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Abstract 33 

 34 

The surface meteorological data in Japan, beginning around the 1880s, archived by the 35 

Japan Meteorological Agency are analyzed focusing on the long–term trends and variations in 36 

humidity and temperature. It is found that the annual–mean temperature trend exhibits 37 

statistically significant warming of 1.0°C–2.5°C century¬1 for most stations, while the annual–38 

mean relative humidity shows significantly decreasing trend of −2% to −12% century-1 for most 39 

stations with small seasonality. On the other hand, the annual–mean mixing ratio trend displays 40 

a different spatial distribution compared to the temperature or relative humidity trend. In this 41 

study, three types of trends exist: significantly positive and negative values, and virtually zero. 42 

Significantly negative trends of about −0.2 to −0.3 g kg−1 century−1 are located approximately 43 

in the Pacific side of Honshu from the middle Tohoku through Shikoku to the eastern Kyushu. 44 

Significantly positive trends of about 0.2 to 0.4 g kg−1 century−1 are observed over Hokkaido, 45 

the western Japan along Sea of Japan, the western Kyushu, and the remote islands including 46 

Okinawa. The overall pattern is similar for other seasons except for most of the remote islands 47 

in winter. Empirical orthogonal function (EOF) analysis indicates that the linear trends in the 48 

annual–mean temperature and relative humidity can be almost explained by the nearly uniform 49 

persistent warming and drying of EOF–1 components. On the other hand, for the annual–mean 50 

mixing ratio, EOF–2 is almost identical with the linear trend component, although the fraction 51 
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of EOF–2 (14%) is much smaller than that of EOF–1 (49%). In recent years from 1960 to 2018 52 

the mixing ratio and temperature trends are very different from those in the longer period from 53 

the 1880s. The mixing ratio trend and the temperature trend increase on average from 0.0 to 0.5 54 

g kg−1 century−1 and from 1.5°C to 2.5°C century−1, respectively 55 

 56 

 57 

Keywords water vapor; mixing ratio; long–term trend; Japanese archipelago  58 
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1. Introduction 59 

Water vapor is one of the most important greenhouse gases in the earth’s climate system, 60 

because its radiative absorption is prevailing throughout the entire terrestrial wavelength range 61 

except for the infrared atmospheric window region (8–14 μm). This is in sharp contrast to other 62 

greenhouse gases, wherein the major absorption of which is confined to a certain narrow 63 

wavelength band e.g., 15 μm for carbon dioxide (CO2), 7.6 μm for methane (CH4) and 7.9 μm 64 

for nitrous oxide (N2O). Under the current climate condition, the terrestrial radiative forcing of 65 

water vapor is about two times as large as that of CO2 for a clear sky (Kiehl and Trenberth, 66 

1997). With increasing CO2 concentration in the atmosphere, the warming of sea surface 67 

temperature due to the resultant increase in the downward radiative flux at the surface 68 

accelerates evaporation and the increased moisture in the atmosphere consequently intensifies 69 

the warming, i.e., the water vapor feedback. 70 

Simulations for a doubling of CO2 without feedback result in a warming of 1.2°C–1.4°C 71 

in the radiative–convective models (RCMs) (e.g., Manabe and Wetherald, 1967; Kluft et al., 72 

2019) and in the general circulation models (GCMs) (e.g., Hansen et al., 1984; Bony et al., 2006). 73 

On the other hand, with the water vapor feedback the warming is doubled or more intensified in 74 

the RCM (e.g. Manabe and Wetherald, 1967; Kluft et al., 2019) and GCM simulations (IPCC, 75 

2007). Hence, under large variabilities in the atmosphere due to internal modes and external 76 

forcings, monitoring the atmospheric water vapor and other greenhouse gases for very long 77 
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periods (as long as possible) is indispensable not only for assessing the global warming effects 78 

but also for validating the performance and reliability of models such as GCMs and climate 79 

system models. 80 

Water vapor is not distributed as uniformly in the atmosphere as the other major 81 

greenhouse gas of the tropospheric ozone, being in contrast to well–mixed major greenhouse 82 

gases such as CO2, CH4, and N2O. Water vapor abundance widely differs in space and time 83 

depending on geographical locations, altitudes, and atmospheric conditions, because its 84 

saturation vapor pressure strongly depends on temperature. Under a fixed relative humidity, a 85 

fractional increase of temperature (1°C) leads to an increase in the absolute humidity by about 86 

7% in the lower troposphere through the Clausius–Clapeyron (CC) relation (e.g., Sun and Held, 87 

1996). However, under variable relative humidity, the change in water vapor mixing ratio 88 

(simply mixing ratio henceforth, if otherwise specified) depends both on the change in 89 

temperature and on the change in relative humidity.  90 

For an atmospheric parcel of temperature (T), relative humidity (RH), mixing ratio (rr), 91 

vapor pressure (e), and saturated vapor pressure E(T) under a fixed atmospheric pressure (P), 92 

the definitions of relative humidity (RH = e/E(T)), mixing ratio (rr ~ 622e/P), and the CC 93 

relation, [equivalently Tetens (1930) formula: E(T) = 6.11exp(aT/(b + T)), where a = 17.27 and 94 

b = 237.3 for T > 0.0 ˚C] lead to an approximate diagnostic relation among small changes in 95 

RH, rr, and T: 96 
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 97 

δ ln(RH) ~ δ ln(rr) − (a/b) δT ~ δ ln(rr) − 0.073 δT,  (1a)       98 

 99 

namely, 100 

          δRH (%) ~ δrr (%) - 7 (%/˚C) δT (˚C),            (1b)  101 

 102 

or, 103 

          δrr (%) ~ δRH (%) + 7 (%/˚C) δT (˚C).           (1c) 104 

 105 

This diagnostic relation Eq. (1) indicates that the mixing ratio is not straightforwardly 106 

interpreted to increase through the global warming and that, if higher drying continues to surpass 107 

the moistening from the warming, a decreasing trend in mixing ratio would occur. However, it 108 

should be noted that relative humidity is not an independent variable but a dependent variable, 109 

and thereby, the causality is different. Positive changes in temperature and mixing ratio result in 110 

the drying and moistening on relative humidity, respectively. Conversely, negative changes in 111 

temperature and mixing ratio lead to moistening and drying, respectively. 112 

Water vapor observation record is limited before the first half of the 20th century due 113 

partly to the difficulty in making accurate water vapor observation, while there are some 114 

temperature records of longer than a hundred years from the 19th century. So far, to the authors’ 115 
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knowledge, the meteorological records of water vapor appear to begin in the 1870s for the 116 

United States. Kincer (1922) compiled maps of relative humidity, wet–bulb temperature 117 

depression, and vapor pressure for 1888–1913, while Visher (1954) made relative humidity 118 

maps for 1899–1938 in the United States. Brazel and Balling (1986) examined a very long–term 119 

(nearly 90 years) record, which is the 1896–1984 humidity record in Phoenix, Arizona, to seek 120 

local influences. They found a decrease in the relative humidity accompanying the urban 121 

warming in Phoenix, but little change in dew point temperature (almost equivalent to absolute 122 

humidity). Foscue (1932) presented an annul–cycle of relative humidity at noon at Brownsville, 123 

Texas for 1923–30. 124 

On the other hand, much more papers for humidity trend analysis have been published 125 

after the 1960s. Schönwiese at al. (1994) analyzed the surface humidity data over Europe for 126 

1961–1990 and showed that the trends in vapor pressure are positive values of about 0.5 hPa in 127 

summer and winter. Moreover, the positive trends are much larger in the summer Central 128 

Mediterranean with a maximum of 3 hPa (about 15% of the mean). Gaffen and Ross (1999) 129 

analyzed the surface humidity of weather stations in the United State for thirty years 1961–1990 130 

and found that the specific humidity increases about several % decade−1, along with the upward 131 

temperature trends and also reported weaker relative humidity trends than the specific humidity 132 

trends. Dai (2006) investigated the global surface humidity using the weather station and ship 133 

data from 1975 to 2005 and found that the surface specific humidity increases 0.06 g kg−1 134 
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decade−1 globally and 0.08 g kg−1 decade−1 in the Northern Hemisphere. Willett et al. (2008) 135 

studied the changes in the surface humidity using the Met Office Hadley Centre and Climatic 136 

Research Unit Global Surface Humidity dataset for 1973–2003 and found that the surface 137 

specific humidity increases 0.11 and 0.07 g kg−1 decade−1 for land and marine, respectively. 138 

Willett et al. (2010) also showed that the relative changes in the land’s surface specific humidity 139 

over the globe and the Northern Hemisphere are about 4.1% and 6.0% between 1973 and 1990, 140 

respectively, i.e., about 1.5% and 2.2% decade−1, respectively. All these analyses demonstrate 141 

significant increases in the surface absolute humidity. 142 

In accord with the surface absolute humidity increase, the upper air absolute humidity is 143 

also analyzed to be increasing in recent years. Ross and Elliot (1996) reported from radiosonde 144 

data that the increase in precipitable water (PW) over North America, Central America, and 145 

South America that are located north of the equator ranges from greater than 2.0 mm decade−1 146 

to nearly zero for 1973–1993. Zhai and Eskridge (1997) presented that the increase in PW over 147 

China amounts to 0.5–1.0 mm decade−1 for 1970–1990. Ross and Elliott (2001) pointed out that 148 

the Northern Hemisphere’s 850-hPa specific humidity trends show smaller increases for 1958–149 

95 and that most of the overall increase probably occurred since 1973. Trenberth et al. (2005) 150 

reported that recent trends in PW over the global ocean by the special sensor microwave imager 151 

(SSM/I) are generally positive with an average trend of 0.40 mm (1.3%) decade−1 for 1988–152 

2003. By analyzing the PW via the global positioning system (GPS) over Japan for 1996–2010, 153 
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Fujita and Sato (2017) demonstrated that the atmosphere holds more water vapor than that 154 

expected under higher surface air temperature. Fujibe (2015) showed that extreme (annual 155 

maximum one–, six–, and 24–hour) precipitation intensities over Japan show increasing trends 156 

(3%–4 % decade−1), which are in phase with those (0.2°C–0.3°C decade−1) in the annual–mean 157 

surface air temperature over the land and sea around Japan for 1981–2013, implicitly suggesting 158 

the increase in absolute humidity in the atmosphere. 159 

However, these increasing trends in absolute humidity are for large scales such as over the 160 

globe, tropics, and Northern Hemisphere. In regional or smaller scales, different results are 161 

observed. For example, some negative trend areas are analyzed in the global map (e.g., Dai, 162 

2006; Willet et al., 2008; IPCC, 2013) and an absolute humidity budget analysis, i.e., difference 163 

between precipitation (P) and evaporation (E), P-E, indicated that the wet and dry regions 164 

become wetter and drier in the tropics, respectively (Liu and Allan, 2013). Also the humidity 165 

observation in the French inland city Cézeaux (410 m altitude) presents a significant negative 166 

trend for the surface mixing ratio of −0.16 g kg−1 decade−1 during 2003–2017 (Hadad et al., 167 

2018). This negative trend agrees well with a negative value of −0.09 g kg−1 decade−1 at 950 168 

hPa deduced from the European Centre for Medium–Range Weather Forecasts ERA–Interim 169 

reanalysis on the most closed point of Cézeaux, although the GPS PW presents a positive trend 170 

of +0.42 g kg-1 decade-1 during 2006–2017 (Hadad et al., 2018). Furthermore, three radiometer 171 

data analyses prove that none of the observed global PW trends over the ocean is significantly 172 
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different from zero for 2004–2010 (Thao et al., 2014). Also, the increase in global surface 173 

specific humidity over land has abated during recent years (IPCC, 2013). 174 

The Japan Meteorological Agency (JMA) (formerly Japan Central Meteorological 175 

Observatory before 1956, and Tokyo Observatory before 1887) has been steadily continuing 176 

surface observations, inclusive of humidity and pressure, over the Japanese archipelago since 177 

the 1870s (mostly the 1880s and the 1890s), immediately after the introduction of western 178 

modern meteorological technology and instruments. Thus, the record length is longer than 130 179 

years for most stations. This reveals that the JMA humidity data is one of the sustained 180 

observations over several decades detecting long–term moisture increases (Elliott, 1995). Based 181 

on the JMA long surface observation record, this study is to “extract what one can from existing 182 

records” (Elliott, 1995) and to evaluate long–term trends and variations in the surface humidity 183 

and temperature in the Japanese archipelago over 100 years from the 1880s. 184 

The rest of this paper is organized as follows. Section 2 describes the details of the JMA 185 

datasets, and section 3 presents the validity of the water vapor mixing ratio evaluated from 186 

monthly–mean relative humidity, temperature, and pressure. Section 4 describes the linear 187 

trends in temperature, relative humidity, and mixing ratio, and section 5 deals with the results 188 

of empirical orthogonal function analysis for temperature, relative humidity, and mixing ratio. 189 

Section 6 gives discussion and the linear trends in recent years from 1960, and conclusions are 190 

given in Section 7.  191 
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 192 

2. Data 193 

The Japanese archipelago extends to more than 3,000 km along the East Asia's Pacific coast 194 

from the cold subarctic to the humid subtropical climate zones with five major islands/regions 195 

of Hokkaido, Honshu (main island), Kyushu, Shikoku and Okinawa and a number of other 196 

islands (Fig.1). Approximately, the northernmost Hokkaido belongs to the subarctic zone, the 197 

southernmost Okinawa to the subtropics zone, and the remaining to the temperate zone. Over 198 

this long archipelago JMA is operating a very dense surface observation network system called 199 

the Automated Meteorological Data Acquisition System (AMeDAS). This is composed of about 200 

1300 stations, in which about 460 stations focus on precipitation alone, while the other (about 201 

840) stations observe precipitation, wind, temperature, sunshine duration, and etc., including 202 

snow depth in snowy areas. Of these meteorological quantities, the sensor (or intake air) height 203 

of temperature (and humidity) is specified to be 1.5 m, which is nearly an intermediate value of 204 

the World Meteorological Organization’s (WMO) recommendation range (e.g., WMO, 2018). 205 

However, among dense AMeDAS, fully integrated surface observations of humidity, 206 

temperature, pressure, precipitation, wind, and other meteorological quantities have been made 207 

in limited stations. Approximately speaking, there are a few integrated observation stations in 208 

one prefecture. From these stations, those with an existing set of humidity, temperature and 209 

pressure records of longer than 120 years from the 1870s, 1880s or 1890s to 2018 were chosen. 210 
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The starting dates (year and month) of these records differ widely depending on the stations. 211 

This selection results in a sparse distribution for the humidity dataset with roughly one station 212 

in one prefecture (subprefecture in Hokkaido) and mostly situated in the capital city (urban area) 213 

of each prefecture. There are some exceptions, i.e., two or three stations in one prefecture. Of 214 

these, a special case is observed, in which two stations, Hiroshima and Kure, are too closely 215 

located (about 18 km apart from each other) in the Hiroshima prefecture. Nevertheless, both 216 

data were used because there is no a priori reason to exclude one of them. In addition to the 217 

above mentioned stations, two and five stations beginning in the 1900s and the 1910s, 218 

respectively, were also included to fill the vacant regions of the station distribution in 219 

geographically important area such as remote islands in the sea. 220 

In the surface observation data there are inevitably temporal inhomogeneities of abrupt 221 

changes due to instrument replacements for all the stations as well as the location movements 222 

for some stations, which relocated the observation fields within about 5 km from the original or 223 

previous positions. In addition, there are gradual changes due to the surrounding environment 224 

variations. For example, the effect of urbanization in big cities leads to rural–urban differences 225 

in humidity as well as temperature (Lee, 1991). For instrument replacements, three instrument 226 

changes during humidity observation (JMA, 2013) were noted as follows: Initial hair 227 

hygrograph; aspirated psychrometer observing dry– and wet–bulb temperatures (1950); lithium 228 

chloride hygrometer measuring dew point temperature (1971); electrical capacitive hygrometer 229 
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(1996). The impact of instrument changes was assessed using a non–parametric test statistic 230 

(Lepage, 1971), i.e., the Lepage test for the detection of discontinuity. First, a linear trend 231 

component was subtracted from the annual–mean data, and the test statistic was then evaluated, 232 

because the Lepage test includes the Wilcoxon rank–sum test (e.g., Lanzante, 1996). The same 233 

sample length of 20 years in adjacent periods was adopted to diminish irrelevant interannual 234 

variations, since the sample length may affect the test result for shorter periods (Yonetani, 1992a, 235 

b). The Lepage test indicates that the instrument changes did not introduce crucial impacts for 236 

the evaluation of long–term trend, similarly to Gaffen and Ross (1999). 237 

The Lepage test was also made for the impacts of location moves for some stations. Aside 238 

from the much shorter time values such as instantaneous maximum or minimum temperature, 239 

results show that the location moves did not produce significant abrupt changes in annual and 240 

seasonal averages of the observed humidity and temperature values as in Gaffen and Ross (1999). 241 

This is because the spatial scale of atmospheric flow or air mass generally increases with the 242 

temporal scale, and vice versa. A variogram analysis (Hadano et al., 2004) demonstrates the 243 

annual–mean surface temperature of AMeDAS with some slight correction of altitude, latitude, 244 

and longitude to have a spatial representation of about 50 km, which is much larger than the 245 

station’s movement distances. Following the results of the Lepage tests and the variogram 246 

analysis of AMeDAS data, an assumption was made that the seasonal– and annual–mean values 247 

are usable in the original form without any correction such as an adjustment for the 248 
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discontinuous inhomogeneities (Karl and Williams, 1987) for the trend analysis of surface 249 

humidity and temperature. However, there is one exception of Kobe station, which moved 250 

eastward by about 3.5 km from the middle (about 55 m altitude) of a hill to a seashore station 251 

(about 5 m altitude) nearly faced to wharves in 1999, leading to a substantial discontinuity in 252 

the observed record for the annual–mean absolute humidity. Thus, after excluding Kobe station, 253 

there remained 63 stations in total (Fig.1 and Table 1) for the long–term trends and variations 254 

analysis of surface humidity over the Japanese archipelago. The effect of urbanization was not 255 

treated in the analysis, though the dataset in highly–populated areas possibly included it 256 

surrounding the stations, which will be discussed in Section 6.  257 

In the observation data prior to about 1960, there existed some limitations. First, available 258 

forms of humidity, pressure, and temperature were monthly–mean values in the shortest interval, 259 

and humidity was recorded as relative humidity. The errors stemming from the conversion from 260 

monthly–mean relative humidity to monthly–mean absolute humidity is investigated in the next 261 

section. Second, before about 1950, the available pressure was not station pressure but sea level 262 

pressure. Further, in two stations (Sapporo and Hakodate in Hokkaido) before around 1900, 263 

humidity and temperature observations exist but no record for sea level pressure was found. To 264 

substitute the recorded sea level pressure for that period, a climatological sea level pressure was 265 

employed for each month, which is an average for 30 years from the earliest years of pressure 266 

observation, because the effect of variations in atmospheric pressure on mixing ratio is very 267 
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slight. For the conversion of sea level pressure to station pressure, the JMA formula (a 268 

hydrostatic balance equation) was used, which describes a relation between the two pressures 269 

with station temperature, station altitude, and climatological values of lapse rate and humidity 270 

over Japan. 271 

 272 

3. Comparison of monthly–mean mixing ratios 273 

The surface data prior to about 1990 was observed presumably at three–, four– or six–hour 274 

interval except for precipitation, and averaged/compiled in the form of monthly–mean. This 275 

process gives rise to uncertainty in the evaluation of monthly–mean mixing ratio evaluated from 276 

the monthly–mean temperature and relative humidity through the non–linear dependence of 277 

saturation vapor pressure on temperature. Initially, the accuracy and validity of the monthly–278 

mean mixing ratio (rr_RH) calculated from the monthly–mean temperature, relative humidity, 279 

and station pressure were investigated through the comparison between rr_RH and monthly–280 

mean mixing ratio (rr) based on a one–hour interval observation from 1990 to 2018. This 281 

comparison method is very similar to that used for monthly–mean dew point temperatures 282 

between one–hour and three–hour intervals data (Robinson, 1998). Saturation vapor pressure 283 

was calculated through the formula of Tetens (1930), which is sufficiently accurate for most 284 

meteorological purpose except when extreme accuracy at low temperature is required (Murray, 285 

1967). Monthly–mean mixing ratios were calculated to the first decimal place similarly to the 286 
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observed hourly data. Figure 2 shows the comparison between rr_RH and rr for annual means, 287 

and the relative errors (rr_RH − rr)/rr in 10 stations from the subarctic northernmost area through 288 

the temperate middle area to the subtropical southernmost islands area over the Japanese 289 

archipelago. Both the annual–mean mixing ratios agree very well for a wide range from about 290 

5–22 g kg−1. The relative errors are generally within two percent, though they tend to be slightly 291 

larger for smaller mixing ratios, i.e., for lower temperatures because the denominator in the 292 

relative error decreases for smaller mixing ratios. Seasonally, the mixing ratio ranges from a 293 

minimum of about 2 g kg−1 in winter to a maximum value of about 22 g kg−1 in summer. The 294 

relative errors are mostly positive in summer but mostly negative in other seasons (not shown), 295 

resulting in much smaller relative errors in the annual means. This is because higher positive 296 

absolute errors in summer were substantially cancelled by smaller negative absolute errors in 297 

the other three seasons. 298 

Also in the trend evaluation the mixing ratio rr_RH is proved to have good accuracy, in 299 

which the trend analysis is made by the two methods described in the next section. The seasonal 300 

and annual trends of mixing ratio range from −1.0 to 5 g kg−1 century−1 for about 30 years from 301 

1990 to 2018 (Fig. 3). The relative errors of rr_RH in the trend are mostly within 10% (Fig. 3), 302 

indicating that rr_RH is accurate enough for the analysis of trend as a surrogate of rr. So far, the 303 

comparison is made using hourly data. Next, the effect of observation interval on rr_RH is 304 

evaluated. Before 1990, when automated observation instruments were introduced in the 305 
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integrated observation stations, manual observation was made less frequently at three–hour or 306 

longer interval, depending on the observation periods. Thus, daily means nor monthly means 307 

were not calculated from the hourly data accordingly. Based on this, additional evaluations are 308 

made between the monthly–mean mixing ratios, rr_RH and rr, where are computed using longer 309 

time intervals, such as three and six hours for the same period from 1990 to 2018. It is found 310 

that rr_RH is also as accurate as that based on one–hour interval values (not shown). 311 

Comparisons made using longer hour intervals proved that rr_RH based on monthly–mean 312 

values can be quantitatively used for the evaluation of the long–term behavior of absolute 313 

humidity from the 1880s. As for the specific humidity, the monthly–mean specific humidity 314 

evaluated from the monthly–mean temperature, relative humidity, and station pressure and the 315 

monthly–mean specific humidity calculated from the one–hour data also exhibit slight 316 

differences between them, similarly to the mixing ratio. Henceforward, mixing ratio refers to 317 

rr_RH. 318 

 319 

4. Linear trend analysis 320 

The linear trends in seasonal– and annual–mean mixing ratios were calculated by both the 321 

parametric least squares method and a non–parametric method, in the latter of which the slope 322 

and intercept of a regression line were calculated by Sen’s slope estimator (Sen, 1968) and the 323 

method by Siegel (1982), respectively. The linear trends in temperature and relative humidity 324 
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were also evaluated by the same methods. Statistical significance of the trends was made using 325 

the Student’s t–test for the least squares method and by the Mann–Kendall test for Sen’s slope 326 

estimator. Seasonal means of spring (March, April, and May), summer (Jun, July, and August), 327 

autumn (September, October, and November), and winter (December, January, and February) 328 

were calculated if more than two months of data existed in each season. Otherwise, the seasonal 329 

mean was treated as a missing (non–valid) data. Similarly, the annual–mean was calculated as 330 

an average of four valid consecutive seasonal means, and thereby, the annual–mean of a year is 331 

an average from December of the previous year to November of the year concerned. Missing 332 

data were skipped and thus not used in the trend analysis. Sen’s slope estimator is significantly 333 

more robust than the least squares method, because the former is insensitive to outliers. However, 334 

the two methods led to very similar results, and thereby only the results by Sen’s slope estimator 335 

are shown henceforth. 336 

Figures 4–6 show the time series of annual–mean temperature, relative humidity, and 337 

mixing ratio with regression lines from the 1880s or the 1890s to 2018 in Nemuro (northeastern 338 

Japan), Gifu (central Japan), and Ishigakijima (remote island in southwestern Japan) (see Fig. 1 339 

for locations). Apparently these three stations’ records do not exhibit significant jumps 340 

corresponding to the time of instrument changes around 1950, 1971, and 1996. 341 

The annual–mean temperature is commonly increasing at rates of 1.0°C, 1.8°C, and 1.2°C 342 

century−1 in the three stations with statistical significance of 99%. On the other hand, the annual–343 
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mean mixing ratio exhibits a decrease of −0.3 g kg−1 century−1 in Gifu and an increase of +0.2 344 

g kg−1 century−1 both in Nemuro and Ishigakijima. The relative trend of the mixing ratio 345 

calculated as a ratio of the (absolute) trend to the regressed value in the year 2000 is +3.7%, 346 

−3.8%, and +1.1% century−1 in Nemuro, Gifu, and Ishigakijima, respectively. The magnitude of 347 

the relative trend remains approximately the same even if an average is used for the denominator, 348 

instead of the regressed value. One of the reasons why only Gifu exhibits a negative trend may 349 

stem from its geographical location. Nemuro and Ishigakijima stations are situated near the 350 

seashore, while Gifu is an inland station away (about 40 km) from the sea. However, as shown 351 

later, the geographical location does not play a crucial role because the locations of the stations 352 

having negative trend were systematically separated from those with positive trend irrespective 353 

of the distance from the sea. 354 

In accordance with the warming (positive trends in temperature), relative humidity 355 

commonly exhibits a decreasing trend of −1.7%, −11.1%, and −4.6% century−1 and their relative 356 

change rates of −2.1%, −16.5%, and −6.0% century−1 in Nemuro, Gifu, and Ishigakijima, 357 

respectively. In the three stations the quantitative relation Eq. (1c) among small changes in 358 

mixing ratio, relative humidity, and temperature approximately holds true. For example, the 359 

relative change of mixing ratio (~ +4%) for 100 years in Nemuro is nearly equal to the addition 360 

of the relative change of the relative humidity (~ −2%) and 7% of the temperature change (+1°C). 361 

Among the three stations, Gifu exhibits the largest decrease in relative humidity by far because 362 
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the decreasing trend in mixing ratio accelerates the decrease in relative humidity due to warming, 363 

while in Nemuro and Ishigakijima the increasing trend in mixing ratio decelerates it. 364 

Figure 7 shows the spatial distribution of the annual–mean temperature trend over the 365 

Japanese archipelago from around the 1880s to 2018. All the stations show values of the same 366 

sign (positive) with most stations, exhibiting statistically significant warming of 1.0°C–2.5°C 367 

century−1, with nearly parallel features observed for each season (not shown). Similarly, the 368 

annual–mean relative humidity trend (Fig. 8) shows the same sign (negative) distribution except 369 

for one remote island station (Hachijyojima) and significantly decreasing values of −2% to 370 

−12% century−1 for most stations with small seasonality (not shown). 371 

On the other hand, the annual–mean mixing ratio trend (Fig. 9) displays different spatial 372 

distribution from the temperature or relative humidity trend. Three types of trends are observed: 373 

statistically significant increase (positive) and decrease (negative), and very slight changes of 374 

mixed sign (virtually zero). The negative trend stations of about −0.2 to −0.3 g kg−1 century−1, 375 

inclusive of slightly decreasing trend stations, are located approximately in the Pacific side of 376 

Honshu from the middle Tohoku (the northern Honshu) through Shikoku to the eastern Kyushu. 377 

It should be noted that the magnitude of negative trend scarcely correlates with population, i.e., 378 

a measure of urbanization. Significant positive trends of about 0.2–0.4 g kg−1 century−1 are 379 

observed over Hokkaido, Sea of Japan side of the western Japan, the western Kyushu, and the 380 

remote islands including Okinawa. The overall pattern of positive and negative trends 381 
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distribution is similar for other seasons, and polarities of the trends are almost the same for all 382 

the seasons, except for most of the remote islands in winter. 383 

The magnitude of the trend in each station maximizes mostly in summer, minimizes in 384 

winter (Fig.10), and takes intermediate values in spring and autumn. This seasonal variation in 385 

the mixing ratio trend approximately synchronizes with the seasonal cycle of mixing ratio and 386 

temperature, with usually increasing amplitude with latitudes over the Japanese archipelago. 387 

This is because the meridional gradient of temperature (and mixing ratio) is small in summer 388 

and large in winter and because the seasonal cycle is small in subtropics. The proportion of the 389 

summer climatological mixing ratio (maximum) to that of winter (minimum) is about five in 390 

subarctic Hokkaido, four in temperate Honshu, Shikoku, and Kyushu, and two in subtropical 391 

Okinawa. These figures are larger than the proportion of the summer trend to the winter trend 392 

in most stations as seen in Fig. 10. So that, the change ratio (the trend divided by the 393 

climatological seasonal mean) becomes similar or larger in winter than in summer, depending 394 

on the stations. However, the seasonality of the trend in the remote islands is very different. 395 

Here, the trend is significantly positive of about 0.3–0.5 g kg−1 century−1 during summer but 396 

weakly negative (~ −0.2 g kg−1 century−1) or virtually zero during winter except for the Aikawa 397 

station in Sado island (Fig. 10). This is in contrast with the winter warming trend in the remote 398 

islands where the urbanization effect is supposed to be very small. 399 

 400 
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5. Empirical orthogonal function analysis 401 

An empirical orthogonal function (EOF) analysis was also made respectively for 402 

temperature, mixing ratio, and relative humidity data to investigate mutually independent 403 

(orthogonal) spatial patterns as to what extent the data variance is explained by each mode and 404 

to derive their temporal coefficients (scores). The EOF analysis is performed using the data from 405 

1900 to 2018, because the starting years of observation differ widely from one station to another 406 

before 1900 as stated above. In addition, similar to the trend analysis, the data beginning in the 407 

1900s and the 1910s were also included to cover a wider area in the sparse observation data. 408 

Prior to the EOF analysis, missing seasonal mean data were interpolated or extrapolated in the 409 

yearly time series of the same season. After, a moving average with a length of five years was 410 

applied for each seasonal–mean data to diminish short–term variations irrelevant to long–term 411 

components. The same procedure was made for the annual–mean data. 412 

Figure 11 shows the first and the second EOF (EOF–1 and –2) scores and spatial patterns 413 

regressed to their scores for the annual–mean temperature. EOF–1 and –2 are found to explain 414 

91% and 3% of the total variance, respectively. The EOF–1 spatial pattern is a distribution with 415 

similar signs and magnitudes and corresponds fairly well to the positive and almost uniform 416 

linear trend pattern of the annual–mean temperature shown in Fig. 7. In addition, the EOF–1 417 

score displays nearly persistently increasing characteristics except during the 1960s and the 418 

1970s, when there is substantially no tendency. This is similar to the annual surface temperature 419 
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anomalies over the Japanese’s 15 stations of weak urbanization (e.g., JMA, 2019) and the 420 

global–mean land and sea surface temperatures (e.g., IPCC, 2013). EOF–1 occupies a dominant 421 

(91%) fraction of the total variance. Consequently, these facts (the persistent increase and 422 

dominant fraction of EOF–1) demonstrate that the annual–mean temperature linear trend is 423 

almost explained by the uniform persistent warming of EOF–1. Conversely, EOF–1 424 

substantially consists of linear trend, which most likely stems from the greenhouse gas increase. 425 

On the other hand, the EOF–2 spatial pattern shows a seesaw–like distribution between the 426 

northern Japan and the southern Pacific area of the central and southwestern Japan. Its score is 427 

mostly comprised of decadal variations with a small contribution (3%) to the total variance. 428 

For the annual–mean mixing ratio, EOF–1, –2, and –3 (the third mode) scores are found to 429 

explain 49%, 14%, and 8% of the total variance, respectively as shown in Fig. 12 along with 430 

their corresponding spatial patterns. The EOF–1 spatial pattern is comprised of similar 431 

magnitude values with the same sign, bearing close resemblance to that of the annual–mean 432 

temperature (Fig. 11). However, the EOF–1 score does not show any apparent trend until about 433 

1960, after which it exhibits a prominent decreasing tendency for about 20 years during the 434 

1960s and the 1970s. This term corresponds to the no–tendency period in the temperature EOF–435 

1 score. After 1980, the EOF–1 score exhibits a clear increasing tendency with two bulges 436 

around 1990 and 2000. 437 
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On the other hand, the EOF–2 spatial pattern is approximately composed of two areas of 438 

positive and negative values, which is very similar to the distribution of the annual–mean mixing 439 

ratio linear trend (Fig. 9). In addition, the EOF–2 score shows a nearly monotonically and 440 

significantly increasing trend throughout the whole period, indicating that the EOF–2 spatial 441 

pattern can be approximately interpreted as the linear trend pattern with drying and moistening 442 

areas, i.e., the significant decrease in the Pacific side of Honshu from the middle Tohoku through 443 

Shikoku to the east Kyushu and the significant increase in Hokkaido, Sea of Japan side of the 444 

western Japan, the west Kyushu, and Okinawa. In other words, EOF–2 is almost identical with 445 

the linear trend component in annual–mean mixing ratio. The EOF–3 spatial distribution 446 

represents a seesaw–pattern between the northern area (Hokkaido and Tohoku) and the western 447 

and southern Japan as the temperature EOF–2 spatial pattern (Fig. 11d). 448 

For the annual–mean relative humidity, the EOF–1 and –2 scores and spatial patterns are 449 

exhibited in Fig. 13, wherein EOF–1 and –2 explain 76% and 6% of the total variance, 450 

respectively. The EOF–1 spatial pattern displays a distribution with the same sign and larger 451 

values from Kanto (Tokyo and its surrounding prefectures) through Chukyo (Nagoya and its 452 

surrounding prefectures) and Kansai (Osaka and its surrounding prefectures) to the northern 453 

Kyushu. Meanwhile, the EOF–1 score (Fig. 13a) shows almost persistent decreases except for 454 

a constant increase after the 2000s. If the sign is inverted, the EOF–1 spatial pattern (Fig. 13b) 455 

appears to be very similar to the linear trend distribution (Fig. 8), indicating that EOF–1 456 
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represents the linear trend component. The EOF–2 spatial pattern practically represents a 457 

seesaw–like distribution between the western Japan and the eastern Japan except for Hokkaido. 458 

 459 

6. Discussion 460 

Over the Japanese archipelago from about the 1880s to 2018 the linear trend in the annual–461 

mean temperature exhibits the same polarity with positive sign in all the stations (Fig. 7). This 462 

is similarly observed with linear trend in the annual–mean relative humidity with negative sign 463 

except for a small positive value in Hachijyojima (Fig.8). On the other hand, the linear trend in 464 

the annual–mean mixing ratio does not show the same polarity but is very approximately 465 

separated into three consecutive areas, depending on the signs (Fig. 9).: (1) negative area: 466 

Honshu, Shikoku, and eastern Kyushu, (2) positive area: Hokkaido, and (3) positive area: 467 

western Kyushu and Okinawa. Because these results reflect the climate change, the relation to 468 

the types of climate classification is first investigated. The spatial patterns in the annual–mean 469 

linear trends are found to be hardly correlated with the Köppen–Geiger climate classification 470 

(e.g., Beck et al., 2018) or other climate divisions (e.g., Koizumi and Kato, 2012; Kusanaga, 471 

2016). 472 

Next, the effect of sea surface temperature (SST) is examined. According to JMA analysis 473 

(e.g., JMA 2019) using the COBE-SST (Ishii et al., 2005), the annual–mean linear trends in SST 474 

surrounding the Japanese archipelago during the recent 100 years are 0.7°C–1.7°C century−1 475 
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with an area average of 1.1°C century−1 except for the marine area off northern Hokkaido. SST 476 

seasonal trends are also positive for all the seasons ranging from 0.5°C to 2°C century−1 477 

(https://www.data.jma.go.jp/gmd/kaiyou/data/shindan/a_1/japan_warm/japan_warm.html). 478 

These facts indicate that the positive trends in SST alone cannot explain the reason why negative 479 

trends in the mixing ratio appear in Honshu, Shikoku, and the eastern Kyushu. This is because 480 

the warmer SST brings about positive changes in the near–surface mixing ratio over ocean. On 481 

the other hand, the spatial patterns in the mixing ratio linear trends are associated with changes 482 

in large– and synoptic–scale atmospheric circulation, which are probably caused by the global 483 

warming and with changes in micro–scale atmospheric circulation due to urbanization. However, 484 

this paper focuses on the analysis of surface data, and thus, investigation of the mechanisms 485 

responsible for these spatial patterns is a future work. 486 

The linear trend from the 1880s or the 1890s to 2018 for the annual–mean mixing ratio 487 

ranges from about −0.3 to +0.4 g kg−1 century−1 (Fig. 9). Aside from the negative value area, the 488 

positive values of 0.2–0.4 g kg−1 century−1 over Hokkaido, Sea of Japan side of the western 489 

Japan, the western Kyushu, and the remote islands (Fig. 9) are much less than those in the 490 

continental and hemispheric scales for the absolute humidity data from the 1960s or the 1970s 491 

(e.g., Gaffen and Ross, 1999; Dai, 2006; Willett et al., 2008, 2010). The cause for this 492 

discrepancy may stem from not only geographical situations but also from the difference in the 493 

starting years of the analyses. Hence, using similar recent data from 1960, an additional trend 494 
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analysis was carried out to investigate the trends in the recent years. Figure 14 displays the 495 

spatial distributions of the linear trends in the annual–mean temperature, relative humidity, and 496 

mixing ratio from 1960 to 2018. Comparison of these trends (Fig. 14) with those in the longer 497 

period (1880s–2018) (Figs. 7–9) reveals that the mixing ratio trend and the temperature trend in 498 

the recent period are very different from those in the longer period, while the relative humidity 499 

trend shows a small difference between the two periods. Quantitatively describing the causes of 500 

this conspicuous difference in the in the mixing ratio trends is currently very difficult because 501 

global warming and local urbanization effects are intricately involved with this as shown later. 502 

To be specific, the mixing ratio trend in the recent period is significantly positive in most 503 

stations, being in stark contrast with clearly separated two areas of positive and negative values 504 

in the longer period of the 1880s–2018. In addition, the magnitudes of the positive trends over 505 

Hokkaido, Sea of Japan side of the western Japan, the western Kyushu, and the remote islands 506 

are approximately two times or more as large as those in the longer period. Figure 15 presents a 507 

quantitative comparison using scatter plots between the two periods for the linear trends in 508 

annual–mean temperature, relative humidity, and mixing ratio, together with the average trends 509 

during the two periods. The temperature trends in the recent period increase by 0.3°C to 1.3°C 510 

century−1 in most stations with an average change of about +1.1°C century−1 from 1.47°C to 511 

2.52°C century−1.  512 
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Similarly, the mixing ratio trends rise by 0.2–0.8 g kg−1 century−1 in most stations with an 513 

average increase of about 0.5 g kg−1 century−1 from 0.0 to 0.5 g kg−1 century−1. At once, the ratio 514 

of the station numbers of negative trend to those of positive trend decreases from about 1/2 to 515 

as small as 1/6. This indicates that the increase in mixing ratio prevails over the Japanese 516 

archipelago during the recent period after the 1960s, being in coincident with that in continental 517 

or hemispheric extent for similar recent periods (e.g., Schönwiese et al., 1994; Gaffen and Ross, 518 

1999; Dai, 2006; Willett et al., 2008, 2010). Quantitatively, this average increase of about 0.5 g 519 

kg−1 century−1 is also comparable with those in the continental or hemispheric scale (e.g., Gaffen 520 

and Ross, 1999; Dai, 2006; Willett et al., 2008, 2010).  521 

On the other hand, the relative humidity trends extend their bounds from a range of 0% to 522 

−15% century−1 to a wider range (+5% – −20% century−1), while the average value changes 523 

about as small as −1% century−1 from −6% to −7% century−1. These nearly the same negative 524 

averages of the relative humidity trends and Eq. (1) demonstrate that the dominance of drying 525 

(decrease in relative humidity) due to the warming over moistening (increase in relative 526 

humidity) due to the mixing ratio increase, as a whole, has been continuing since the 1880s over 527 

the Japanese archipelago.  528 

Since the spatial distributions of the linear trends in annual–mean temperature, mixing ratio, 529 

and relative humidity over the recent period (Fig. 14) are very similar to their EOF–1 spatial 530 

patterns (Figs. 11–13), it is investigated whether there exist similar corresponding relations 531 
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between the changes in the linear trends and those in the EOF–1 scores around 1960. The 532 

increased linear trend in the annual–mean temperature over the recent period agrees well with 533 

the steeper gradient of the EOF–1 score after the 1960s than before (Fig. 11a). Also for the 534 

annual–mean mixing ratio trend a similar close correlation holds true between the sharp 535 

increases in the linear trend and the EOF–1 score (Fig. 12a). These sharp increases qualitatively 536 

agree with the reference to the upper air absolute humidity by Ross and Elliott (2001) that most 537 

of the overall increase in the Northern Hemisphere’s 850-hPa specific humidity probably 538 

occurred since 1973. This may indicate that the increased absolute humidity in recent years 539 

occurs not only at or near the surface but also in the lower troposphere up to 850 hPa in the 540 

Northern Hemisphere. It will be thus preferable to scrutinize not only precipitable water but also 541 

absolute humidity at each pressure level in the historical aerological data. On the other hand, the 542 

annual–mean relative humidity does not show substantial changes between the linear trends 543 

(Figs. 8, 14b) nor in the EOF–1 score (Fig. 13a) after the 1960s. This also indicates a good 544 

correspondence between them. These facts thereby demonstrate that the linear trend during the 545 

recent period after 1960 is also mostly explained by the EOF–1 in the longer period from 1900 546 

for the annual–mean temperature, mixing ratio, and relative humidity. 547 

The long–term trends and variations obtained in this study include the effects of climate 548 

forcings of various scales such as global greenhouse gas increase and local urbanization. The 549 

effect of variations in micro-environment surrounding the observation site is also included. In 550 
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particular, the local urbanization effect on the temperature trend is substantially larger in Japan 551 

(Fujibe, 2011) than that in China, Europe and North America, where its impact on the mean 552 

temperature trend is very small, in spite of definite warming in urban areas (Jones et al., 2008; 553 

Chrysanthou et al., 2014). Hence, the mixing ratio trend and the temperature trend should be 554 

discussed with consideration to urbanization because most integrated observation stations are 555 

located near the central urban area of capital city in each prefecture as stated before. 556 

While it is well known that urbanization intensifies warming, i.e., urban heat island (UHI), 557 

less is known on how urbanization influences absolute humidity. Observation studies 558 

demonstrated that the loss of vegetation cover decreases the absolute humidity, i.e., urban dry 559 

island (UDI), through the reduction of evapotranspiration (Hao et al., 2015; 2018). The 560 

difference of surface latent heat flux between rural and urban areas is significantly positive in 561 

daytime, synchronizing with the diurnal cycle of solar radiation (Moriwaki et al., 2013). Thereby, 562 

absolute humidity difference is larger during daytime (Thapa Chhetri et al., 2017; Moriwaki et 563 

al., 2013) and summer season (Moriwaki et al., 2013) in the diurnal and seasonal cycles, 564 

respectively. The reduction of humid sea breeze penetration accompanying with urbanization 565 

(Fujibe, 2009) is also involved with the mixing ratio decreasing trend, particularly in Japanese 566 

major islands (regions), where many stations are located within the sea breeze range (Fig.1), 567 

depending on local geographical configuration.  568 
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On the other hand, mesoscale model simulations also proved that land cover and land use 569 

changes can induce UDI as well as UHI. By imposing land cover change due to an extensive 570 

urban growth from a present–day (ca. 1990) to a future year (ca. 2050) in the New York City 571 

metropolitan area, Civerolo et al. (2007) demonstrated that there occurs a substantial decrease 572 

in the surface mixing ratio and increase in the planetary boundary layer (PBL) height in the 573 

summer afternoon. A significant increase in surface temperature was also simulated with the 574 

areal extent of all of these changes generally coinciding with the area of increased urbanization. 575 

These indicate intensification of turbulent mixing in PBL stemming from destabilization due to 576 

enhanced heating at the surface. Since mixing ratio generally decreases with altitudes, turbulent 577 

mixing transports mixing ratio upward and thus decreases surface mixing ratio in PBL. Hence, 578 

the simulation of Civerolo et al. (2007) suggests that the increase in PBL height (intensification 579 

of turbulent mixing) is another factor for UDI.  580 

The urbanization effect on the mixing ratio trend is much complicated, compared to that on 581 

the ubiquitously positive temperature trend, because both negative and positive values are 582 

analyzed for the mixing ratio trend (Fig. 9). Urbanization contributes partly to the mixing ratio 583 

negative trend in the Pacific side of Honshu from the middle Tohoku through Shikoku to the 584 

eastern Kyushu (Fig. 9). However, urbanization alone cannot explain why the magnitude of the 585 

negative trend hardly correlates with the population and why there are positive or virtually–zero 586 

values in big cities in northern, western, and southern regions such as Sapporo, Okayama, 587 
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Hiroshima, Fukuoka, and Kagoshima. Concerning mixing ratio trends in big cities, the present 588 

result agrees with the JMA urbanization monitoring report (JMA, 2013) that showed a 589 

significant decreasing trend in the annual–mean vapor pressure of −0.9 to −0.6 hPa century−1 590 

(mixing ratio trend of −0.6 to −0.4 g kg−1 century−1 for 1000 hPa station pressure) in Nagoya, 591 

Kyoto, and Tokyo for 1931–2012. These negative trends are in contrast to the small positive 592 

trends (0.3 hPa century−1 ~ 0.2 g kg−1 century−1) in the other 15 cities which have undergone 593 

small urbanization. On the other hand, warming trends in big cities are significantly larger by 594 

0.5°C to 1.7°C century−1 compared to an average of other 17 small urbanization cities (JMA, 595 

2013). 596 

In addition to the positive or virtually–zero values in some big cities in the trend from about 597 

the 1880s, most stations exhibit significantly positive values in the mixing ratio trend during the 598 

recent period from 1960 (Fig.14c, 15c), indicating that the contribution of UDI seemingly almost 599 

disappears after 1960, when the population in Tokyo Metropolis began to saturate and those in 600 

neighboring prefectures as well as other big cities began to rapidly increase (Fujibe, 2011). 601 

Accordingly, not only urbanization but also other factors including global warming are thought 602 

to be intricately entangled in the mixing ratio trend. Be that as it may, the density of the long–603 

record integrated observation stations (Fig. 1) is too sparse to isolate the local urbanization effect 604 

and hence to scrutinize each factor is beyond the scope of this paper. 605 

 606 
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7. Conclusions 607 

Surface meteorological data archived by JMA from about the 1880s to 2018 over the 608 

Japanese archipelago are analyzed focusing on the long–term trends and variations in the water 609 

vapor mixing ratio, temperature, and relative humidity. Since those historical data prior to about 610 

1960 is provided only in monthly–mean format, the validity of the monthly–mean water vapor 611 

mixing ratio calculated from monthly means of temperature, relative humidity, and surface 612 

pressure was investigated through the comparison with that based on one–hour interval data in 613 

recent years from 1990 to 2018. The comparison proved that the discrepancy between the two 614 

annual–mean mixing ratios is within two percent, and the difference in the linear trends is mostly 615 

less than ten percent.  616 

The annual–mean temperature trends show positive values for all the stations with most 617 

stations exhibiting statistically significant warming of 1.0°C–2.5°C century−1, and similar 618 

feature can be seen for each season. The annual–mean relative humidity trend also shows 619 

negative values and significantly decreasing of −2% to −12% century−1 for most stations with 620 

small seasonality. On the other hand, the annual–mean mixing ratio trend displays different 621 

spatial distribution from temperature or relative humidity trend. There are three types of trends: 622 

statistically significant increase (positive) and decrease (negative), and very slight changes of 623 

mixed sign. Significantly negative trends of about −0.2 to −0.3 g kg−1 century−1, are located 624 

approximately in the Pacific side of Honshu from the middle Tohoku through Shikoku to the 625 
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eastern Kyushu. Significantly positive trends of about 0.2–0.4 g kg−1 century−1 are over 626 

Hokkaido, the western Japan along Sea of Japan, the western Kyushu, and the remote islands 627 

including Okinawa. The overall spatial pattern with positive and negative areas is similar for 628 

other seasons.  629 

The EOF–1 spatial pattern of the annual–mean temperature is very similar to the linear trend 630 

pattern and its score displays nearly persistently increasing characteristics with a major (91%) 631 

fraction of the total variance. Also, with inverted sign, the EOF–1 of annual–mean relative 632 

humidity has a similar spatial pattern to the linear trend distribution. Furthermore, its score 633 

decreases almost persistently with a major (76%) contribution to the total variance. These facts 634 

indicate that the linear trends in the annual–mean temperature and relative humidity are almost 635 

explained by the nearly uniform persistent warming and drying of EOF–1 components and vice 636 

versa. On the other hand, for the annual–mean mixing ratio, EOF–2 (14%) exhibits similar 637 

spatial pattern to the linear trend pattern and the EOF–2 score shows a nearly monotonically and 638 

significantly increasing trend throughout the whole period. This indicates that EOF–2 is almost 639 

identical with the linear trend in the annual–mean mixing ratio. 640 

In recent years from 1960 the mixing ratio trend and the temperature trend are both 641 

significantly higher than those in the longer period from the 1880s, while the relative humidity 642 

trend remains nearly the same. The mixing ratio trend in the recent period is significantly 643 

positive in most stations and the magnitudes of the positive trends over Hokkaido, Sea of Japan 644 



35 
 

side of the western Japan, the western Kyushu, and the remote islands are approximately two 645 

times or more as large as those in the longer period. The spatially averaged trends of about 0.5 646 

g kg−1 century−1 for mixing ratio and of about +2.5°C century−1 for temperature are comparable 647 

with those in the continental or hemispheric scale for the similar recent periods in other studies. 648 

The spatial distributions of the trends in the annual–mean temperature, mixing ratio, and 649 

relative humidity over the recent period from 1960 are found to be very similar to their EOF–1 650 

spatial patterns for the longer period from 1900. In line with this, a close relation between the 651 

changes in the trends and those in their scores is observed around 1960. The increased linear 652 

trend in the annual–mean temperature for the recent period agrees well with the steeper gradient 653 

of the EOF–1 score after the 1960s than before. A similar close correlation holds true between 654 

the sharp increases in the linear trend and the EOF–1 score for annual–mean mixing ratio. On 655 

the other hand, the annual–mean relative humidity does not show substantial changes in the 656 

linear trend nor in the EOF–1 score around 1960, which also indicates a good correspondence 657 

between them. 658 

Urbanization affects the long–term trends and variations in the surface humidity and 659 

temperature in many stations that are located in the central urban area in respective prefectures. 660 

However, urbanization effects on humidity are not as simply evaluated as its warming effect on 661 

the temperature over the Japanese archipelago. This is because the magnitude of negative trend 662 

scarcely correlates with population and because the negative trend area and positive trend area 663 
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are distinctly separated, indicating other factors such as global warming also play crucial role 664 

on the surface humidity. 665 

  666 
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Table and Figure Captions 807 

 808 

Table 1. Station geographical locations [longitude (Lon) and latitude (Lat)] and total observation 809 

years (Prd) in each region (Honshu, Hokkaido, Shikoku, Kyushu, and Okinawa). Total 810 

observation years are the periods, during which annual–mean mixing ratio can be calculated 811 

from observation starting years to 2018. The asterisk (*) represents remote island stations. Island 812 

in Honshu/Kyushu means that its prefecture belongs to Honshu/Kyushu. 813 

 814 

Fig. 1. Geographical locations of the 63 stations used in this study over the Japanese archipelago 815 

and five region names (Hokkaido, Honshu, Shikoku, Kyushu, and Okinawa). Letters N, G, and 816 

I represent Nemuro, Gifu, and Ishigakijima stations, respectively.  817 

Fig. 2. (a) Comparison of the annual–mean mixing ratios (g kg−1) between rr_RH and rr during 818 

1990 and 2018 in 10 stations from the subarctic northernmost area through the temperate middle 819 

area to the subtropical southernmost remote islands area over the Japanese archipelago, and (b) 820 

the corresponding relative errors (rr_RH – rr)/rr (%). Station names are listed in the left upper 821 

place of (a). 822 

Fig. 3. (a) Comparison of the annual–mean and four (spring, summer, autumn, and winter) 823 

seasonal–mean mixing ratio trends (g kg−1 century−1) between rr_RH and rr during 1990 and 824 
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2018 in 10 stations from the subarctic northernmost area through the temperate middle area to 825 

the subtropical southernmost remote islands area over the Japanese archipelago, and (b) the 826 

corresponding relative errors (%). Station names are listed in the left upper place of (a). 827 

Fig. 4. Time series of annual–mean and linear regression lines of (a) temperature (ºC), (b) 828 

relative humidity (%), and (c) mixing ratio (g kg−1) in the northeastern Japan, Nemuro. Numbers 829 

in the left upper place are the linear trends (per century), and those in the in the right upper place 830 

represent the statistical significances and change rates in percentage.  831 

Fig. 5. Time series of annual–mean and linear regression lines of (a) temperature (ºC), (b) 832 

relative humidity (%), and (c) mixing ratio (g kg−1) in the central Japan, Gifu. Numbers in the 833 

left upper place are the linear trends (per century), and those in the in the right upper place 834 

represent the statistical significances and change rates in percentage. 835 

Fig. 6. Time series of annual–mean and linear regression lines of (a) temperature (ºC), (b) 836 

relative humidity (%), and (c) mixing ratio (g kg−1) in the southwestern Japan, Ishigakijima. 837 

Numbers in the left upper place are the linear trends (per century), and those in the in the right 838 

upper place represent the statistical significances and change rates in percentage. 839 

Fig. 7. Spatial distribution of the annual–mean temperature trend (ºC century−1) from about the 840 

1880s to 2018. Red (blue) color represents positive (negative) value, and the area of circles is 841 

proportional to the values of trend. Triangles represent very small values, the magnitudes of 842 
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which are less than 1.0. 843 

Fig. 8. Spatial distribution of the relative humidity trend (% century−1) from about the 1880s to 844 

2018. Red (blue) color represents positive (negative) value, and the area of circles is proportional 845 

to the values of trend. Triangles represent very small values, the magnitudes of which are less 846 

than 2.0. 847 

Fig. 9. Spatial distribution of the annual–mean mixing ratio trend (g kg−1 century−1) from about 848 

the 1880s to 2018. Red (blue) color represents positive (negative) value, and the area of circles 849 

is proportional to the values of trend. Triangles represent very small values, the magnitudes of 850 

which are less than 0.1. 851 

Fig. 10. Spatial distribution of the seasonal–mean mixing ratio trend (g kg−1 century−1) from 852 

about the 1880s to 2018 for (a) summer and (b) winter. Red (blue) color represents positive 853 

(negative) value, and the area of circles is proportional to the values of trend. Triangles represent 854 

very small values, the magnitudes of which are less than 0.1. 855 

Fig. 11. Annual–mean temperature EOF–1 (a) score and (b) spatial pattern (regressed to the 856 

score), and EOF–2 (c) score and (d) spatial pattern. Triangles represent very small values, the 857 

magnitudes of which are less than 0.05.  858 

Fig. 12. Annual–mean mixing ratio EOF score and spatial for (a) – (b) EOF–1, (c) – (d) EOF–859 

2, and (e) – (f) EOF–3. Triangles represent very small values, the magnitudes of which are less 860 
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than 0.01. 861 

Fig. 13. Annual–mean relative humidity EOF–1 (a) score and (b) spatial pattern, and EOF–2 (c) 862 

score and (d) spatial pattern. Triangles represent very small values, the magnitudes of which are 863 

less than 0.1. 864 

Fig. 14. Annual–mean (a) temperature trend (ºC century−1), (b) relative humidity trend (% 865 

century−1), and (c) mixing ratio trend (g kg−1 century−1) in the recent period from 1960 to 2018. 866 

Triangles represent very small values, the magnitudes of which are less than 1.0 in (a), 2 in (b), 867 

and 0.1 in (c). 868 

Fig. 15. Comparison of the trends between the two periods, 1880s–2018 (ordinate) and 1960–869 

2018 (abscissa), for annual–mean (a) temperature, (b) relative humidity, and (c) mixing ratio. 870 

Units are ºC century−1 for the temperature trend, % century−1, for the relative humidity trend, 871 

and g kg−1 century−1 for the mixing ratio trend. Numbers in the graphs show the average values 872 

for the two periods. 873 



Station Lon   Lat   Prd Station Lon      Lat   Prd 

Honshu   Hokkaido 

Aomori     140.7683  40.8217  133  Asahikawa     142.3717  43.7567  130 

Akita   140.0983  39.7167  133  Sapporo    141.3283  43.0600  139 

Miyako     141.9650  39.6467  135   Suttsu     140.2233  42.7950  131 

Ishinomaki    141.2983  38.4267  131  Abashiri   144.2783  44.0167  129 

Yamagata   140.3450  38.2550  128  Nemuro     145.5850  43.3300  130 

Fukushima     140.4700  37.7583  129  Kushiro    144.3767  42.9850  109 

Onahama    140.9033  36.9467  105   Obihiro    143.2117  42.9217  125 

Mito    140.4667  36.3800  122  Hakodate   140.7533  41.8167  133 

Utsunomiya    139.8683  36.5483  128 

Maebashi   139.0600  36.4050  122  Shikoku 

Kumagaya   139.3800  36.1500  122  Tokushima  134.5733  34.0667  127 

Tokyo   139.7600  35.6900  143   Tadotsu    133.7517  34.2750  126 

Hachijojima*  139.7783  33.1217  112  Matsuyama  132.7767  33.8433  129 

Choshi     140.8567  35.7383  132  Kochi  133.5483  33.5667  133 

Nagano     138.1917  36.6617  130 

Matsumoto     137.9700  36.2450  121  Kyushu 

Iida    137.8217  35.5233  121 Fukuoka    130.3750  33.5817  129 

Kofu    138.5533  35.6667  123 Oita    131.6183  33.2350  131 

Hamamatsu     137.7183  34.7083  132 Izuhara*   129.2917  34.1967  131 

Nagoya     136.9650  35.1667  128 Nagasaki   129.8667  32.7333  139 

Takayama   137.2533  36.1550  119 Saga    130.3050  33.2650  128 

Gifu    136.7617  35.4000  136 Kumamoto   130.7067  32.8133  128 

Tsu     136.5183  34.7333  129 Miyazaki   131.4133  31.9383  133 

Aikawa*   138.2400  38.0283  107  Kagoshima  130.5467  31.5533  133 

Niigata    139.0467  37.9117  133 Naze*   129.4950  28.3783  122 

Fushiki    137.0550  36.7917  131 

Kanazawa   136.6333  36.5883  133    Okinawa 

Fukui   136.2217  36.0550  121  Ishigakijima* 124.1633  24.3367  122 

Tsuruga    136.0617  35.6533  121 Naha*   127.6850  26.2067  120 

Kyoto   135.7317  35.0150  138 

Osaka   135.5183  34.6817  136 

Toyooka    134.8217  35.5350  101 

Wakayama   135.1633  34.2283  139 

Shionomisaki  135.7567  33.4500  106 

Okayama    133.9167  34.6600  127 

Hiroshima     132.4617  34.3983  140 

Kure    132.5500  34.2400  122 

Hamada     132.0700  34.8967  126 

Sakai   133.2350  35.5433  133 

Shimonoseki   130.9250  33.9483  136 

Table 1. Station geographical locations [longitude (Lon) and latitude (Lat)] and total 
observation years (Prd) in each region (Honshu, Hokkaido, Shikoku, Kyushu, and 
Okinawa). Total observation years are the periods, during which annual–mean mixing 
ratio can be calculated from observation starting years to 2018. The asterisk (*) represents 
remote island stations. Island in Honshu/Kyushu means that its prefecture belongs to 
Honshu/Kyushu. 
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Fig. 1. Geographical locations of the 63 stations used in 
this study over the Japanese archipelago and five region 
names (Hokkaido, Honshu, Shikoku, Kyushu, and 
Okinawa). Letters N, G, and I represent Nemuro, Gifu, 
and Ishigakijima stations, respectively. 
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Fig. 2. (a) Comparison of the annual-mean mixing ratios (g kg-1) between rr_RH and rr during 1990 and 2018 in 10 stations 
from the subarctic northernmost area through the temperate middle area to the subtropical southernmost remote islands area over 
the Japanese archipelago, and (b) the corresponding relative errors (rr_RH – rr)/rr (%). Station names are listed in the left upper 
place of panel (a).

(a) (b)



Fig.3. (a) Comparison of the annual–mean and four (spring, summer, autumn, and winter) seasonal–mean mixing ratio trends (g kg−1

century−1) between rr_RH and rr during 1990 and 2018 in 10 stations from the subarctic northernmost area through the temperate middle
area to the subtropical southernmost remote islands area over the Japanese archipelago, and (b) the corresponding relative errors (%). Station
names are listed in the left upper place of (a).

(a) (b)



Fig. 4. Time series of annual-mean and linear 
regression lines of (a) temperature (ºC), (b) relative 
humidity (%), and (c) mixing ratio (g kg-1) in the 
northeastern Japan, Nemuro. Numbers in the left 
upper place are the linear trends (per century), and 
those in the in the right upper place represent the 
statistical significances and change rates in 
percentage.

(a)

(b)

(c)



Fig. 5. Time series of annual–mean and linear regression
lines of (a) temperature (ºC), (b) relative humidity (%), and
(c) mixing ratio (g kg−1) in the central Japan, Gifu. Numbers
in the left upper place are the linear trends (per century), and
those in the in the right upper place represent the statistical
significances and change rates in percentage.

(a)

(b)

(c)



Fig. 6. Time series of annual–mean and linear regression lines
of (a) temperature (ºC), (b) relative humidity (%), and (c)
mixing ratio (g kg−1) in the southwestern Japan, Ishigakijima.
Numbers in the left upper place are the linear trends (per
century), and those in the in the right upper place represent the
statistical significances and change rates in percentage.

(a)

(b)

(c)



Fig. 7. Spatial distribution of the annual-mean 
temperature trend (ºC century-1 ) from about 
1880s to 2018. Red (blue) color represents 
positive (negative) value, and  the area of circles 
is proportional to the values of trend. Triangles 
represent very small values, the magnitudes of 
which are less than 1.0.



Fig. 8. Spatial distribution of the relative
humidity trend (% century−1) from about the
1880s to 2018. Red (blue) color represents
positive (negative) value, and the area of
circles is proportional to the values of trend.
Triangles represent very small values, the
magnitudes of which are less than 2.0.



Fig. 9. Spatial distribution of the annual–mean
mixing ratio trend (g kg−1 century−1) from
about the 1880s to 2018. Red (blue) color
represents positive (negative) value, and the
area of circles is proportional to the values of
trend. Triangles represent very small values,
the magnitudes of which are less than 0.1.



Fig. 10. Spatial distribution of the seasonal–mean mixing ratio trend (g kg−1 century−1) from about the 1880s to 2018
for (a) summer and (b) winter. Red (blue) color represents positive (negative) value, and the area of circles is
proportional to the values of trend. Triangles represent very small values, the magnitudes of which are less than 0.1.

(a) (b)



Fig. 11. Annual-mean temperature EOF-1 
(a) score and (b) spatial pattern regressed 
to the score, and EOF-2 (c) score and (d) 
spatial pattern. Red (blue) color represents 
positive (negative) value, and  the area of 
circles is proportional to the values. 
Triangles represent very small values, the 
magnitudes of which are less than 0.05.

(a) (c)

(b) (d)
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Fig. 12. Annual–mean mixing ratio EOF score and spatial for (a) – (b) EOF–1, (c) – (d) EOF–2, and (e) – (f) EOF–3. Triangles represent very 
small values, the magnitudes of which are less than 0.01.
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Fig. 13. Annual–mean relative humidity
EOF–1 (a) score and (b) spatial pattern,
and EOF–2 (c) score and (d) spatial pattern.
Triangles represent very small values, the
magnitudes of which are less than 0.1.
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(a) (b) (c)

Fig. 14. Annual-mean (a) temperature trend (ºC century-1), (b) relative humidity trend (% century-1), and (c) mixing ratio trend (g kg-1 century-1) in 
the recent period from 1960 to 2018. Triangles represent very small values, the magnitudes of which are less than 1.0 in (a), 2 in (b), and 0.1 in (c).



(a) (b) (c)Temperature Relative humidity Mixing ratio

Fig. 15. Comparison of the trends between the two periods, 1880s-2018 (ordinate) and 1960-2018 (abscissa), for annual-mean (a) temperature, (b)
relative humidity, and (c) mixing ratio. Units are ºC century-1 for the temperature trend, % century-1, for the relative humidity trend, and g kg-1

century-1 for the mixing ratio trend. Numbers in the graphs show average values for the two periods.


	2021-019Shibata_Long-term_trend_M_dbspc_all.pdf
	Figure_trend_E.pdf
	スライド番号 1
	スライド番号 2
	スライド番号 3
	スライド番号 4
	スライド番号 5
	スライド番号 6
	スライド番号 7
	スライド番号 8
	スライド番号 9
	スライド番号 10
	スライド番号 11
	スライド番号 12
	スライド番号 13
	スライド番号 14
	スライド番号 15



