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Abstract 35 

Climatological features of surface air temperature variations on time scales of a few 36 

minutes to one hour were examined using one-minute data, spanning a four-year period, 37 

from 917 automated stations in Japan. The temperature time series was spectrally 38 

analyzed after the application of a Gaussian high-pass filter, and the variances with 39 

periods of 64 minutes or less were statistically analyzed as sub-hourly temperature 40 

variations. The result obtained shows that daytime temperature variation is observed 41 

throughout the country with relatively small regional differences. The amplitudes of 42 

daytime temperature variations were larger during spring and summer than those during 43 

autumn and winter, and under high temperature and sunny weather than under low 44 

temperature, no sunshine, and precipitation. A cross spectral analysis of temperature 45 

and wind speed reveals that temperature peaks tend to coincide with or lag behind wind 46 

speed minima. The variation is likely to correspond to the convective motion in the 47 

mixing layer. On the other hand, the intensity of nighttime temperature variation showed 48 

a large amount of scatter among stations, with exceptionally large variations during 49 

winter at some stations in northern and eastern Japan. Nighttime temperature variation 50 

tends to be in-phase with wind speed variation, with longer periods than daytime 51 

temperature variation, and is more intense under low temperature and low wind speed 52 

than under high temperature, high wind speed, and precipitation. Stations with large 53 

winter nighttime temperature variations tend to be located on a col or a slope, where the 54 
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surface inversion layer is likely to be easily disturbed by any kind of atmospheric motion. 55 

 56 

Keywords: temperature variation, wind speed variation, surface boundary layer, 57 

AMeDAS, spectral analysis 58 

59 
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1. Introduction 60 

  The atmospheric conditions near the earth’s surface exhibit variations over a wide range 61 

of time scales. The wind speed spectrum of Brookhaven, NY had spectral peaks 62 

corresponding to fluctuations of about one minute and four days, which apparently 63 

correspond to atmospheric turbulence and synoptic changes, respectively (van der Hoven 64 

1957). Turbulent variations in air temperature can be as rapid as 1 K per second or more 65 

(Ibbetson 1978). Numerous theoretical and observational studies have been conducted to 66 

understand the detailed features of atmospheric turbulence. 67 

  Thermometers used for operational observations are designed to respond to temperature 68 

changes on time scales of one minute or longer. Therefore, short-term turbulent 69 

temperature fluctuations are not captured by such thermometers. However, observed 70 

temperature data often show variations on time scales of a few minutes to one hour. 71 

Daytime temperature fluctuations on a sunny day have amplitudes of ~1 K, which 72 

apparently correspond to the convective cells in the mixing layer (Monji 1981; Weijers et al. 73 

1995a, b; Horiguchi et al. 2014). Additionally, nighttime temperature variations on time 74 

scales of several minutes to one hour are observed. Yokoyama et al. (1981, 1984) 75 

described the wave motions observed in the nocturnal inversion layer having a phase 76 

speed similar to that of a shallow-water wave. Many researchers described the 77 

intermittency of drainage winds along mountain slopes accompanied by wind and 78 

temperature variations (Nakamura 1978; Kudoh et al. 1982; Yoshino 1984; Toritani 1985). 79 
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Ookubo et al. (2005) reported large temperature variations on time scales of about one 80 

hour around Lake Suwa (Fig. 8 shows the location of the Suwa station) under strong 81 

cooling during winter nighttime. Nitta and Sakata (2007) made a similar analysis for the 82 

former Ina station. Generally, studies on sub-hourly temperature variations are limited to 83 

case studies. Compared to the vast knowledge about atmospheric turbulence on shorter 84 

time scales and atmospheric meso- to synoptic-scale systems on longer time scales, 85 

knowledge about the statistical features of sub-hourly temperature variations are limited. 86 

Therefore, the dominant types of variations at different times of the day and under different 87 

atmospheric conditions, and whether the temperature variations documented in the case 88 

studies are a common feature of the boundary layer or limited to a specific location and 89 

atmospheric condition are unknown. 90 

  The Automated Meteorological Data Acquisition System (AMeDAS) provided one-minute 91 

surface air temperature, wind, sunshine duration, and precipitation data dating back to 92 

2010 from about 1000 stations. These data enabled us to investigate the statistical features 93 

of temperature variations on time scales of one hour or less. The present study aims to 94 

analyze the sub-hourly variations of surface air temperature using these data, from a 95 

climatological viewpoint to identify the regional and seasonal features of such variations. 96 

This analysis combines spectral analysis with statistical procedures. 97 

  Since the atmospheric processes in the boundary layer are complex, many types of 98 

sub-hourly temperature variations with various causal mechanisms can exist. However, the 99 
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present study focuses on the representative features of sub-hourly temperature variations 100 

that can be detected by statistical procedures. This is the first step towards acquiring basic 101 

knowledge about the climatological features of sub-hourly temperature variations in Japan. 102 

Since it is likely that the mechanisms of sub-hourly temperature variations are too 103 

complicated to be covered in this study, we have not investigated these in detail. However, 104 

a brief analysis was conducted to investigate the relationship between temperature and 105 

wind speed variations. 106 

 107 

2. Data and representative cases of temperature variation 108 

2.1 Data 109 

  One-minute data covering the period from March 2011 to February 2015 from the 110 

AMeDAS were used in this study. Air temperature, wind direction, wind speed, sunshine 111 

duration, and precipitation were recorded in units of 0.1 °C, 36 points of the compass, 0.1 112 

m/s, 1 minute, and 0.5 mm, respectively. Based on the criteria that missing data should be 113 

less than 10% during the four-year period, 917 stations were selected for the analysis (Fig. 114 

1). 115 

  Temperature observations were made using two types of platinum resistance 116 

thermometers. The JMA-10 type equipment with a 3.2 mm (diameter) protective tube 117 

around the thermometer is installed at staffed stations, special automated weather stations, 118 

and aviation weather stations. The response time, defined by the e-folding time for stepwise 119 

Fig.1
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temperature changes, is about 20 seconds (Japan Meteorological Agency 2011). 120 

Temperature was measured every ten seconds, and processed into one-minute running 121 

averages. The temperature at 1500 JST, for example, is the average of temperature 122 

measurements taken from 14h59m10s to 15h00m00s, which is an average of temperature 123 

measurements of more than one minute since the response time of the thermometer is 124 

about 20 seconds. Among the 917 AMeDAS stations used for the analysis, 232 stations 125 

have thermometers of this type. The other stations have the JMA-04B type equipment with 126 

a 6 mm (diameter) protective tube around the thermometer having a response time of about 127 

90 seconds. Temperature was measured every ten seconds and the data were used 128 

without time averaging. Both types of thermometers filter out turbulent variations on time 129 

scales less than one minute, although those on longer time scales may be retained. In 130 

Appendix 1, the results of the analysis of data from stations equipped with different types of 131 

thermometers are compared to check for systematic differences. 132 

  The thermometer is installed 1.5 m above the ground at most stations. However, some 133 

JMA-04B type stations, especially those located in the region extending from the western 134 

coast to the inland area of northern and central Japan, have thermometers installed at 135 

higher levels to avoid problems due to deep snow cover. Results obtained with data from 136 

stations with different thermometer heights are compared in Appendix 2 to check for 137 

possible biases due to the difference in thermometer height. 138 

  One-minute data of wind speed and wind direction give the range of their variations 139 
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during each minute measured using a vane anemometer. The anemometer height at most 140 

stations is 10 m or less. However, it is higher than 10 m at 200 stations, out of which 23 141 

stations have anemometer heights greater than 30 m. Since bias due to the difference in 142 

anemometer height is possible, the results of wind speed analysis for stations with 143 

anemometer heights of 10 m or less and stations with anemometer heights over 10 m are 144 

shown separately. 145 

 146 

2.2 Representative cases of temperature variation 147 

  Figure 2 shows the time series of daytime temperature and wind on August 3, 2014 at the 148 

Narita station (see Fig. 8 for location), which is located in the Narita International Airport. 149 

The weather was sunny under the dominance of the subtropical high with temperature 150 

variations on time scales of 5-10 minutes and amplitudes of ~0.5 K. Additionally, short-term 151 

wind speed and direction variations were observed. However, the relationship between 152 

wind and temperature variations is complicated. The temperature minima at about 1140 153 

JST and 1300 JST, for example, corresponded to low wind speeds as indicated by the solid 154 

arrows in Fig. 2, whereas those at about 1225 JST and 1340 JST did not correspond to low 155 

wind speeds, as indicated by the dashed arrows. 156 

  Figure 3 shows three representative cases of nighttime variations observed under strong 157 

cooling at (a) Narita, (b) Sugadaira, and (c) Taiki. These variations have larger amplitudes 158 

and longer time scales than those shown in Fig. 2. The relationship between wind and 159 

Fig.2

Fig.3
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temperature variations is different for different cases. The high temperature at Narita was 160 

accompanied by high wind speed, although the wind direction varied between west and 161 

northwest. The high temperature at Sugadaira corresponded to a moderate wind speed of 162 

~1 m/s and the wind direction varied from north to east, and the low temperature 163 

corresponded to weak winds from the south or west. The correspondence between 164 

temperature and wind is not obvious at Taiki, where the temperature minimum at about 165 

0235 JST corresponded to the minimum wind speed while the temperature minima at about 166 

0210 JST and 0300 JST occurred under high wind speeds. It should be noted that the 167 

relationship between wind and temperature at a station can be different for different cases. 168 

At Narita, for example, the correspondence between temperature and wind speed is not 169 

always so obvious as in the case shown in Fig. 3a. 170 

 171 

3. Procedure of statistical analysis 172 

3.1 Time filtering 173 

  In order to isolate the short-term components of temperature variations, a time filter was 174 

used in the form 175 

 176 

    T'(t) = T(t) - T̄ (t), 177 (1) 178 

 179 

where T(t) is temperature at time t, and T̄ (t) is time averaged temperature defined as 180 

 181 

 182 
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           ∫ T(t*) G(t*-t) dt* 183 
    T̄ (t) = -----------------------------------------------, 184 (2) 185 
             ∫ G(t*-t) dt* 186 

 187 

where G(t) is a Gaussian weight function defined as 188 

 189 

                 t 190 
    G(t) = exp [- (----)2]. 191 (3) 192 
                  193 

 194 

The window length ()was set to 60 minutes to capture variations on time scales of about 195 

one hour or less. Additionally, an analysis based on = 30 minutes was made for the 196 

comparison of results obtained with different values of . 197 

 198 

3.2 Calculation of the power spectrum 199 

  The power spectrum of T'(t) was calculated using the fast Fourier transform (FFT; Hino 200 

1977) for each two-hour interval (0000-0200, 0200-0400, ---, 2200-2400 JST) during the 201 

analysis period. An interval length of two hours was chosen because it was long enough to 202 

capture relatively slow variations on time scales of up to one hour, and short enough to 203 

resolve the diurnal cycle of the variation. Since the FFT requires a data length of 2n, where 204 

n is an integer, it was applied to 128 values extending into the next interval by eight minutes 205 

(for example, values obtained from 0001 to 0208 JST were used to calculate the power 206 

spectrum for the period of 0000 to 0200 JST). Hereafter the power spectrum is denoted by 207 

E(f), where f is frequency. Frequency smoothing was not applied to E(f) because the 208 



 10

statistical analyses described in Section 3.3 are expected to have a smoothing effect. 209 

  It should be noted that the integral of the power spectrum, which is given by 210 

 211 

         ∞ 212 
    V0 = ∫  E(f) df, 213 (4) 214 
         0 215 

 216 

is equal to the variance of T'(t), and the partial integral, which is calculated as 217 

 218 

             f2 219 
    V(f1, f2) = ∫   E(f) df, 220 (5) 221 
             f1 222 

 223 

gives the variance accountable for variations in the frequency range between f1 and f2. In 224 

subsequent analyses, V(f1, f2) was temporally averaged over the specified season and time 225 

interval of the day. 226 

  In order to examine the sensitivity of the spectrum to the filter width (), the V(f1, f2) values 227 

calculated with = 60 minutes and = 30 minutes were compared. Figure 4 shows the 228 

relationship between the V(f1, f2) values at each station calculated with the two values of  229 

for 1000 to 1600 JST (hereafter referred to as daytime) of June to August (hereafter 230 

referred to as summer), and those for 2200 to 0400 JST (hereafter referred to as nighttime) 231 

of December to February (hereafter referred to as winter). The calculation was made for 232 

three frequency ranges corresponding to periods of over 64 minutes, 64 to 16 minutes, and 233 

16 minutes or less. The variances calculated with = 30 minutes for periods of over 64 234 

Fig.4
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minutes, 64 to 16 minutes, and 16 minutes or less are 27-28%, 66%, and 90-92%, 235 

respectively, of those calculated with = 60 minutes for the respective periods. Therefore, 236 

the spectra for periods shorter than 64 minutes calculated with = 60 minutes and = 30 237 

minutes are not significantly different. The subsequent analysis is based on the variance 238 

calculated with = 60 minutes for periods of 64 minutes or less, given by 239 

 240 

                ∞ 241 
    V(1/64, ∞) = ∫   E(f) df, 242 (6) 243 
                1/64 244 

 245 

which will be denoted by V64
(T) hereafter. Filtering with = 30 minutes leads to 246 

underestimation of variance to a certain extent; however, the main features of the results 247 

are unchanged. 248 

 249 

3.3 Statistical analysis 250 

  Climatological features of temperature variation were examined by averaging E(f) and 251 

V64
(T) over stations, days, and time intervals of the day. 252 

  The analysis of the dependence of temperature variation on weather conditions was 253 

based on the categorization of cases according to temperature and wind speed averaged 254 

over each two-hour interval, and the sunshine duration and amount of precipitation during 255 

the two-hour interval. The temperature and wind speed quantiles defined for each station 256 

and each two-hour interval of the day of each month were used. High and low temperature 257 
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cases were defined as the upper one third and lower one third of the total cases, 258 

respectively. Similarly, high and low wind speed cases were defined as the upper one third 259 

and lower one third of the total cases. Sunny and no sunshine cases were defined as 260 

sunshine durations of 90% or more and 0%, respectively. Precipitation cases were defined 261 

by precipitation of 0.5 mm or more during the two-hour interval and two hours preceding 262 

this interval to avoid cases of isolated showers under mostly sunny weather. 263 

 264 

3.4 Analysis of wind speed variations 265 

  The power spectrum of wind speed was calculated following the same procedure as that 266 

of temperature power spectrum calculation described in Sections 3.1 and 3.2. The integral 267 

of the power spectrum for periods of 64 minutes and less, defined as in eq.(6), is denoted 268 

by V64
(W) hereafter. 269 

  The cross spectrum of temperature and wind speed was calculated using FFT to 270 

examine the relationship between temperature and wind variations. The integral of the 271 

power spectrum for periods of 64 minutes and less is denoted by C64 hereafter. C64 is a 272 

complex variable; a positive real part corresponds to an in-phase variation of temperature 273 

and wind speed and a positive imaginary part indicates a phase advance of wind speed 274 

over temperature. In this study, C64 is used in a normalized form as 275 

 276 

  C'64 = C64 /√
-----------------
 V64

(T)
 V64

(W) . 277 
(7) 278 
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 279 

Note that the absolute value of C'64 is coherence, which is unity if temperature and wind 280 

speed variations are exactly in-phase. 281 

 282 

4. Results 283 

4.1 Seasonal and diurnal variations of temperature variance 284 

  Figure 5 shows the boxplots of annual daytime and nighttime variation of V64
(T). The 285 

daytime V64
(T) is large from March to September with a smaller amount of scatter among 286 

stations than the nighttime V64
(T). The nighttime V64

(T) from November to April has a large 287 

amount of scatter with large mean values, corresponding to the presence of a small number 288 

of stations having exceptionally large variances. In other words, the large variations shown 289 

in Fig. 3 are not a common feature. Nighttime temperature variations at many other stations 290 

are much weaker. 291 

  Figure 6 shows the diurnal variation of V64
(T) during summer and winter. In summer, V64

(T) 292 

is larger during daytime than during nighttime. In winter, nighttime V64
(T) shows a large 293 

amount scatter from 1600 JST to 0800 JST, during which some stations show extremely 294 

large temperature variations, although the mean value of V64
(T) is almost independent of the 295 

time of the day. 296 

 297 

4.2 Regional features 298 

Fig.5

Fig.6
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  Figure 7 shows the V64
(T) values during summer daytime and winter nighttime for the four 299 

regions of Japan (defined in Fig. 1). There is little regional difference between the summer 300 

daytime values. However, winter nighttime V64
(T) values increase towards the north. 301 

  Figure 8 shows the location of the 46 stations with values of V64
(T) above the 95th 302 

percentile of V64
(T) during winter nighttime (0.148 K2). Among the 46 stations, 6 are located 303 

in central Honshu. These stations are Nobeyama, Sugadaira, and Tateshina, which are 304 

located on the mountainsides in the inland region at 1350 m, 1253 m, and 715 m, 305 

respectively, above the mean sea level, and Narita, Kita-ibaraki, and Namie, which are 306 

located along the east coast at 41 m, 5 m, and 47 m, respectively, above the mean sea 307 

level. The other 40 stations are located in Hokkaido, mainly in the eastern part. However, 308 

some stations, including those located in eastern Hokkaido, show relatively small values of 309 

V64
(T), as shown in the bottom right panel of Fig. 8 for the Tokachi Plain. Therefore, 310 

nighttime temperature variation is a highly localized feature. 311 

  Figure 9 shows the topography around Narita, Sugadaira, and four stations in the Tokachi 312 

Plain having large V64
(T) values. The Narita station is located near the edge of a hill that is 313 

oriented in the NNE-SSW direction and is intruded by a valley from the northwest. The 314 

Sugadaira station is located on a ridge extending from the east and divided by valleys in the 315 

NW-SE direction. Therefore, the two stations are located on a col, although the topographic 316 

steepness differs by more than an order of magnitude. Regarding the stations in the 317 

Tokachi Plain, Obihiro-izumi is located on a col formed by a NE-SW oriented ridge and a 318 

Fig.7

Fig.8

Fig.9
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NW-SE oriented valley, while the other three stations: Taiki, Kamisatsunai, and Ikeda are 319 

located on downward slopes in the southeast, northeast, and southwest directions, 320 

respectively. Figure 10 shows the topography around Urahoro and Nukanai, which are 321 

located in the Tokachi Plain and have relatively small values of V64
(T), for comparison. 322 

These stations are located in the center of a valley and extend southward and 323 

northeastward, respectively. 324 

  Another analysis was conducted to investigate the possible effects of water surface. 325 

Land-use data on grids of 30" in latitude and 45" in longitude were obtained from the 326 

“Digital National Land Information” website of the Ministry of Land, Infrastructure, Transport 327 

and Tourism of Japan for this analysis. The fraction of water surface around a station () 328 

was calculated using a Gaussian weight in the form 329 

 330 

                  ri 331 

          Σ exp{-(----------)2}wi 332 

           
i        R 333 (8) 334 

      = --------------------------------------------------, 335 

               R2 336 

 337 

where wi is fraction of water surface in the grid (i), ri is the distance from the station to the 338 

center of the grid (i), and R is a given parameter that controls the domain size for 339 

calculation. Since nighttime temperature variations appear to depend on topography on the 340 

scale of one to several kilometers, three values of R (1 km, 3 km, and 10 km) were used 341 

(Figs. 9 and 10). Only the results obtained for R = 3 km are shown because the results 342 

Fig.10
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obtained for all the three R values were qualitatively the same. 343 

  Figure 11 shows the box plots of V64
(T) for stations with  ≥ 0.5, 0.05 ≤  < 0.5, and  < 344 

0.05, corresponding to 93 coastal, 433 intermediate, and 391 inland stations, respectively. 345 

The value of V64
(T) tends to decrease with increase in during both summer daytime and 346 

winter nighttime, with a larger decrease in V64
(T) observed during winter nighttime. No 347 

station in the  ≥ 0.5 category has V64
(T) ≥ 0.15 K2. 348 

  Among the 46 stations with V64
(T) values over the 95th percentile of V64

(T) during winter 349 

nighttime, the three stations with large  values are Tokoro (V64
(T) = 0.169 K2, = 0.33), 350 

Mombetsu-komukai (V64
(T) = 0.200 K2, = 0.32), and Kita-ibaraki (V64

(T) = 0.163 K2, = 351 

0.25). These stations are located 1-2 km from the coastline (shown in Fig. 8). The Tokoro 352 

station is located near the mouth of a river facing the Sea of Okhotsk to the north, with a hill 353 

a few kilometers to the east. The other two stations are located near the foot of a hill having 354 

an inclination of 1% or more. The complex terrain in the environs implies that the 355 

topography affects temperature variations at these stations. However, the influence of the 356 

sea may be small because land and mountain breezes are expected to dominate during 357 

nighttime under strong cooling with low ambient winds. 358 

 359 

4.3 Dependence of temperature variation on weather conditions 360 

  Figure 12 shows V64
(T) values under different weather conditions defined in Section 3.3. 361 

The V64
(T) values during summer daytime tend to be larger in high temperature cases and 362 

Fig.12

Fig.11
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sunny cases than in low temperature cases and no-sunshine cases, respectively. However, 363 

there is little difference between the V64
(T) values in low and high wind cases. As defined in 364 

Section 3.3, low/high temperature cases and low/high wind cases account for one third of 365 

the total cases, respectively. The proportions of sunny cases and no-sunshine cases are 366 

25.8% and 23.1% of the total cases, respectively. Precipitation cases account for 8.0% of 367 

the total cases on the average over stations. 368 

  The V64
(T) values during winter nighttime are larger in low temperature cases and low 369 

wind cases than in high temperature cases and high wind cases, respectively. Low 370 

temperature and low wind cases (accounting for 13.1% of the total cases on the average 371 

over stations) show the largest mean value of V64
(T), although the 95th and 99th percentiles 372 

are almost the same as those of low temperature cases. The V64
(T) values are small for 373 

precipitation cases, which accounts for 9.8% of the total cases. 374 

 375 

4.4 Time scale of temperature variation 376 

  Figure 13 shows the temperature power spectra E(f) for summer daytime and winter 377 

nighttime averaged for all the stations. Additionally, the average power spectrum for winter 378 

nighttime at the 46 stations with V64
(T) values above the 95th percentile of V64

(T) is shown. No 379 

spectral peaks were observed in the power spectra for summer daytime and winter 380 

nighttime, which implies the absence of characteristic time scales in temperature variations. 381 

However, the ratio of E(f) during winter nighttime to that during summer daytime decreases 382 

Fig.13

Fig.14
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with increasing frequency as shown in Fig. 14. This indicates that low frequency variations 383 

are more dominant during winter nighttime than during summer daytime, which is implied 384 

by the representative cases shown in Figs. 2 and 3. 385 

 386 

4.5 Variation of wind speed in relation to temperature 387 

  The box plots in Fig. 15 show the diurnal variation of V64
(W) during summer and winter at 388 

stations with anemometer heights (Ha) of 10 m or less. It can be seen that values of V64
(W) 389 

tend to be larger during winter daytime than during summer nighttime. The amount of 390 

scatter among stations is relatively small during summer and large during winter, especially 391 

during nighttime. Figure 16 shows the scatter diagrams of V64
(T) and V64

(W) with the different 392 

colored dots representing stations with Ha ≤ 10 m and Ha > 10 m. The values of V64
(T) and 393 

V64
(W) during summer daytime have a weak negative correlation of -0.12 if only stations with 394 

Ha ≤ 10 m are considered (-0.06 if all the stations are considered). However, during winter 395 

nighttime these values have a positive correlation of 0.23 if only stations with Ha ≤ 10 m are 396 

considered (0.15 if all the stations are considered). The correlation between V64
(T) and 397 

V64
(W) during winter nighttime is statistically significant at the 1% level. This indicates that 398 

temperature variations during winter nighttime are related to wind speed variations to a 399 

certain extent. However, the low correlation and large amount of scatter among stations 400 

imply that the relationship between temperature variation and wind variation is not strong. 401 

Twenty of the stations with Ha ≤ 10 m and V64
(W) values over 0.4 (m/s)2 show V64

(T) values 402 

Fig.15

Fig.16
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less than 0.1 K2 with the exception of a station with V64
(T) = 0.12 K2. These stations are 403 

located either in the coastal areas or on the northwestern side of Honshu and Hokkaido, 404 

implying that strong northwesterly wind events during the winter monsoon is accompanied 405 

by large fluctuations in wind speed but not in temperature. In contrast, stations having large 406 

V64
(T) values show relatively small values of V64

(W) (≈ 0.2 (m/s)2 or less), indicating that the 407 

large temperature variations during winter nighttime are not accompanied by large 408 

variations in wind speed. This feature remains unchanged when V64
(W) is normalized by 409 

averaged wind speed as V64
(W)/u0

2, where u0 is the average wind speed of the specified 410 

season and time of the day at each station (not shown). 411 

  Figure 17 shows the normalized cross spectrum (C'64) at each station during summer 412 

daytime and winter nighttime. The C'64 at most stations during summer daytime has a 413 

negative real part and a negative imaginary part. This indicates that the temperature peak 414 

will tend to coincide with or lag behind the minimum wind speed. The C'64 during winter 415 

nighttime has a positive real part, corresponding to in-phase variations of temperature and 416 

wind speed. However, the coherence is relatively low (~ 0.2 or less) at many stations, which 417 

is in agreement with the poor correspondence between temperature and wind speed 418 

variations in certain cases (Figs. 2 and 3). 419 

 420 

5. Discussion 421 

  The amplitudes of daytime temperature variations are larger during warm seasons than 422 

Fig.17
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during cold seasons. These variations are observed throughout the country with a relatively 423 

small amount of scatter among stations. This indicates the existence of a common 424 

mechanism for the generation of such variations. According to the findings of a number of 425 

studies on daytime mixing layer (Monji 1981; Weijers et al. 1995a, b; Horiguchi et al. 2014), 426 

these variations are likely caused by large-scale turbulence and convective motion, 427 

although the high-frequency variations may be lost due to the long response time of 428 

thermometers (Section 2.1). The occurrence of daytime variations in both high and low 429 

wind cases and the reduction of amplitude of variation in low temperature and no-sunshine 430 

cases does not conflict with this speculation. The tendency of the temperature peak to 431 

coincide with or lag behind the minimum wind speed is indicated by the cross spectrum 432 

analysis (Fig. 17a). This feature is in agreement with the result of Weijers et al. (1995a, b), 433 

who showed a negative relationship between temperature and horizontal wind speed by 434 

applying statistical procedures to "temperature ramp" cases. 435 

  In contrast, the temperature variation during winter nighttime has a large amount of 436 

scatter among stations. Exceptionally large variations were observed at some stations 437 

located in northern and eastern Japan, especially at stations located in eastern Hokkaido. 438 

Regarding the effect of weather conditions, temperature variations are pronounced under 439 

low temperatures and low wind speeds. This implies that strong surface cooling is a 440 

necessary condition for large variations. Additionally, the strong localization of temperature 441 

variation implies the significance of topographical effects on the generation of temperature 442 
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variation. 443 

  Stations with large nighttime variations are located on a col or a slope, as shown in Fig. 9. 444 

It is expected that the surface cold air is easily removed downslope at these sites. A number 445 

of observational studies at Sugadaira revealed repeated discharge and accumulation of 446 

surface cold air accompanied by wind and temperature variations during nighttime 447 

(Nakamura 1978; Kudoh et al. 1982; Yoshino 1984; Toritani 1985). Similar variations were 448 

observed at other mountainsides (Doran and Horst 1981; Owada et al. 1995). However, 449 

drainage winds may not be the only cause of nighttime temperature variations. Under 450 

temperature inversion of the nocturnal surface layer, any kind of disturbance causes 451 

vertical mixing that is accompanied by an increase in temperature and wind speed; this is in 452 

agreement with the tendency for in-phase variations of temperature and wind speed (Fig. 453 

17b). Such disturbances can be produced by internal gravity waves (Yokoyama et al. 1981, 454 

1984), Kelvin-Helmholtz instability (Zhou and Chow 2014), and other unspecified 455 

phenomena. Interestingly, some stations with large V64
(T) values during winter nighttime 456 

have relatively low correlation between temperature and wind speed (Fig. 17b), whereas 457 

stations showing large wind variations tend to show small temperature variations (Fig. 16b). 458 

Strong nocturnal inversion is likely a key factor for large temperature variations. Under 459 

weak inversion, the temperature variation is expected to be weak even in the presence of 460 

strong wind variations. However, under strong inversion, even a small disturbance can 461 

produce a large temperature variation because of the large vertical gradient of potential 462 
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temperature. The high proportion of stations located in eastern Hokkaido that have large 463 

temperature variations can be explained by strong nighttime cooling in this region (Yazaki 464 

et al. 2017). This is because this region is located downwind of mountains under 465 

northwesterly winter monsoon, and therefore the temperature often drops below -20 °C 466 

under clear and calm conditions. 467 

  However, large temperature variations were not observed at all the stations with strong 468 

nighttime cooling. At Nukanai, which is shown in Fig. 10, the average daily minimum 469 

temperature in January is -19.1 °C, which is lower than that at Taiki (-16.9 °C). Therefore, 470 

the small variance at Nukanai cannot be attributed to weak nighttime cooling. It is rather 471 

likely that well-developed cold-air lakes formed in the center of the valley are so stable that 472 

they cannot be easily disturbed to generate temperature variations. This may explain why 473 

large nighttime temperature variations are limited to a small number of stations, although 474 

strong nighttime cooling is a widespread feature over land. 475 

  Regarding the spatial scale of variation, Kudoh et al. (1982) reported weakly correlated 476 

temperature variations at two sites located several hundred meters apart with an altitude 477 

difference of 50 m on a slope of Sugadaira. Ookubo et al. (2005) carried out intensive 478 

observations at the Suwa Basin, where 12 stations were deployed around Lake Suwa, and 479 

found nearly in-phase variations at two pairs of sites located 500 m and 2 km apart, 480 

respectively. These cases imply that nighttime variations can have a horizontal scale of 481 

several hundred meters or more, although other cases may have different spatial features. 482 



 23

  Another interesting result of this study is that the V64
(T) at Suwa, for which Ookubo et al. 483 

(2005) reported some cases of large temperature variations, is only 0.035 K2 during winter 484 

nighttime. This value is below the average value of the country (0.062 K2). Ookubo et al. 485 

(2005) observed that large temperature variations at Suwa were rare events with only 13 486 

remarkable cases, corresponding to extremely strong cooling over the frozen surface of 487 

Lake Suwa, in 30 years. It is implied that large temperature variations can occur even at 488 

places where the temperature variation is usually weak, if certain conditions are satisfied. 489 

  Although our study focuses on only the dominant features of sub-hourly temperature 490 

variations, many other types of variations that are limited to specific regions and occasions, 491 

in addition to those discussed above, may exist. Temperature variations at some stations, 492 

for example, are related to the boundaries of local air masses. Nagasawa and Miyakawa 493 

(1980) described the rapid temperature change observed in the northeastern part of 494 

Hokkaido due to alteration of foehn winds and sea breezes. Large temperature variations 495 

can also occur along the boundary between cold inland air and warm maritime air (Fujibe 496 

1990, 1992). Cooling due to isolated showers is another cause of temperature variations, 497 

especially at stations located on the southern islands in Japan, where sunny weather with 498 

intermittent showers during summer cause temperature changes of a few degrees. It is 499 

expected that the results of the present study will serve as a guideline for more detailed 500 

studies on sub-hourly temperature variations. 501 

 502 
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Appendix 1: Comparison of results obtained with different thermometer types 508 

  Figure A1 shows the box plot of V64
(T) for 232 stations with the JMA-10 type equipment 509 

and 685 stations with the JMA-04B type equipment. These thermometers have different 510 

response times and use different data processing methods (see Section 2.1). There is little 511 

difference between the results obtained from the two groups of stations for both summer 512 

daytime and winter nighttime. 513 

  However, a higher proportion of stations with the JMA-10 type equipment are located 514 

near the coast and on small islands than stations with the JMA-04B type equipment. Each 515 

JMA-10 type station was paired with a JMA-04B type station located in its vicinity with 516 

similar topographical conditions to avoid possible bias due to topographical differences, 517 

except for 46 JMA-10 type stations having no suitable JMA-04B type stations in their vicinity. 518 

Figure A2 shows the box plot of V64
(T) for the 186 paired stations. There is little difference 519 

between the results obtained from the two groups of stations. We can therefore deduce that 520 

the use of different thermometer types does not affect the results obtained. 521 

 522 

Appendix 2: Comparison of results obtained with different thermometer heights 523 

  As discussed in Section 2.1, some JMA-04B type stations have thermometers installed at 524 

a height of 2 m or more. These stations are generally located in regions with deep snow 525 

cover in northern and eastern Japan. Here, the V64
(T) values at stations in northern and 526 

eastern Japan are compared by categorizing stations according to thermometer height (Ht) 527 

Fig.A1

Fig.A2
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into three groups: Ht < 2 m, 2 m ≤ Ht < 3 m, and Ht ≥ 3 m. The numbers of stations 528 

categorized into these three groups are 276, 131, and 45, respectively. 529 

  Figure A3 shows the box plots of V64
(T) for the three groups of stations and all the stations. 530 

It can be seen that stations with Ht ≥ 3 m tend to have smaller values of V64
(T) than the 531 

stations in the other groups, during both summer daytime and winter nighttime. However, 532 

this difference is small. The results of the statistical analysis for all the stations and stations 533 

with Ht < 2 m are similar. Therefore, the difference in thermometer heights of different 534 

stations is not likely to affect the analysis. 535 

 536 

  537 

Fig.A3
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List of Figures 597 

Fig. 1 Map showing the topographical features of East Asia (upper left) and locations of 598 

the AMeDAS stations used for analysis (the different colored dots represent the four 599 

regions for which the V64
(T) box plots are shown in Fig. 7). The square in the upper left 600 

panel indicates the region shown in the main panel. The square in the main panel 601 

indicates the region shown in Fig. 8, and the thick dashed lines indicate the boundaries of 602 

the different regions. 603 

Fig. 2 A representative case of daytime temperature and wind variations based on 604 

one-minute data. The arrows indicate the times at which temperature minima occur. 605 

Fig. 3 Representative cases of nighttime temperature and wind variations. The arrows 606 

indicate the times at which temperature maxima and minima occur (see text). 607 

Fig. 4 Scatter diagrams of temperature variance at the 917 stations for each frequency 608 

range (shown as period values) for = 60 minutes (x-axis) and = 30 minutes (y-axis). 609 

Both the x and y axes are scaled using the square root of variance. The dashed line 610 

indicates the y = x line. 611 

Fig. 5 Box plots of V64
(T) for each month during daytime (average of the three two-hour 612 

intervals between 1000 and 1600 JST) and nighttime (average of the three two-hour 613 

intervals between 2200 to 0400 JST). The red line over the boxes indicates the mean 614 

value. The square root of variance is used. 615 

Fig. 6 Box plots of V64
(T) for each two-hour interval during summer (JJA) and winter (DJF). 616 
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Fig. 7 Box plots of V64
(T) during summer daytime and winter nighttime for the four regions 617 

defined in Fig. 1. 618 

Fig. 8 Map showing the locations of the 46 stations with V64
(T) values above the 95th 619 

percentile of V64
(T) (0.148 K2) during winter nighttime. The area of each circle is 620 

proportional to the value of V64
(T). The V64

(T) for all stations located in the Tokachi area are 621 

shown in the lower right panel. The cross symbols indicate the locations of the Suwa and 622 

the former Ina station. 623 

Fig. 9 Topographic maps of the 10 km × 10 km area surrounding each station at the 624 

center (indicated by a dot) with the station name and the respective V64
(T) value during 625 

winter nighttime indicated at the bottom of each map. Contours are drawn at an interval 626 

of 2 m for (a), 40 m for (b), and 10 m for (c) to (f). Elevations are shown in meters. 627 

Fig. 10 Topographic maps of the 10 km × 10 km area surrounding the two stations (at the 628 

center, indicated by a dot) in the Tokachi Plain, with relatively small values of V64
(T). 629 

Contours are drawn at an interval of 10 m. 630 

Fig. 11 Box plots of the V64
(T) during summer daytime and winter nighttime for stations 631 

categorized according to values of , which is the fraction of water surface, for R = 3 km 632 

as shown in eq. (8). 633 

Fig. 12 Box plots of V64
(T) during summer daytime and winter nighttime for each weather 634 

condition. 635 

Fig. 13 Power spectra of temperature variations during summer daytime and winter 636 
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nighttime averaged for all the stations. Additionally, the power spectrum of the average 637 

temperature variations for the 46 stations with V64
(T) values above the 95th percentile of 638 

V64
(T) is shown. Power is shown in fE(f) instead of E(f) (defined in Section 3.2) to mitigate 639 

its strong dependence on frequency. 640 

Fig. 14 Ratio of the power during winter nighttime to power during summer daytime for all 641 

the stations and for the 46 stations with V64
(T) values above the 95th percentile of V64

(T). 642 

Fig. 15 Box plots of the V64
(W) in each two-hour interval during summer and winter, at 643 

stations with Ha ≤ 10 m. 644 

Fig. 16 Scatter diagrams of V64
(T) and V64

(W) during summer daytime and winter nighttime. 645 

Stations are categorized according to Ha. 646 

Fig. 17 Normalized cross spectra of temperature and wind speed (C'64) during summer 647 

daytime and winter nighttime. 648 

Fig. A1 Box plot of V64
(T) during summer daytime and winter nighttime for stations having 649 

the JMA-10 type and the JMA-04 type equipment. 650 

Fig. A2 Box plot of V64
(T) during summer daytime and winter nighttime for the 186 station 651 

pairs located in areas with similar topographical conditions. 652 

Fig. A3 Box plots of V64
(T) during summer daytime and winter nighttime for stations 653 

categorized according to thermometer height (Ht). 654 

  655 
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 656 

Fig. 1 Map showing the topographical features of East Asia (upper left) and locations of 657 

the AMeDAS stations used for analysis (the different colored dots represent the four 658 

regions for which the V64
(T) box plots are shown in Fig. 7). The square in the upper left 659 

panel indicates the region shown in the main panel. The square in the main panel 660 

indicates the region shown in Fig. 8, and the thick dashed lines indicate the boundaries of 661 

the different regions. 662 
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 663 

Fig. 2 A representative case of daytime temperature and wind variations based on 664 

one-minute data. The arrows indicate the times at which temperature minima occur. 665 

 666 

667 

 668 

Fig. 3 Representative cases of nighttime temperature and wind variations. The arrows 669 

indicate the times at which temperature maxima and minima occur (see text). 670 
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 671 

 672 

Fig. 4 Scatter diagrams of temperature variance at the 917 stations for each frequency 673 

range (shown as period values) for = 60 minutes (x-axis) and = 30 minutes (y-axis). 674 

Both the x and y axes are scaled using the square root of variance. The dashed line 675 

indicates the y = x line. 676 

  677 
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 678 

 679 

Fig. 5 Box plots of V64
(T) for each month during daytime (average of the three two-hour 680 

intervals between 1000 and 1600 JST) and nighttime (average of the three two-hour 681 

intervals between 2200 to 0400 JST). The red line over the boxes indicates the mean 682 

value. The square root of variance is used. 683 

 684 

 685 

Fig. 6 Box plots of V64
(T) for each two-hour interval during summer (JJA) and winter (DJF). 686 

 687 
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 688 

Fig. 7 Box plots of V64
(T) during summer daytime and winter nighttime for the four regions 689 

defined in Fig. 1. 690 

  691 
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 692 

 693 

Fig. 8 Map showing the locations of the 46 stations with V64
(T) values above the 95th 694 

percentile of V64
(T) (0.148 K2) during winter nighttime. The area of each circle is 695 

proportional to the value of V64
(T). The V64

(T) for all stations located in the Tokachi area are 696 

shown in the lower right panel. The cross symbols indicate the locations of the Suwa and 697 

the former Ina station. 698 

 699 
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 700 

Fig. 9 Topographic maps of the 10 km × 10 km area surrounding each station at the 701 

center (indicated by a dot) with the station name and the respective V64
(T) value during 702 

winter nighttime indicated at the bottom of each map. Contours are drawn at an interval 703 

of 2 m for (a), 40 m for (b), and 10 m for (c) to (f). Elevations are shown in meters. 704 

 705 
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 706 

Fig. 10 Topographic maps of the 10 km × 10 km area surrounding the two stations (at the 707 

center, indicated by a dot) in the Tokachi Plain, with relatively small values of V64
(T). 708 

Contours are drawn at an interval of 10 m. 709 

 710 

 711 

Fig. 11 Box plots of the V64
(T) during summer daytime and winter nighttime for stations 712 

categorized according to values of , which is the fraction of water surface, for R = 3 km 713 

as shown in eq. (8). 714 

 715 
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 716 

Fig. 12 Box plots of V64
(T) during summer daytime and winter nighttime for each weather 717 

condition. 718 

 719 

 720 

Fig. 13 Power spectra of temperature variations during summer daytime and winter 721 

nighttime averaged for all the stations. Additionally, the power spectrum of the average 722 

temperature variations for the 46 stations with V64
(T) values above the 95th percentile of 723 

V64
(T) is shown. Power is shown in fE(f) instead of E(f) (defined in Section 3.2) to mitigate 724 

its strong dependence on frequency. 725 

 726 
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 727 

Fig. 14 Ratio of the power during winter nighttime to power during summer daytime for all 728 

the stations and for the 46 stations with V64
(T) values above the 95th percentile of V64

(T). 729 

 730 

 731 

Fig. 15 Box plots of the V64
(W) in each two-hour interval during summer and winter, at 732 

stations with Ha ≤ 10 m. 733 

  734 
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 735 

 736 

Fig. 16 Scatter diagrams of V64
(T) and V64

(W) during summer daytime and winter nighttime. 737 

Stations are categorized according to Ha. 738 

 739 

 740 

Fig. 17 Normalized cross spectra of temperature and wind speed (C'64) during summer 741 

daytime and winter nighttime. 742 

 743 
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 744 

Fig. A1 Box plot of V64
(T) during summer daytime and winter nighttime for stations having 745 

the JMA-10 type and the JMA-04 type equipment. 746 

 747 

 748 

Fig. A2 Box plot of V64
(T) during summer daytime and winter nighttime for the 186 station 749 

pairs located in areas with similar topographical conditions. 750 

 751 

 752 

Fig. A3 Box plots of V64
(T) during summer daytime and winter nighttime for stations 753 

categorized according to thermometer height (Ht). 754 

 755 




