1  2.5-min rapid scan area around Japan by Himawari-8. 796 
 797 

 798 
 799 
Fig. 2  Distributions of RS-AMVs according to pressure level in June 2016. Black, dark 800 
gray, gray hatched with black lines, gray, white hatched with light gray lines, white hatched 801 
with black lines, and white bars show the number of B03, B07, B08, B09, B10, B13, and 802 
B16 observations, respectively. 803 
  804 
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 805 
 806 
Fig. 3  Upper-air observation stations of the JMA used for the comparison with RS-AMVs. 807 
Circles and crosses represent sonde and WPR stations, respectively. 808 
 809 

 810 
 811 
Fig. 4 (a) The JNoVA and (b) NHM forecast domains. Topography (meters above sea lev-el) 812 
is indicated by shading. 813 
  814 
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 817 

    818 
 819 

    820 
 821 
Fig. 5  JMA produced weather analysis at 00:00 UTC (a), 12:00 UTC (c) on 20, and 00:00 822 
UTC on 21 (e) June 2016 for the surface. Geopotential heights in meters (color shades) 823 
and contours of temperatures in degrees Celsius using a contour interval of 3.0 degrees at 824 
500 hPa height obtained from JMA’s meso analyses at 00:00 UTC (b), 12:00 UTC (d) on 20, 825 
and 00:00 UTC on 21 (f) June 2016. 826 
  827 

(a) (b) 

(c) (d) 
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 829 

 830 

 831 

 832 

 833 

 834 

Fig. 6  The spatial distribution of assimilated RS-AMVs during the period 06:00–09:00 835 
UTC on 20 June 2016 around Japan. Purple, blue, and green arrows represent high-, mid-, 836 
and low-level winds, respectively. (a) CNTL with RTN-AMVs, (b) ALL with RS-AMVs, (c) 837 
CNTL0.5 with RTN-AMVs thinned to 0.5 deg., (d) ALL1.0 with RS-AMVs thinned to 1.0 deg., 838 
and ALL minus first guess for (e) low-level winds and (f) mid- and high-level winds. 839 
  840 

(a) (b) (c) 

(d) (e) (f) 
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 841 
 842 

 843 

   844 
 845 

 846 

   847 
 848 
Fig. 7  Differences in the analysis results between ALL and CNTL (ALL minus CNTL) at 849 
09:00 UTC on 20 June 2016 after the four assimilation cycles. (a) Wind vectors and wind 850 
speeds at 500 hPa, (b) wind vectors and wind speeds at 300 hPa, (c) geopotential heights 851 
at 500 hPa, and (d) temperatures at 500 hPa. Arrows represent wind direction in (a) and (b). 852 
Color shades represent wind speed (m s-1) in (a) and (b), geopotential heights in (c), and 853 
temperatures in (d). Crosses indicate the position of the center of the cold vortex. 854 
  855 

(c) (d) 

(a) (b) 
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 856 

 857 
 858 

 859 
 860 

 861 
 862 
Fig.8  Forecast results in ALL and CNTL. (a) Geopotential heights (color shades) and 863 
temperatures (contour lines) at 500 hPa in ALL, differences between ALL and CNTL (ALL 864 

(a) (b) 

(c) (d) 

(e) (f) 
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minus CNTL ) in (b) geopotential heights and (c) temperatures at 500 hPa, and (d) surface 865 
pressure (hPa) at 12:00 UTC on 20 June 2016 (FT03). (e) Geopotential heights (color 866 
shades) and temperatures (contour lines) at 500 hPa in ALL and (f) differences between 867 
ALL and CNTL in geopotential heights at 500 hPa at 00:00 UTC on 21 June 2016 (FT15). 868 
Color shades represent differences of geopotential heights in (b) and (f), temperatures in 869 
(c), and surface pressures in (d). 870 
  871 
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 872 

   873 

   874 

Fig. 9  Forecast winds and temperatures in northern Japan validated against sonde 875 
ob-servations. The two upper panels (a, b) at FT03, the bottom panels (c, d) at FT15. 876 
RMSVD profiles (a, c) and RMSE profiles for temperature (b, d). The black solid line 877 
represents ALL, and the dashed line represents CNTL. The gray line indicates ALL1.0 with 878 
1.0° data thinning, while the gray dashed line indicates CNTL0.5 with 0.5° thinning scale. 879 
  880 

(a) (b) 

(c) (d) 
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42 

Fig. 10  Differences in the analysis and forecast results of geopotential heights at 500 hPa 882 
from CNTL. Analysis differences in (a) ALL and (b) B03, (c) B07, (d) B08, (e) B09, (f) B10, 883 
(g) B13, and (h) B16. Forecast differences at 12:00 UTC 20 June (FT03) in (i) ALL and (j) 884 
B03, (k) B07, (l) B08, (m) B09, (n) B10, (o) B13, and (p) B16. Forecast differences at 00:00 885 
UTC 21 June (FT15) in (q) ALL and (r) B03, (s) B07, (t) B08, (u) B09, (v) B10, (w) B13, and 886 
(x) B16. 887 
  888 
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 889 

 890 

 891 

 892 

 893 
Fig. 11  Forecast winds in northern Japan validated against sonde observations. Profiles 894 
of RMSVD differences from CNTL for the (a) VIS, (b) IR, (c) WV, and (d) CO2 channels at 895 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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FT03 and (e) VIS, (f) IR, (g) WV, and (h) CO2 channels at FT15. The dotted lines in-dicate 896 
ALL. The solid line represents B03 in (a) and (e), B07 in (b) and (f), B08 in (c) and (g), and 897 
B16 in (d) and (h). The dashed line represents B13 in (b) and (f) and B09 in (c) and (g). The 898 
dash-dot line represents B10 in (c) and (g). 899 
  900 



 

45 

 901 

  902 
Fig. 12  Forecast winds in northern Japan validated against WPR observations. (a)  903 

RMSVDs at each forecast hour and (b) profiles of RMSVD averaged over the whole 904 
fore-cast period. The solid lines and dashed lines represent ALL and CNTL, respectively. 905 
  906 

(a) (b) 
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 907 

 908 

 909 

 910 

 911 
Fig. 13  Forecast winds in northern Japan validated against WPR observations. Profiles of 912 
RMSVD differences from CNTL averaged over the entire forecast period for the (a) VIS, (b) 913 
IR, (c) WV, and (d) CO2 channels. The dotted lines indicate ALL. The solid line repre-sents 914 
B03 in (a), B07 in (b), B08 in (c), and B16 in (d). The dashed line represents B13 in (b) and 915 
B09 in (c). The dash-dot line represents B10 in (c). 916 
  917 

(a) (b) 
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Table 1  Seven channels of the AHI used for computing RS-AMVs. 918 

Channel Wavelength  
(μm) 

Category Spatial resolution 
(km) 

Time resolution 
(min) 

AMV height level 

B03 0.64 VIS 0.5 2.5 Low, Mid, High 

B07 3.9 IR 2 5 Low, Mid, High 

B08 6.2 WV 2 5 High 

B09 6.9 WV 2 5 Mid, High 

B10 7.3 WV 2 5 Mid, High 

B13 10.4 IR 2 5 Low, Mid, High 

B16 13.3 CO2 2 5 Low Mid, High 

 919 

Table 2  RMSVD, RMSD, and MD values of RS-AMVs relative to JMA mesoscale 920 

analyses. 921 

 922 

Channel Level RMSVD 
(m s

–1
) 

RMSD 
(m s

–1
) 

MD 
(m s

–1
) 

Number of data 

u v Wind speed u v Wind speed 

B03 Low 3.36 2.36 2.39 2.29 -0.23 0.44 0.18 4640774 

Mid 4.47 3.17 3.15 3.17 -0.44 0.36 -0.24 4254577 

High 5.62 4.00 3.95 4.07 0.21 0.43 0.45 10156668 

B07 Low 4.24 2.81 3.18 2.90 0.00 0.18 0.30 5350690 

Mid 4.73 3.28 3.41 3.37 -0.49 -0.02 -0.33 7138677 

High 5.46 3.84 3.87 3.93 -0.49 0.39 -0.33 16538184 

B08 High 6.17 4.38 4.34 4.55 0.32 0.42 0.78 32546702 

B09 Mid 6.05 4.46 4.09 4.45 0.41 -0.21 0.62 4058080 

High 5.79 4.09 4.10 4.22 0.14 0.39 0.52 34008689 

B10 Mid 5.52 3.97 3.84 4.00 0.17 -0.11 0.33 6937140 

High 5.60 3.93 3.99 4.05 -0.03 0.38 0.29 33239433 

B13 Low 4.58 3.05 3.41 3.05 0.15 0.07 0.40 5478365 

Mid 4.76 3.26 3.46 3.35 -0.38 -0.06 -0.21 9179591 

High 5.38 3.74 3.87 3.84 -0.32 0.37 -0.08 26989902 

B16 Low 5.39 3.85 3.77 3.88 -0.17 0.10 0.25 606951 

Mid 4.96 3.46 3.55 3.52 -0.18 -0.10 -0.00 7604681 

High 5.47 3.80 3.93 3.91 -0.09 0.38 0.23 28758289 

 923 

 924 

  925 
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Table 3  RMSVD, RMSD, and MD values of RS-AMVs relative to sonde observations. 926 

 927 

Channel Level RMSVD 
(m s

–1
) 

RMSD 
(m s

–1
) 

MD 
(m s

–1
) 

Number of data 

u v Wind speed u v Wind speed 

B03 Low 6.38 4.92 4.06 4.68 0.03 0.70 0.58 2803 

Mid 6.84 5.28 4.35 5.14 -1.14 0.39 -0.88 3673 

High 9.13 7.17 5.66 7.17 -0.88 0.81 -0.98 6464 

B07 Low 7.14 5.18 4.91 4.74 0.77 0.05 0.62 5407 

Mid 7.24 5.54 4.66 5.51 -0.89 0.20 -0.80 7853 

High 9.21 7.06 5.92 7.23 -1.36 1.00 -1.57 13789 

B08 High 10.42 8.03 6.65 8.29 0.12 0.99 0.47 17479 

B09 Mid 8.42 6.40 5.46 6.34 0.86 0.35 1.05 3577 

High 9.89 7.62 6.29 7.83 -0.28 0.82 -0.12 17375 

B10 Mid 8.08 6.08 5.32 6.05 0.43 0.11 0.48 5993 

High 9.77 7.56 6.18 7.72 -0.39 0.86 -0.30 17190 

B13 Low 7.24 5.23 5.01 4.72 0.77 -0.07 0.67 4861 

Mid 7.35 5.51 4.87 5.52 -0.45 0.04 -0.44 7747 

High 9.19 7.01 5.94 7.20 -0.96 0.86 -1.12 15230 

B16 Low 7.18 5.15 5.01 5.10 -0.02 0.39 -0.06 1488 

Mid 7.60 5.78 4.94 5.66 -0.04 0.01 -0.01 7054 

High 9.39 7.15 6.09 7.40 -0.50 0.85 -0.51 15695 

 928 

 929 

Table 4  RMSVD, RMSD, and MD values of low-level RS-AMVs in VIS, IR, and CO2 930 

channels relative to wind profiler observations. 931 

 932 

Channel RMSVD 
(m s

–1
) 

RMSD 
(m s

–1
) 

MD 
(m s

–1
) 

Number of data 

u v Wind speed u v Wind speed 

B03 5.30 3.96 3.52 3.75 -0.07 0.31 0.16 72952 

B07 6.73 4.89 4.63 4.62 0.26 -0.11 0.18 70892 

B13 7.01 5.10 4.81 4.66 0.22 -0.33 0.19 68948 

B16 6.60 4.88 4.45 4.64 -0.46 -0.02 -0.52 23269 

 933 

 934 

 935 

  936 
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Table 5  Estimated inter-channel observation error correlations. (a) Zonal wind 937 

components and (b) meridional components. 938 

 939 
(a) 940 

 B07 B08 B09 B10 B13 B16 

B03 0.26 0.24 0.23 0.25 0.30 0.27 

B07 - 0.21 0.22 0.26 0.35 0.29 

B08 - - 0.31 0.28 0.26 0.28 

B09 - - - 0.32 0.28 0.30 

B10 - - - - 0.29 0.31 

B13 - - - - - 0.32 

 941 
(b) 942 

 B07 B08 B09 B10 B13 B16 

B03 0.28 0.24 0.25 0.27 0.31 0.28 

B07 - 0.22 0.23 0.27 0.35 0.30 

B08 - - 0.33 0.31 0.26 0.30 

B09 - - - 0.34 0.29 0.31 

B10 - - - - 0.31 0.33 

B13 - - - - - 0.34 

 943 

 944 
Table 6  Quality Index threshold values for each channel. 945 

Channel Threshold of QI number 

Low Mid High 

B03 0.60 - - 

B07 0.60 0.60 0.75 

B08 - - 0.90 

B09 - 0.90 0.90 

B10 - 0.90 0.90 

B13 0.60 0.60 0.75 

B16 - 0.90 0.90 

 946 
  947 
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 948 
Table 7  Observation error values for RS-AMVs used in JNoVA. 949 

Pressure level 
(hPa) 

Observation error (m s
–1

) 

u v 

10 6.2 7.2 

30 5.1 6.2 

50 3.5 5.1 

100 4.4 6.0 

200 3.8 4.9 

300 4.6 3.7 

500 3.7 3.0 

700 3.2 2.6 

850 2.9 2.3 

1000 4.1 3.3 

1100 4.1 3.3 

 950 

 951 
Table 8  Summary of the assimilation experiments.  952 

 953 

Experiment Level of RS-AMVs 

assimilated 

B03 Low 

B07 Low, Mid, High 

B08 High 

B09 Mid, High 

B10 Mid, High 

B13 Low, Mid, High 

B16 Mid, High 

ALL Low, Mid, High 

 954 

 955 


