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Abstract 28 

 Local fronts formed near the coast of the Kanto Plain mainly in a 29 

cold season, so-called “coastal fronts,” tend to be forecast on the inland side of their 30 

actual positions by the operational mesoscale Numerical Weather Prediction (NWP 31 

with a horizontal grid spacing of 5 km) model at Japan Meteorological Agency (JMA). 32 

In this study, we confirm a systematic NWP error through statistical validations of 33 

coastal fronts that occurred with southerly onshore winds during 2015-2018. Using a 34 

nonhydrostatic numerical model (JMA-NHM), we explore the relevant physical 35 

mechanisms through sensitivity experiments involving different horizontal resolution, 36 

envelope orography, and physics parameterization schemes for three cases with 37 

typical errors. The operational NWP model is shown to have a systematic error, with 38 

local fronts being consistently shifted to the inland side of their actual positions when 39 

the forecast period exceeds 5 hours, regardless of precipitation. The sensitivity 40 

experiments suggest that the systematic error associated with coastal fronts may be 41 

primarily caused by an underestimation of the mountain barrier surrounding the Kanto 42 

Plain in the model. The northwestward distance error of coastal fronts, averaged over 43 

the three illustrative cases, can be reduced by 27% and 37% by increasing the 44 

horizontal resolution from 5 km to 2 km and 1 km, respectively, and can be almost 45 

entirely eliminated by using the envelope orography. Moreover, the evaporative cooling 46 

of precipitation shifts coastal fronts to the seaward. 47 
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 Most coastal fronts are thought to take the form of cold air trapped on the 48 

southeastern slope of the mountains surrounding the Kanto Plain, where the elevation 49 

angle of the frontal surface is roughly controlled dynamically. The local front shifts to 50 

the seaward when the ridgelines of the mountains become higher, and shifts to the 51 

seaward through the reduction of the elevation angle when the trapped air becomes 52 

colder. 53 

 54 

Keywords coastal front; forecast error; cold-air damming; envelope orography; 55 

severe weather 56 

  57 
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1. Introduction 58 

Many local weather events are brought about by characteristic topographic effects. 59 

Local fronts formed near the coast of the Kanto Plain, the so-called “coastal front,” are 60 

one of the typical local weather events in Japan. According to Fujibe (1990), a coastal 61 

front is defined as a local front between the warm air associated with an onshore wind 62 

and colder air inland. It is widely known that such fronts occur near the east coast of 63 

North America, especially in New England or the Carolinas (Bosart et al. 1972; Riordan 64 

1990). Many processes associated with the frontogenesis of coastal fronts have been 65 

identified: (1) land-sea differential heating, i.e., the thermal contrast of the cold land 66 

surface with the initiation of warm onshore wind (Ballentine 1980); (2) nighttime cooling 67 

over the land (Nielsen 1989); (3) frictional forcing, i.e., differences in friction between 68 

sea and land (Bosart 1975); and (4) the mountain effect, which involves the upstream 69 

blocking of stable (cold) air in a region of warm advection (Garner 1986; Nielsen 1989). 70 

Most studies have regarded coastal fronts as fronts associated with extratropical 71 

cyclones. In such cases, coastal fronts have been found to coincide with a boundary 72 

of rain and frozen precipitation and/or the location of enhanced precipitation (Bosart 73 

1972; Marks and Austin 1979). Moreover, coastal fronts often form the eastern 74 

boundary of a cold-air damming (CAD) event enhancing mountain-parallel cold 75 

advection along the eastern slopes of a mountain range (Bell and Bosart 1988; Appel 76 

et al. 2005). 77 
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As for coastal fronts in the Kanto Plain (Fig. 1), Fujibe (1990) has shown from 78 

statistical analyses that (1) Coastal fronts are more conspicuous for southerly onshore 79 

winds than for northeast winds, from late autumn to winter than in warmer seasons, 80 

and in the nighttime rather than in the daytime if precipitation is absent or limited; (2) 81 

the orientation of coastal fronts is in the NNE-SSW direction with northeasterly and 82 

southeasterly onshore winds, and ENE-WSW direction with southwesterly onshore 83 

winds in the composite field. Moreover, the coastal fronts in the Kanto Plain can be 84 

classified into two types in view of previous research: (a) with southerly onshore winds 85 

(S-type coastal front), and (b) with easterly onshore winds (E-type coastal front). 86 

Severe air pollution in the Kanto Plain is occasionally associated with the S-type 87 

coastal fronts (Mizuno and Kondo 1992), a series of observations, therefore, have been 88 

performed to determine the three-dimensional structure of the front. These works 89 

revealed that (1) warm southerly winds flow over the stagnate cold air mass with a 90 

thickness of several hundred meters (Yoshikado et al. 1994; Seino et al. 2003) (2) the 91 

fronts are formed by the effect of the western and northern mountains holding the cold 92 

air on the lee side against the southerly wind, along with the cold air being supplied 93 

from the downslope wind (Yoshikado 1998; Seino et al. 2003). The E-type coastal 94 

fronts are occasionally associated with winter precipitation form (Yamamoto 1984; 95 

Hasemi and Baba 1994) and location of heavy precipitation (Sakakibara et al. 1985; 96 

Hara 2014), showing good correspondence to the New England coastal fronts. In this 97 
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case, evaporative cooling and condensational heating also contribute to the formation 98 

and maintenance of coastal fronts (Hara 2014). 99 

Accurately forecasting the location of coastal fronts is highly desirable for 100 

predicting sensible weather, such as air pollution and reduced visibility for the aviation 101 

industry (Tokyo Aviation Weather Service Center 2014), and for anticipating 102 

precipitation type. However, few previous studies have systematically verified forecasts 103 

of the “occurrence location” of coastal fronts. In assessing the performance of the 104 

Japan Meteorological Agency’s (JMA) operational meso-scale numerical weather 105 

prediction model (MSM) with a horizontal grid spacing of 5 km, Hara (2014) and 106 

Kawano et al. (2019) reported that coastal fronts tend to be forecast on the cold air 107 

(inland) side of their actual positions. In addressing the model’s underestimation of cold 108 

air mass, Hara (2014) suggested several possible reasons, including (1) 109 

overestimation of warm air advection or underestimation of cold air advection, (2) 110 

underestimation of evaporative cooling on the cold air side, and (3) excessive heating 111 

due to condensation or a turbulent closure scheme. However, Hara did not reach a 112 

conclusion regarding the exact cause. Kawano et al. (2019) investigated the coastal 113 

fronts by using the Meso-scale Ensemble Prediction System operated by JMA, which 114 

generates the initial and boundary perturbations on the MSM. The illustrative case 115 

study revealed that no ensemble member significantly corrected the location error of 116 
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the coastal front, and suggested the initial and boundary values have less impact on 117 

the systematic error. 118 

The topographic condition of the Kanto Plain is somewhat similar to the southeast 119 

coast of the United States, both of which are located southeast of a high mountain 120 

range. Indeed, the operational U.S. NWP models have been reported to underestimate 121 

spatial and temporal scales of the Appalachian CAD, often eroding cold-air domes 122 

prematurely (Stanton 2003, Lackmann and Stanton 2004). Such a systematic error 123 

remains a challenge to operational forecasters (Lackmann 2011). Even today’s high-124 

resolution mesoscale models show a tendency to erode the cold-air too quickly 125 

(Grumm 2015). The systematic error has been considered to originate from convective 126 

schemes, turbulent closure schemes, and cloud-radiation interaction (Stanton 2003; 127 

Lackmann 2011). 128 

In this study, the focus is on the MSM forecast error reported by Hara (2014) and 129 

Kawano et al. (2019). To date, there have been few studies dealing directly with the 130 

relationship of predicted coastal fronts and a model representation of orography. The 131 

Kanto Plain is surrounded by mountains on its west and north sides (Fig. 1). If the MSM 132 

forecast error is due to an underestimation of mountain barriers associated with the 133 

model’s use of a mean orography for smoothing, the error may be corrected by 134 

introducing an envelope orography or increasing the model’s resolution. We set out to 135 
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confirm the systematic MSM error associated with predictions of coastal fronts through 136 

statistical validations and explore their physical mechanisms by conducting sensitivity 137 

experiments. 138 

To this end, we selected coastal fronts observed over the Kanto Plain, while we 139 

abandoned the analysis on offshore fronts for lack of data availability for verification. 140 

Furthermore, given Fujibe’s (1990) observation that coastal fronts are more 141 

conspicuous for southerly onshore winds, we selected S-type coastal fronts in this 142 

study. For the sensitivity experiments, we used a nonhydrostatic numerical model 143 

(JMA-NHM) developed by JMA. 144 

In the next section, we introduce a typical example of the forecast error in the 145 

prediction of coastal fronts. In section 3, we confirm the existence of systematic error 146 

through statistical validations of coastal fronts. In section 4, we explore the systematic 147 

error mechanisms by conducting sensitivity experiments, the results of which are 148 

presented in section 5. In section 6, we consider the mechanism of shifting coastal 149 

fronts through our sensitivity experiments. Finally, we summarize our findings in section 150 

7. 151 

2. Example of MSM error in predicting coastal fronts in the Kanto Plain 152 

We used MSM forecasts of surface temperature and surface wind to validate the 153 
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coastal fronts. MSM is the mesoscale operational short-range forecast model used by 154 

the Japan Meteorological Agency (JMA) to cover Japan and surrounding areas (3,600 155 

× 2,880 km, with horizontal resolution of 5 km). It provides 39-hour or 51-hour forecasts 156 

every 3 hours. For the period prior to February 2017, the operational MSM was the 157 

nonhydrostatic model “JMA-NHM” (JMA 2013); this was then replaced by the new 158 

“asuca” model (JMA 2019). The MSM forecast data were collected and distributed by 159 

the Research Institute for Sustainable Humanosphere, Kyoto University 160 

(http://database.rish.kyoto-u.ac.jp/index-e.html). The observation data on surface 161 

temperature are from the AMeDAS (Automated Meteorological Data Acquisition 162 

System) database at JMA (Fig. 2a) and the AEROS (Atmospheric Environmental 163 

Regional Observation System) database at the Ministry of the Environment (Fig. 2b). 164 

The verification data on surface wind are from JMA’s operational hourly atmospheric 165 

analysis. 166 

2.1 Comparison of MSM 12-hour forecasts with observations  167 

Figure 3 shows the synoptic field at 03 JST 9 March (=18 UTC 08 March) 2018. 168 

At that time, the Kanto Plain was under the warm sector of a cyclone passing over the 169 

Sea of Japan, with southerly onshore wind from the Pacific Ocean. Figure 4 shows a 170 

time series of surface temperature and surface wind over the Kanto Plain during the 171 

occurrence of the coastal front. The zone showing numerous isotherms corresponds 172 
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to the coastal front, which is the boundary between the warm southerly flow and the 173 

stagnant colder air. The coastal front here was observed between Yokohama and 174 

Tokyo at 00 JST 9 March 2018 (Fig. 4a), near Tokyo at 03 JST (Fig. 4b), and near 175 

Koshigaya at 06 JST (Fig. 4c). Compared to these observed positions, the coastal front 176 

in the MSM 12-hour forecasts (Figs. 4d, 4e, 4f) was consistently located to the inland 177 

(cold air) side, with northwestward distance errors estimated to be approximately 30 178 

km. 179 

2.2 Verification of initial condition dependence of MSM forecast error 180 

Figure 5a shows the MSM analysis (initial condition) at 03 JST 9 March 2018. 181 

Figures 5b through 5f show the MSM forecasts at 03 JST 9 March 2018, with a forecast 182 

period of from 3 hours to 15 hours, respectively. The coastal front in the initial condition 183 

(Fig. 5a) was placed in nearly the same position as the observation (Fig. 4b). This is 184 

due to the fact that the surface observation data and the remote sensing data were 185 

assimilated into the forecast-analysis cycle of the MSM to create the initial condition. 186 

However, as the forecast period progresses, the location of the coastal front gradually 187 

shifts to the inland side of its actual position, conspicuously from the initial condition 188 

(Fig. 5a) to the forecast period of 6 hours (Fig. 5c). This may represent a typical error, 189 

where the position of a coastal front is shifted inland in the Kanto Plain. We next 190 

statistically confirm the robustness of this error. 191 
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3. Statistical verification of forecast errors 192 

3.1 Sampling of coastal fronts 193 

We limited our samples to those in which coastal fronts were observed 194 

between Miura and Kuki (shown in Fig. 2a) with southerly onshore winds, during the 195 

period between 2015 and 2018. Samples that satisfied the conditions described in 196 

Appendix A were selected every hour. We assigned the frontal position to the section 197 

with the largest horizontal temperature gradient among four sections, from seaside to 198 

inland in the Kanto Plain: Miura-Yokohama, Yokohama-Tokyo, Tokyo-Koshigaya, and 199 

Koshigaya-Kuki (see Fig. 2a). The distance per section is approximately 25 km. In all, 200 

170 hours of samples were obtained for statistical verification. The cold season 201 

(October to March) accounts for 140 out of 170 hours of samples. Also, 170 hours of 202 

samples account for fourteen coastal front cases. The operational MSM forecasts were 203 

compared with all of the samples selected. 204 

3.2 Conformation of systematic forecast error 205 

 Table 1 shows the frequencies of coastal fronts for each section in the 206 

observation and the MSM 10−12-hour forecasts, with a total of 170 hours of samples. 207 

The coastal fronts were frequently forecast one or two sections to the northern side of 208 

their observed positions. Since the distance per section is approximately 25 km, it is 209 

inferred that coastal fronts were frequently shifted 25 km to 50 km north along the 210 
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section line. The underlined orange boxes here represent the frequencies with which 211 

MSM forecasts placed the coastal fronts on the inland side of their actual sections 212 

(“MSM inland”), accounting for 149 hours out of 170 hours. In contrast, the MSM 213 

forecast located the fronts in their actual sections (“No Error”) in 21 of the 170 hours. 214 

Notably, in none of the forecasts did the MSM locate the fronts on the seaward of their 215 

actual section (“MSM seaward”). Therefore, we concluded that the operational NWP 216 

model has a systematic forecast error, shifting coastal fronts inland for the forecast 217 

period of 10−12 hours. We also confirmed that this systematic error did not change 218 

when the operational model changed in February 2017, and the error appeared in all 219 

fourteen coastal front cases from 2015 to 2018. 220 

 Next, we investigated whether a similar systematic error would emerge for 221 

other forecast periods. Here, the frequencies of “MSM inland,” “No error,” and “MSM 222 

seaward” were calculated for each forecast period, and the ratio (%) of the frequencies 223 

to all samples was determined. Figure 6 shows the relationship between the length of 224 

the forecast period and the “MSM inland,” “No error,” and “MSM seaward” ratios. As 225 

indicated in the figure, the percentage of “MSM inland” is in the 20% range at the initial 226 

condition but exceeds 80% for a forecast period of more than 5 hours. Thus, the coastal 227 

fronts were shifted inland of their actual positions when the forecast period exceeded 228 

5 hours. Moreover, "MSM inland" of 80% or more persists until the 39-hour forecast 229 

(maximum forecast range). These results suggest that the forecast error does not 230 
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come from the initial and boundary conditions but rather is related to the systematic 231 

error of the MSM.  232 

3.3 Systematic error verification through composite analyses 233 

We conducted composite analyses for each section of observation, as shown in 234 

Table 1. Figure 7 gives the composite fields of the surface temperature and surface 235 

wind in the observation (AMeDAS) and MSM 10−12-hour forecasts. In all of the 236 

sections, we confirmed the northwestward errors of coastal fronts in the MSM 10−12-237 

hour forecasts. As shown in the right panels of Fig. 7 (c, f, i, l), the surface temperature 238 

differences of the MSM from the observation were near zero on both sides of the frontal 239 

zone. Although the MSM forecasts shift coastal fronts to the inland side, they do not 240 

have large biases of surface temperatures, either for warm or cold air masses. 241 

We then investigated the relationship between forecast error and precipitation, 242 

defining two cases: The “RAINY case” was defined as samples where precipitation of 243 

0.5 mm/hour or more was observed at more than half of the AMeDAS stations in the 244 

Kanto Plain; for the “non-RAINY case,” such an observation occurred at fewer than 245 

10% of the stations. Figure 8 shows composite fields of the RAINY case (14 hours) 246 

and non-RAINY case (26 hours), where observed coastal fronts were classified into 247 

the section between Tokyo and Koshigaya. As the figure indicates, the MSM forecasts 248 

appear to have systematic error regardless of precipitation, although the systematic 249 
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error is more prominent in the RAINY cases than in the non-RAINY case. Similar 250 

results were obtained in all sections.  251 

4. Numerical sensitivity experiments 252 

We conducted numerical experiments on three typical coastal front cases with 253 

systematic prediction error over the Kanto Plain. The coastal fronts were associated 254 

with an extratropical cyclone traveling over the Sea of Japan (Fig. 1) and were 255 

observed continuously for more than 6 hours with southerly onshore winds. The dates 256 

of the numerical experiments and the analysis period used in evaluating the frontal 257 

position are given below. The start time of the numerical experiments was prior to the 258 

onset of the coastal front. CASE 1 is an example of a RAINY case, as described in 259 

section 2; Cases 2 and 3 are examples of non-RAINY case: 260 

CASE 1: 2018/03/08 09:00 (initial time) to 2018/03/09 09:00 (JST) 261 

(analysis period: 03/09 00:00 to 06:00, FT15 to FT21) 262 

CASE 2: 2017/02/22 21:00 (initial time) to 2017/2/23 12:00 (JST) 263 

(analysis period: 02/23 03:00 to 09:00, FT06 to FT12) 264 

CASE 3: 2019/02/03 09:00 (initial time) to 2019/02/04 09:00 (JST) 265 

(analysis period: 02/04 00:00 to 06:00, FT15 to FT21)  266 

(FT indicates forecast period (hours)) 267 

For the experiments, we used a nonhydrostatic numerical model (JMA-NHM) 268 
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developed by JMA (Saito et al. 2006) rather than the operational NWP model. Figure 269 

9 shows the computational domain of 1000 km × 1000 km centered over the Kanto 270 

Plain. The mesoscale analyses of JMA (JMA 2013) were used as the initial and lateral 271 

boundary conditions. An experiment with nearly the same settings as MSM was 272 

defined as the control (CTL) experiment. The details of the model configuration of CTL 273 

are as follows. The horizontal grid spacing was set as 5 km. The 50 vertical layers 274 

extended from a height of 20 m to 13.2 km. The model included the bulk cloud 275 

microphysics by Ikawa et al. (1991) and the Mellor–Yamada–Nakanishi–Niino level-3 276 

(MYNN) turbulence closure scheme by Nakanishi and Niino (2006). No convective 277 

parameterization was used. The terrain data were generated via interpolation of the 278 

GTOPO30 (Global 30 arc-second elevation with a horizontal grid spacing of 279 

approximately 1 km) dataset. Surface-related parameters were introduced by the 280 

National Land Numerical Information dataset provided by the Geospatial Information 281 

Authority of Japan. The design of the sensitivity experiments is described below. A 282 

summary of the sensitivity experiments is shown in Table 2. 283 

a. Horizontal resolution (DX_2km, DX_1km) 284 

If the error is due to an underestimation of mountain barriers associated with a 285 

model smoothing using a 5 km grid (CTL orography, shown in Fig. 10a), higher 286 

resolution models could be expected to reduce the error. We conducted experiments 287 
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by increasing the horizontal resolution from 5 km to 2 km (DX_2km experiment) and 1 288 

km (DX_1km experiment), respectively. The model terrains used in the DX_2km and 289 

DX_1km are shown in Figs. 10d and 10g, respectively.  290 

b. Envelope orography (EO_5km, EO_2km, EO_1km) 291 

Normally, the elevation at each grid point is given by the mean value of all the 292 

GTOPO30 elevation data included in the grid. Here, we introduced an envelope 293 

orography as the model terrain, created by using the maximum value of the GTOPO 294 

30 elevation data at each grid point. Hereinafter, experiments using the envelope 295 

orography are referred to as EO_5km (Fig. 10b), EO_2km (Fig. 10e), or EO_1km (Fig. 296 

10h), depending on the horizontal resolution in the model. Figures 10c, 10f, and 10i 297 

show differences in the elevation of the envelope minus the mean orography for each 298 

resolution. In the 5 km grid (Fig. 10c), the envelope orography increased the model 299 

terrain by ~500 m in the mountainous region, while it caused little change in the Kanto 300 

Plain. If the resolution is increased from 5 km to 2 km and 1 km, the envelope orography 301 

has less impact on the model terrain (Figs. 10f and 10i). 302 

c. Surface friction (Rough_URBAN, Rough_SEA) 303 

We also considered the possibility of changes in coastal fronts due to surface 304 

friction. Figure 11 shows the surface roughness used in the CTL. In urban and 305 
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mountain areas, the roughness is relatively high (3.0 m), while over the sea, it is low 306 

(0.001 m). In our experiments, the surface roughness in the Kanto Plain was set at 3.0 307 

m for Rough_URBAN and at 0.001 m for Rough_SEA. 308 

d. Evaporative cooling of precipitation (NOEVAP) 309 

In RAINY cases, the evaporative cooling of precipitation is expected to reduce 310 

temperature near the ground and affect coastal fronts. An experiment was conducted 311 

without the evaporative cooling of precipitation (NOEVAP). 312 

5. Results of numerical sensitivity experiments 313 

5.1 Quantitative evaluation of the reduction rate of the forecast error 314 

 The CTL predictions of the JMA-NHM showed the typical error of coastal fronts 315 

shifting inland, very similar to the operational MSM predictions. In each sensitivity 316 

experiment, we quantitatively evaluated the reduction rate of the forecast error. As 317 

indicated below, the error reduction rate was defined as the southeastward deviation 318 

of the coastal front predicted by the modified model (“Deviation (Sensitivity - CTL)”) 319 

normalized by the northwestward displacement error of the CTL model. (A detailed 320 

description of the measurement methodology is provided in Appendix B.) 321 

 (Error reduction rate) =
 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛(𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 − 𝐶𝑇𝐿) 

𝐸𝑟𝑟𝑜𝑟(𝐶𝑇𝐿)
× 100 (%) 322 

Following the algorithm described in Appendix B, the Error (CTL) values, 323 
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representing the deviation of the CTL simulation result from the actual position of the 324 

coastal front, were 27.6 km for CASE 1, 15.9 km for CASE 2, and 17.8 km for CASE 325 

3. To illustrate, in CASE 1, if the deviation produced by the modified model is 20 km 326 

southeastward, the error reduction rate is calculated as +20 km/27.3 km ≈ +73%. A 327 

reduction rate greater than 100% indicates an overcorrection of the forecast error; a 328 

negative rate indicates an increase in the forecast error. 329 

Table 3 shows the deviations of the predicted coastal fronts from the CTL 330 

(value in parentheses in each box, km) result as well as the error reduction rates (upper 331 

value in each box, %) for the various sensitivity experiments. The CASE-averaged 332 

error reduction rates in the rightmost column give the mean values of the error 333 

reduction rates for the three cases. As shown, the CASE-averaged error reduction 334 

rates were 27% in DX_2km, 37% in DX_1km, 111% in EO_5km, 101% in EO_2km, 335 

and 87% in EO_1km. It would appear, then, that the error can be reduced, at least to 336 

some extent, by increasing the horizontal resolution, and that it can be all but 337 

eliminated by introducing the envelope orography. 338 

In contrast, the CASE-averaged error reduction rates for the Rough_URBAN 339 

and Rough_SEA experiments were -2% and -34%, respectively, indicating that a 340 

change in surface friction did not reduce the forecast error. Indeed, the error increased 341 

substantially when surface friction was reduced to that of rough sea. Regarding 342 
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NOEVAP, the error reduction rate of CASE 2 and CASE 3 (non-RAINY case) was close 343 

to 0, whereas in CASE 1 (RAINY case) it was -72%. 344 

5.2 Results of EO_5km forecasts 345 

Figure 12 shows the CTL and EO_5km forecasts of surface temperature and 346 

surface wind over the Kanto Plain for the three cases. In all of the EO_5km cases, the 347 

coastal fronts shifted to the seaward in comparison to the CTL result. Figures 12c, 12f, 348 

and 12i show the temperature differences between EO_5km and CTL (i.e., EO_5km 349 

minus CTL), and suggest that the differences were near zero on both sides of the 350 

frontal zone. Thus, the EO_5km experiments indicate that the fronts shifted to the 351 

seaward even though the surface temperature gap across the front was virtually 352 

unchanged. 353 

Figure 13 shows a vertical cross-sectional view of potential temperature predicted 354 

by the CTL and EO_5km along the line labeled Line AB in Fig. 12. The left panels (a, 355 

d, g) and middle panels (b, e, h) of Fig. 13 show the potential temperature forecast of 356 

the CTL and EO_5km, respectively; the right panels (c, f, i) show the potential 357 

temperature difference, EO_5km minus CTL. We found that coastal fronts mark the 358 

edge of the cold air “trapped” on the southeastern slope of the mountains. Moreover, 359 

EO_5km appears to make the trapped cold air thicker and extend farther 360 

southeastward. 361 
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5.3  Result of NOEVAP forecast 362 

Figure 14 shows a vertical cross-sectional view of the potential temperature 363 

predicted by NOEVAP along Line AB at 03 JST 9 March 2018 in CASE 1. Figure 14a 364 

shows the potential temperature of NOEVAP, and 14b shows the potential temperature 365 

difference of NOEVAP minus CTL. Figure 14 shows that the trapped cold air became 366 

warmer in the NOEVAP compared to the CTL and that the front shifted inland. In other 367 

words, the evaporative cooling of precipitation cooled the cold air mass and caused 368 

the front to shift to the seaward. 369 

6. Discussion 370 

To further explore the mechanism behind the shifting of coastal fronts in the 371 

sensitivity experiments, we used the Margules equation. According to the American 372 

Meteorological Society (2020), this equation accounts for the equilibrium inclination of 373 

a frontal surface separating two homogeneous air masses in a steady geostrophic 374 

motion parallel to the interface. The equation is given as 375 

tan 𝛼 =
𝑓

𝑔

𝑇 𝑣 − 𝑇 𝑣

𝑇 − 𝑇
≈

𝑓

𝑔

𝜌

Δ𝜌
(𝑣 − 𝑣 )    376 

where α is the elevation angle of the frontal surface to the horizontal, f is the 377 

Coriolis parameter, g is the gravitational acceleration, and T1 and T2 are the absolute 378 

temperatures of the colder and warmer air masses, respectively, with wind speeds of 379 
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v1 and v2 parallel to the front; 𝜌 and 𝛥𝜌 are the average and difference in the density 380 

of the two air layers, respectively. This equilibrium condition has been used to calculate 381 

the slope of atmospheric frontal surfaces and explains how the elevation angle of the 382 

frontal surface is roughly controlled dynamically. 383 

We applied the Margules equation to coastal fronts where the frontal surface is 384 

considered to extend from the mountain ridgeline (Fig. 15a). In the cases discussed in 385 

the previous section, the cold air mass trapped on the mountain slope is isolated and 386 

is almost stationary (v1 ≈ 0 m s ) along the coastal front. On the other hand, the 387 

warm air has a strong wind velocity with a large parallel component (v2 > 0 m s ) to 388 

the coastal front. To illustrate, consider a mountain barrier with a ridge height of 1000 389 

m and oriented from northeast to southwest. If we assume that f = 10-4 s-1, T1 = 294 K, 390 

T2 = 300 K (i.e., ρ/Δρ ≈ 50), v1 ≈  0 m s  , and v2 ≈  20 m s  , the tan 𝛼  will be 391 

approximately 0.01 and the trapped cold air will extend 100 km southeastward from 392 

the mountain range. It can be inferred, then, that fronts shift to the southeastward 393 

(seaward) when the ridgelines of the mountains are higher (Fig. 15b). This would 394 

explain why, in experiments EO_5km, EO_2km, and EO_1km, the northwestward 395 

displacement error was nearly eliminated, even though the elevation angle of the 396 

frontal surface, which is determined by the temperature gap across the front, was 397 

unchanged. 398 
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Increasing the horizontal resolution (DX_2km, DX_1km) also eliminated the 399 

northwestward error, at least to some extent. In fact, changing the horizontal resolution 400 

affects not only the representation of the terrain but also the representations of other 401 

physical processes (e.g., the turbulent closure and micro cloud physics schemes). As 402 

shown in Appendix C, we confirm that when the 1 km resolution model was given the 403 

5 km resolution terrain, the northwestward error was almost the same as in the 5 km 404 

resolution model. Therefore, we concluded that the reduction of forecast errors that 405 

emerged when the horizontal resolution was increased was due to higher mountain 406 

barriers.  407 

In the NOEVAP experiment (CASE 1), the coastal fronts shifted to the inland side 408 

due to the increase in the elevation angle when the trapped cold air became warmer 409 

(Fig. 15c). It implies that any forecast error of physical processes (evaporation, 410 

radiation, surface heat exchange, etc.) may increase the systematic location error of 411 

coastal fronts via the underestimation in the temperature difference between the two 412 

air masses. However, from the statistical validations discussed in section 3, these 413 

processes do not seem sufficient to explain the cause of the systematic error, given 414 

the fact that the operational NWP shift fronts to the inland side without a large bias in 415 

the surface temperature prediction of warm and cold air masses. 416 

The validity of the Margules equation was examined in Figs. 13a and 13b. By 417 
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using the potential temperature of the frontal surface in contact with the ground as a 418 

guide (289 K), the slope of the frontal surface (isothermal surface) can be estimated to 419 

be about 0.008 (tan 𝛼). If we consider the mountain barrier has risen by 300 m by 420 

installing the envelope orography, the front would be calculated to shift 36 km seaward 421 

according to the equation. This theoretical shifting is almost the same as the actual 422 

deviation in EO_5km. Of course, the Margules equation is too simple to fully explain 423 

the complicated dynamical balance in the actual atmosphere. In actuality, wind is under 424 

the influence of the ageostrophic component due to surface friction, turbulent vertical 425 

mixing, transient motions, etc. In fact, we confirmed the contribution of surface frictions 426 

in the Rough_URBAN and Rough_SEA sensitivity experiments. The previous 427 

observational analyses (Yoshikado et al. 1994; Seino et al. 2003) revealed that the 428 

slope of the frontal surface is steep near the frontal head, while it is slightly sloping at 429 

the back (inland side) of the front. Besides, Yoshikado (1998) and Seino et al. (2003) 430 

indicated that the actual front surface has a transition layer due to turbulent mixing, in 431 

which the potential temperature is lower than that of the synoptic inflow but the wind 432 

direction is the same as that of the inflow. Nevertheless, the Margules equation can 433 

reasonably explain the results of our sensitivity experiments. 434 

In this study’s sensitivity analyses, we assumed that the trapped cold air of the 435 

coastal fronts is stagnant (v1 ≈ 0). In fact, the Margules equation can also be applied 436 
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to cold-air damming (CAD) events (v1 ≠  0). Appendix D shows a numerical 437 

experiment involving a coastal front with typical CAD during a heavy snowfall event 438 

over the Kanto Plain in February 2014. As indicated, the experiment with the envelope 439 

orography reproduced the position of the coastal front and surface temperature in the 440 

frontal zone better than with the mean orography. 441 

7. Conclusion 442 

We investigated the MSM error in forecasting coastal fronts with southerly onshore 443 

winds in the Kanto Plain. The operational NWP is shown to produce a systematic error, 444 

consistently shifting coastal fronts to the inland side of their actual positions in forecasts 445 

exceeding a forecast period of 5 hours, regardless of precipitation. The numerical 446 

experiments conducted in the study suggest that the systematic error associated with 447 

coastal fronts can be primarily attributed to the underestimation of the mountain barrier 448 

surrounding the Kanto Plain in the model. Most of the coastal fronts were found to take 449 

the form of the cold air trapped on the southeastern slope of mountains, where the 450 

elevation angle of the frontal surface is roughly controlled dynamically (Margules 451 

equation). Thus, the expansion of the trapped cold air toward the Kanto Plain depends 452 

on the angle of the frontal surface and the height of the mountain barrier. The NWP 453 

with a horizontal grid spacing of 5 km considerably underestimates the mountain 454 

barrier because of the smoothing of the mean orography and predicts coastal fronts 455 
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on the inland side of their actual positions. Even though the frontal positions of MSM 456 

are mostly corrected in the initial condition by assimilating the observation data, they 457 

shift to the inland side of their actual positions, reflecting the dynamical balance as the 458 

forecast period progresses. 459 

The northwestward distance error of coastal front predictions, averaged over three 460 

cases, can be reduced by 27% and 37% by increasing the horizontal resolution from 5 461 

km to 2 km and 1 km, respectively. This is mainly because the mountain barriers 462 

become higher with increases in the horizontal resolution. We expect that the forecast 463 

error can be further improved by using a finer model grid and finer terrain data.  464 

Using an envelope orography where elevation at each grid point was defined by 465 

the maximum value of GTOPO30 elevation data for that grid nearly eliminated the 466 

northwestward error in coastal front predictions. Indeed, this method (i.e., using the 467 

maximum value for the model grid) has the disadvantage of making the elevation 468 

throughout the entire domain higher than it actually is. Nevertheless, it can be 469 

concluded that the envelope orography proposed here is a suitable model terrain for 470 

more accurately predicting coastal fronts in the Kanto Plain. 471 

The evaporative cooling of precipitation shifts coastal fronts to the seaward. The 472 

mechanism involved in this shift can be simply described: the evaporative cooling 473 
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decreases the cold air mass temperature, reduces the elevation angle of the frontal 474 

surface, and shifts the coastal front. This result suggests that any forecast error of 475 

physical process—evaporation, radiation, surface heat exchange, and so on—may 476 

contribute to the location error of coastal fronts depending on the initial and boundary 477 

values. However, such processes do not seem sufficient to fully explain the systematic 478 

error of coastal front predictions as far as the current mesoscale NWP system is 479 

concerned. On a side note, we confirmed that the choice of turbulent closure schemes 480 

and convective schemes have less impact on reducing the error of coastal fronts in the 481 

Kanto Plain. 482 

In the sensitivity experiments in this study, we were mainly concerned with the 483 

trapped cold air of coastal fronts whose wind velocity is very weak. However, the 484 

Margules equation can be readily applied to CAD events where the low-level cold air 485 

has strong wind velocity. The present study suggests that the use of an envelope 486 

orography may improve forecasts of high-impact events such as the boundary 487 

between rain and frozen precipitation and the location of heavy frontal precipitation. 488 

The mountain heights surrounding the Kanto Plain are considered to have a greater 489 

impact on the weather system over the Kanto Plain via cold air mass trapping/damming. 490 

 491 
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Appendix A: Sampling coastal fronts for statistical verification 492 

 A procedure for detecting coastal fronts in the Kanto Plain was proposed by 493 

Fujibe (1990). The procedure was applied in the present study with small modifications. 494 

The algorithm for detection is described through (I) to (III). We used surface 495 

temperature and surface wind data from five AMeDAS stations (Miura, Yokohama, 496 

Tokyo, Koshigaya, and Kuki; see Fig. 2a). Here, the range of wind direction is indicated 497 

clockwise, so that “SE~SW” or “between SE and SW” means the range from SE 498 

through S to SW. 499 

 (I) The wind direction at Miura is between SSE and SSW with wind speeds of 5 m s  500 

or more. 501 

(II) The temperature gap of Miura minus Kuki is +5 °C or more. 502 

(III) For the samples detected in (I) and (II), we classified frontal positions into the 503 

section with the largest horizontal temperature gradient (seaward minus landward) 504 

among the four sections from seaside to inland (section 1: Miura−Yokohama, section 505 

2: Yokohama−Tokyo, section 3: Tokyo−Koshigaya, section 4: Koshigaya−Kuki). We 506 

also considered that the temperature-only based classification might include false 507 

detection of coastal fronts. Thus, samples for which southerly wind was not detected 508 

at the seaward-side station of the classified section was excluded from statistical 509 
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verification.  510 

As mentioned in Fujibe (1990), the sampling method described above can 511 

include the passing of a synoptic-scale front. However, in order to avoid complicating 512 

the experimental setting, this study does not set new conditions to avoid the synoptic-513 

scale front. In addition, the altitude of each AMeDAS point is less than 100 m; thus, the 514 

temperature is not corrected by altitude. 515 

The MSM forecast was compared with the samples selected above. We 516 

classified frontal positions of the MSM forecast into the section with the largest 517 

temperature gradient among the four sections 518 

(Miura−Yokohama−Tokyo−Koshigaya−Kuki), after adding the two conditions described 519 

below. Since the AMeDAS stations are not necessarily on the MSM grid points, the 520 

MSM forecast values of the four grid points closest to the AMeDAS stations were 521 

interpolated and taken as the MSM forecast values at the AMeDAS point. The two 522 

added conditions were as follows: 523 

1. The wind direction at Miura was not southerly (W~E); coastal fronts are classified 524 

on the south side (offshore) of Miura. 525 

2. The wind direction at Kuki was southerly (ESE~WSW), and the wind speed is 526 

3 m s  or more; coastal fronts are classified on the north (inland) side of Kuki. 527 
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Appendix B: Measuring a southeastward deviation of the coastal front 528 

In each sensitivity experiment, a southeastward deviation of the coastal front 529 

from the CTL was measured with the following method: 530 

(1) The surface temperature data for all experiments were interpolated into a grid of 2 531 

km. 532 

(2) A survey line was plotted in the southeast-northwest direction within the judged area 533 

shown in Fig. B1a. The grid point with the largest temperature gradient on the survey 534 

line was determined as the frontal position. To prevent false detections associated with 535 

elevation, grids with an altitude of 200 m or higher were not judged as frontal positions.  536 

(3) Averaged southeastward deviation from the CTL was measured from all survey 537 

lines (Fig. B1b). 538 

(4) The deviation of (3) was calculated every hour within the analysis period of each 539 

CASE; the time average value was defined as “deviation (Sensitivity-CTL).” 540 

Appendix C: Impact study on terrain resolution 541 

An experiment in which only the terrain resolution was changed to 5 km (same 542 

as Fig. 10a) in the DX_1km experiment was performed in CASE 1 (referred to as 543 
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DX_1km_topo5km experiment). Figure C1 shows the 18-hour forecasts of (a) DX_1km 544 

(b) DX_1km_topo5km, and (c) temperature difference between the two experiments. 545 

The coastal front shifted inland in the DX_1km_topo5km compared to DX_1km, and 546 

we confirmed that the forecast error of DX_1km_topo5km was nearly the same as the 547 

CTL.  548 

Appendix D: Sensitivity experiment to coastal fronts accompanied with CAD 549 

We conducted a sensitivity experiment for a coastal front accompanied by a 550 

typical CAD event in February 2014. The model configurations are the same as in this 551 

study. As indicated in Fig. D1c (analysis), the coastal front was formed between warm 552 

southeasterly winds and northerly colder flow along the eastern slope of a mountain 553 

barrier. In the numerical experiments (12-hour forecast), EO_5km (Fig. D1b) showed 554 

the northwestward error of coastal fronts that existed in the CTL (Fig. D1a) was nearly 555 

eliminated. Figures D1d and D1e show surface temperature differences from the 556 

analysis. The EO_5km experiment reproduced surface temperature in the frontal zone 557 

better than the CTL experiment. 558 

 559 
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List of Figures 657 

Fig. 1 Map of Japan (left) and the Kanto region (right). The Kanto Plain is the 658 

largest plain in Japan and is located in central Honshu island. ★ denotes the 659 

Tokyo station. The north and west sides of the Kanto Plain are surrounded by 660 

mountain ranges. 661 
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Fig. 2 (a): Automated Meteorological Data Acquisition System (AMeDAS) ground 662 

observation stations in the Kanto Plain. Named AMeDAS points are used in the 663 

statistical verification in section 3, and represent MI: Miura, YO: Yokohama, TO: 664 

Tokyo, KO: Koshigaya, and KU: Kuki. (b): Observation stations of the 665 

Atmospheric Environmental Regional Observation System (AEROS). The gray 666 

area is at an altitude of 200 m or higher above sea level. 667 

Fig. 3 Surface pressure map at 03 JST 9 March 2018. The contour interval is 4 668 

hPa. 669 

Fig. 4 Comparison of surface temperature (°C, shaded, contoured at intervals of 670 

1 °C) and surface wind (m s , arrow) from 00 JST to 06 JST (every 3 hours) on 671 

9 March 2018. Upper panels (a, b, c) are observations (temperature) and 672 

analyses (wind), and lower panels (d, e, f) are MSM 12-hour forecasts. Arrows 673 

indicate the surface wind (one full bar indicates 2 m s , and a pennant, 10 674 

m s , the same in the following figures). Dots indicate the locations of Miura, 675 

Yokohama, Tokyo, Koshigaya, and Kuki from south to north. The area shown in 676 

gray is at an altitude of 200 m or higher above sea level. 677 

Fig. 5 (a): MSM analysis (initial condition) at 03 JST 9 March 2018. (b, c, d, e, f): 678 

MSM surface temperature and surface wind forecasts at 03 JST 9 March 2018 679 

with different initial conditions (the forecast period of 3−15 hours). The shading 680 

and contour lines are the same as in Fig. 4. 681 
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Fig. 6 Relationship between MSM forecast error ratios (vertical axis, %) and 682 

forecast period (horizontal axis, hours). The solid red line shows MSM 683 

forecasting coastal fronts on the inland side of their actual section (“MSM 684 

inland”), the broken black line shows MSM forecasting in their actual section 685 

(“No error”), and the dotted blue line shows MSM forecasting on the seaward of 686 

their actual section (“MSM seaward”). 687 

Fig. 7 Composite fields of surface temperature (contoured at intervals of 1 °C) and 688 

surface wind for each section of observation shown in Table 1. The left panels (a, 689 

d, g, j) are composites of observation (AMeDAS). The middle panels (b, e, h, k) 690 

are composites of MSM 10−12-hour forecasts. The right panels (c, f, i, l) show 691 

the surface temperature differences of the MSM from the observation (shaded, 692 

contoured at intervals of 1 °C). 693 

Fig. 8 Composite fields of the RAINY (14 hours; a, b, c) and non-RAINY (26 hours; 694 

d, e, f) cases, where observed coastal fronts were classified into the section 695 

between Tokyo and Koshigaya. The units of wind and temperature are the same 696 

as Fig. 7. 697 

Fig. 9 Computational domain for sensitivity experiments (framed area). 698 

Fig. 10 The left panels (a, d, g) are the terrain created from the grid mean value of 699 

GTOPO30 (Mean_xkm). The middle panels (b, e, h) are the terrain created from 700 

the grid maximum value of GTOPO30 (EO_xkm). (a, b, c) are 5 km, (d, e, f) are 701 
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2 km, (g, h, i) are 1 km resolution terrains. The right panels (c, f, i) show 702 

differences in elevation of the EO_xkm minus the Mean_xkm terrain. 703 

Fig. 11 Horizontal distribution of surface roughness (m) in the Kanto Plain and 704 

surrounding area. 705 

Fig. 12 Model simulated surface temperature (shaded, contoured) and surface wind 706 

field of CTL, EO_5km, and temperature difference of EO_5km minus CTL in 707 

each CASE. The upper panels (a, b, c) are CASE 1 (03 JST 9 March 2018, 708 

FT18), the middle panels (d, e, f) are CASE 2 (06 JST 23 February 2017, FT9), 709 

and the lower panels (g, h, i) are CASE 3 (03 JST 04 February 2019, FT18). The 710 

area shown in gray is an altitude of 200 m or higher. Line AB shows the location 711 

of the vertical cross-section used in Figs. 13 and 14. 712 

Fig. 13 Vertical cross-sectional view of potential temperature (shaded, contoured at 713 

intervals of 1 K) predicted by the CTL (a, d, g) and EO_5km (b, e, h) along line 714 

AB shown in Fig. 12. The right panels (c, f, i) show the potential temperature 715 

difference of EO_5km minus CTL. The topography is masked in black. 716 

Fig. 14 As in Fig. 13, but for result in the NOEVAP run in CASE 1 at 03 JST 9 March 717 

2018. 718 

Fig. 15 Schematic illustrations of (a) the Margules equation applied for coastal fronts, 719 

(b) front shifting when mountain barrier is higher (EO_5km), and (c) front shifting 720 

due to the increase in the elevation angle when the trapped air is warmer 721 
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(NOEVAP). 722 

Fig. B1 (a): Example of the position of coastal fronts determined by surface 723 

temperature (CTL is shown by ■, EO_5km is shown by ●, and corresponding 724 

to Figs. 12a (CTL) and 12b (EO_5km), respectively). The determination of frontal 725 

positions was performed inside the judged area shown in the figure. (b): 726 

Schematic illustration for measuring the deviation of the front. The deviation 727 

shown in the figure is calculated as +38.5 km southeastward. 728 

Fig. C1 Model simulated surface temperature (shaded, contoured) and surface wind 729 

field of (a) DX_1km and (b) DX_1km_topo5km at 03 JST 9 March 2018 (FT18). 730 

(c): Temperature difference of (b) minus (a). 731 

Fig. D1 12-hour forecasts of coastal front accompanied by CAD. Upper panels show 732 

surface temperature (shaded, contoured) and surface wind field of (a) CTL, (b) 733 

EO_5km, and (c) analysis (MSM initial condition) at 03 JST 15 February 2014. 734 

(d), (e): Surface temperature differences (shaded) of (d) CTL minus analysis (e) 735 

EO_5km minus analysis. (f): Surface pressure map at 03 JST 15 February 2014. 736 

The contour interval is 4 hPa. 737 
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 738 
Fig. 1 Map of Japan (left) and the Kanto region (right). The Kanto Plain is the largest 739 

plain in Japan and is located in central Honshu island. ★ denotes the Tokyo station. 740 

The north and west sides of the Kanto Plain are surrounded by mountain ranges. 741 
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 742 

 743 

Fig. 2 (a): Automated Meteorological Data Acquisition System (AMeDAS) ground 744 

observation stations in the Kanto Plain. Named AMeDAS points are used in the 745 

statistical verification in section 3, and represent MI: Miura, YO: Yokohama, TO: 746 

Tokyo, KO: Koshigaya, and KU: Kuki. (b): Observation stations of the Atmospheric 747 

Environmental Regional Observation System (AEROS). The gray area is at an altitude 748 

of 200 m or higher above sea level. 749 
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 752 

Fig. 3 Surface pressure map at 03 JST 9 March 2018. The contour interval is 4 hPa.753 

754 

755 
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 756 
 757 

Fig. 4 Comparison of surface temperature (°C, shaded, contoured at intervals of 1 °C) 758 

and surface wind (m s , arrow) from 00 JST to 06 JST (every 3 hours) on 9 March 759 

2018. Upper panels (a, b, c) are observations (temperature) and analyses (wind), and 760 

lower panels (d, e, f) are MSM 12-hour forecasts. Arrows indicate the surface wind (one 761 

full bar indicates 2 m s , and a pennant, 10 m s , the same in the following figures). 762 

Dots indicate the locations of Miura, Yokohama, Tokyo, Koshigaya, and Kuki from south 763 

to north. The area shown in gray is at an altitude of 200 m or higher above sea level. 764 

  765 



44 
 
 

 766 

 767 

Fig. 5 (a): MSM analysis (initial condition) at 03 JST 9 March 2018. (b, c, d, e, f): 768 

MSM surface temperature and surface wind forecasts at 03 JST 9 March 2018 769 

with different initial conditions (the forecast period of 3−15 hours). The shading 770 

and contour lines are the same as in Fig. 4. 771 

  772 



45 
 
 

      773 

Fig. 6 Relationship between MSM forecast error ratios (vertical axis, %) and forecast 774 

period (horizontal axis, hours). The solid red line shows MSM forecasting coastal fronts 775 

on the inland side of their actual section (“MSM inland”), the broken black line shows 776 

MSM forecasting in their actual section (“No error”), and the dotted blue line shows MSM 777 

forecasting on the seaward of their actual section (“MSM seaward”). 778 
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    780 

Fig. 7 Composite fields of surface temperature (contoured at intervals of 1 °C) and 781 

surface wind for each section of observation shown in Table 1. The left panels (a, d, g, j) 782 

are composites of observation (AMeDAS). The middle panels (b, e, h, k) are composites 783 

of MSM 10−12-hour forecasts. The right panels (c, f, i, l) show the surface temperature 784 

differences of the MSM from the observation (shaded, contoured at intervals of 1 °C). 785 
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 786 

 787 

Fig. 8 Composite fields of the RAINY (14 hours; a, b, c) and non-RAINY (26 hours; d, e, 788 

f) cases, where observed coastal fronts were classified into the section between Tokyo 789 

and Koshigaya. The units of wind and temperature are the same as Fig. 7. 790 
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 792 

Fig. 9 Computational domain for sensitivity experiments (framed area). 793 
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    795 

 796 

Fig. 10 The left panels (a, d, g) are the terrain created from the grid mean value of 797 

GTOPO30 (Mean_xkm). The middle panels (b, e, h) are the terrain created from the grid 798 

maximum value of GTOPO30 (EO_xkm). (a, b, c) are 5 km, (d, e, f) are 2 km, (g, h, i) 799 

are 1 km resolution terrains. The right panels (c, f, i) show differences in elevation of the 800 

EO_xkm minus the Mean_xkm terrain. 801 
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 803 
 804 

Fig. 11 Horizontal distribution of surface roughness (m) in the Kanto Plain and surrounding 805 

area. 806 
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     808 
 809 

Fig. 12 Model simulated surface temperature (shaded, contoured) and surface wind field 810 

of CTL, EO_5km, and temperature difference of EO_5km minus CTL in each CASE. The 811 

upper panels (a, b, c) are CASE 1 (03 JST 9 March 2018, FT18), the middle panels (d, e, 812 

f) are CASE 2 (06 JST 23 February 2017, FT9), and the lower panels (g, h, i) are CASE 3 813 

(03 JST 04 February 2019, FT18). The area shown in gray is an altitude of 200 m or 814 

higher. Line AB shows the location of the vertical cross-section used in Figs. 13 and 14. 815 
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 817 

 818 

Fig. 13 Vertical cross-sectional view of potential temperature (shaded, contoured at 819 

intervals of 1 K) predicted by the CTL (a, d, g) and EO_5km (b, e, h) along line AB 820 

shown in Fig. 12. The right panels (c, f, i) show the potential temperature difference of 821 

EO_5km minus CTL. The topography is masked in black.  822 
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823 

 824 

 825 

Fig. 14 As in Fig. 13, but for result in the NOEVAP run in CASE 1 at 03 JST 9 March 2018. 826 
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 828 

 829 

Fig. 15 Schematic illustrations of (a) the Margules equation applied for coastal fronts, (b) 830 

front shifting when mountain barrier is higher (EO_5km), and (c) front shifting due to the 831 

increase in the elevation angle when the trapped air is warmer (NOEVAP). 832 
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 834 

 835 

Fig. B1 (a): Example of the position of coastal fronts determined by surface temperature 836 

(CTL is shown by ■, EO_5km is shown by ●, and corresponding to Figs. 12a (CTL) 837 

and 12b (EO_5km), respectively). The determination of frontal positions was performed 838 

inside the judged area shown in the figure. (b): Schematic illustration for measuring the 839 

deviation of the front. The deviation shown in the figure is calculated as +38.5 km 840 

southeastward. 841 

842 
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 843 

 844 

Fig. C1 Model simulated surface temperature (shaded, contoured) and surface wind field 845 

of (a) DX_1km and (b) DX_1km_topo5km at 03 JST 9 March 2018 (FT18). (c): 846 

Temperature difference of (b) minus (a). 847 

848 
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    849 
 850 

Fig. D1 12-hour forecasts of coastal front accompanied by CAD. Upper panels show 851 

surface temperature (shaded, contoured) and surface wind field of (a) CTL, (b) EO_5km, 852 

and (c) analysis (MSM initial condition) at 03 JST 15 February 2014. (d), (e): Surface 853 

temperature differences (shaded) of (d) CTL minus analysis (e) EO_5km minus analysis. 854 

(f): Surface pressure map at 03 JST 15 February 2014. The contour interval is 4 hPa. 855 
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List of Tables 857 

 858 

Table 1 Frequencies (unit: hour) of the location of coastal fronts in the observation 859 

and MSM 10−12-hour forecast. The underlined orange boxes are the frequency 860 

of MSM forecasting coastal fronts on the inland side of their actual section 861 

(“MSM inland”), the white boxes are the frequency of MSM forecasting in their 862 

actual section (“No error”), and the blue boxes are the frequency of MSM 863 

forecasting on the seaward of their actual section (“MSM seaward”). MI: Miura, 864 

YO: Yokohama, TO: Tokyo, KO: Koshigaya, KU: Kuki. 865 

Table 2 List of sensitivity experiments. The changed parameters are underlined. 866 

Table 3 Deviations of the coastal front from the CTL (value in parentheses in each 867 

box, km) and the error reduction rates (upper value in each box, %) in the 868 

sensitivity experiments. CASE-averaged error reduction rates in the rightmost 869 

column show the overall mean value of the error reduction rate for the three 870 

cases. 871 
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Table 1 Frequencies (unit: hour) of the location of coastal fronts in the observation and 873 

MSM 10−12-hour forecast. The underlined orange boxes are the frequency of MSM 874 

forecasting coastal fronts on the inland side of their actual section (“MSM inland”), the 875 

white boxes are the frequency of MSM forecasting in their actual section (“No error”), 876 

and the blue boxes are the frequency of MSM forecasting on the seaward of their actual 877 

section (“MSM seaward”). MI: Miura, YO: Yokohama, TO: Tokyo, KO: Koshigaya, KU: 878 

Kuki. 879 

 880 

 881 
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Table 2 List of sensitivity experiments. The changed parameters are underlined. 883 

 884 

Experimental 

name 

Grid spacing 

(m) 

Orography   Surface 

roughness 

Evaporative 

cooling 

CTL 5,000 Mean_5km Original On 

DX_2km 2,000 Mean_2km Original On 

DX_1km 1,000 Mean_1km Original On 

EO_5km 5,000 EO_5km Original On 

EO_2km 2,000 EO_2km Original On 

EO_1km 1,000 EO_1km Original On 

Rough_URBAN 5,000 Mean_5km Urban On 

Rough_SEA 5,000 Mean_5km Sea On 

NOEVAP 5,000 Mean_5km Original Off 

 885 
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Table 3 Deviations of the coastal front from the CTL (value in parentheses in each box, 887 

km) and the error reduction rates (upper value in each box, %) in the sensitivity 888 

experiments. CASE-averaged error reduction rates in the rightmost column show the 889 

overall mean value of the error reduction rate for the three cases. 890 

 891 

Experimental name CASE 1 CASE 2 CASE 3 

CASE-averaged 

error reduction 

rate (%) 

DX_2km 
   7% 

(SE 2.0km) 

 37% 

(SE5.9km) 

38% 

(SE6.7km) 27% 

DX_1km 
26% 

(SE 7.2km)  

41% 

(SE 6.5km) 

   43% 

(SE 7.6km) 37% 

EO_5km 
135% 

(SE 37.3km) 

97% 

(SE 15.4km)  

102% 

(SE 18.1km)  
111% 

EO_2km 
107% 

(SE 29.6km)  

99% 

(SE15.7km) 

96% 

(SE17.1km) 101% 

EO_1km 
96% 

(SE 26.4km)  

83% 

(SE13.2km) 

82% 

(SE14.6km) 87% 

Rough_URBAN 
2% 

(SE 0.6km) 

－6% 

(NW1.0km) 

－1% 

(NW0.2km) 
－2% 

Rough_SEA 
－74% 

(NW20.3km) 

－3% 

(NW0.5km) 

－24% 

(NW4.2km)  
－34% 

NOEVAP 
－72% 

(NW19.8km) 

13% 

(SE2.1km) 

13% 

(SE2.3km) 
－15% 

 892 


