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Abstract 16 

The near-surface soil freeze/thaw status is an important indicator of climate change. 17 

Using data from 636 meteorological stations, with a 0 ℃ threshold, we investigated 18 

the long-term spatiotemporal variations of the first date of the near-surface soil freeze, 19 

the last date of the freeze, the duration of the freeze, and the number of freezing days 20 

across China over the period 1956-2006 (with a baseline period of July 1971 through 21 

June 2001). The results reveal the responses of the near-surface soil freeze to warming 22 

climate. The first date of soil freeze was delayed 5 days (0.10 ± 0.03 day/yr) and the 23 

last date was advanced 7 days (0.15 ± 0.02 day/yr) over this period. The duration of 24 

the near-surface soil freeze decreased 13 days from 1956 through 2006, and the 25 

number of near-surface soil freeze days fell by ~10 days. All of these climate 26 

indicators have varied sharply since the early 1990s. Climate indicators in west China 27 

generally vary more than those measured in east China. Altitude plays an important 28 

role in soil freeze/thaw dynamics in west China, and latitude is critical in the eastern 29 

portion of the country. Air temperature significantly affects near-surface soil freeze, 30 

especially the duration of freeze and number of freeze days. 31 

  32 



1. Introduction 33 

The near-surface soil freeze/thaw state is coupled to the timing and duration of 34 

cold/warm seasons, and is an important indicator of climate change (Zhang et al., 35 

2001). The latest assessment report from the International Panel on Climate Change 36 

(IPCC) indicated that the globally averaged combined land and ocean surface 37 

temperature rose 0.89 ℃ over the period 1901–2012 (IPCC, 2013). During the past 38 

few decades, many studies have focused on the dynamics of near-surface soil 39 

freeze/thaw status and the feedback between the ground and atmosphere. They have 40 

shown that changes in the near-surface soil freeze/thaw status are interrelated, and soil 41 

freeze/thaw affects hydrological processes (Cherkauer and Lettenmaier, 1999; Niu 42 

and Yang, 2006; Rempel, 2012), ecological processes (Schimel et al., 1996; Tagesson 43 

et al., 2012) and soil microbial processes (Lloyd and Taylor, 1994; Gilichinsky and 44 

Wagener, 1995; Edwards and Jefferies, 2013).  45 

Variations in the timing and duration of the near-surface soil freeze/thaw status 46 

have been widely investigated using a range of approaches, including remote sensing 47 

and in-situ observations, across spatial-temporal scales ranging from regional to 48 

global. Menzel et al. (2003) used data from 41 meteorological stations across 49 

Germany (from 1951 through 2000) to investigate soil frost dynamics, and they 50 

showed that the freeze-free period was extended with increasing air temperature. 51 

Henry (2008) used observations from 31 stations to examine soil freeze dynamics 52 

across Canada, and he found that annual soil freezing days declined from 1966 53 

through 2004. Using long-term data from three stations in Indiana, USA, Sinha et al. 54 



(2008) found that the number of soil freeze days significantly decreased at the central 55 

and southern study sites, but the near-surface soil temperature at the northernmost site 56 

showed a significant decrease in the cold season due to the decrease in snow depth. 57 

Anandhi et al. (2013) carried out a more-detailed analysis of frost indices at 23 58 

stations across Kansas, USA, and found that the first date and the last date of freezing 59 

occurred later and earlier, respectively. 60 

Numerous studies have reported significantly improvements of monitoring soil 61 

freeze/thaw status. NASA is launching the Hydrosphere State Mission as part of the 62 

Earth System Science Pathfinder Program (ESSP) to improve satellite monitoring of 63 

global land freeze/thaw and soil moisture (Entekhabi et al., 2004). In China, a multi-64 

scale monitoring network has been established on the Qinghai-Tibetan Plateau (Yang 65 

et al., 2013). Fifty-six (56) stations have been installed in cold and high-elevation 66 

regions to enhance monitoring of soil temperature and moisture and hence to support 67 

remote sensing data and large-scale climate modeling (Su et al., 2011; Yang et al., 68 

2013). 69 

In this study, we use ground-based station data to investigate the long-term 70 

spatiotemporal variation in timing and duration of near-surface soil freeze/thaw across 71 

China over the period 1956–2006. Using data from 636 stations, we examine the first 72 

date, last date, duration, and actual number of days of the near-surface soil freeze, as 73 

well as their spatial characteristics over China. Finally, we briefly investigated the 74 

response of the near-surface soil freeze/thaw status to changes in climate conditions in 75 

the past few decades. 76 



2. Data and Methods 77 

We define the soil “freeze day” following Henry (2008), as a day with a 78 

minimum temperature at or below 0℃ at ground surface (0 cm). Data used for this 79 

study include daily minimum ground-surface temperatures, and mean annual air 80 

temperature data were obtained from the China Meteorological Administration  81 

(CMA, 2007). The digital elevation model is mosaicked from original Shuttle Radar 82 

Topography Mission (SRTM) 90 m datasets (Jarvis et al., 2008). 83 

Ground surface temperatures were measured by using a thermometer. The 84 

thermometer sensor has mercury ball on one end with diameter of 5 mm. It is required 85 

by the measurement standard that half of the thermometer sensor be buried in ground 86 

and the other half expose to the air. In practice, the sensor is usually buried more than 87 

half in the ground and it is colored in white to reduce solar heating. Daily minimum 88 

(maximum) temperatures were measured using a special minimum (maximum) 89 

temperature thermometer. The minimum (maximum) temperature thermometer 90 

records the daily minimum (maximum) temperature once a day although it cannot 91 

record the time when it occurs. Ground surface temperatures were also measured four 92 

times a day (02:00, 08:00, 14:00, and 20:00 Beijing Standard Time) and averaged as a 93 

daily mean. Daily minimum (maximum) temperature was reported at 20:00 Beijing 94 

Standard Time. The thermometer has an accuracy of ±0.1°C and by requirements, 95 

these thermometers should be calibrated once a year. The thermometer sensors were 96 

used for the entire study period. The large majority of the stations have no location 97 

change over period of the records. However, information is not available for those 98 



stations with location change history. We believe that effect of station movement on 99 

overall outcome is very minimum. All of these measurements were conducted 100 

routinely each day by trained professional technicians at all meteorological station 101 

across China.  102 

The daily surface temperature dataset was performed basic quality control that 103 

identified and excluded questionable data points. In details, we checked with the 104 

following two procedures. First, at daily time scale, we checked the consistency of 105 

temperature time series by cross-referencing temperature values with the day before 106 

and after the checking day. At annual time scale, we plotted and screened each 107 

individual time series to identify questionable data points and delete the statistical 108 

outliers of points out of the three standard deviations range from the long-term mean. 109 

Annual statistics of first date, last date, duration, and actual number of days of 110 

the near-surface soil freeze were calculated for each year beginning on 1 July and 111 

ending on 30 June of the next year, in order to cover the entire period with potential 112 

freezing events. We use the 30-yr “normal” period of the World Meteorological 113 

Organization, starting 1 July 1971 and ending 30 June 2001, for the baseline of 114 

climatology (IPCC-TGICA, 2007) and to calculate anomalies of these variables over 115 

our study period across China. A linear regression method is used to calculate trends 116 

of each indicator and to test their statistical significance. We also compared the linear 117 

trends of the mentioned variables with latitude and altitude in stations to investigate 118 

the geographic characteristics of the changes. In addition, we used Quantile-Quantile 119 

method to examine the distribution of residual is normal in order to ensure our linear 120 



hypothesis should be appropriate statistically (John, 2006; David, 2009). (To keep the 121 

paper short we did not include the results from statistical examinations.) 122 

The first date of the near-surface soil freeze (FD) is defined as the first date after 123 

1 July on which the daily minimum ground surface temperature is at or below 0 ℃. 124 

The last date of soil freeze (LD) is defined as the last date after 1 July on which the 125 

daily ground surface temperature is at or below 0 ℃. The near-surface soil freeze 126 

duration (DR) is defined as the time span between the first date of freeze and last date 127 

of freeze. Because of extreme weather events, the near-surface soil may not be frozen 128 

continuously from the first date to the last date. Thus, we further define the actual 129 

number of freeze days (NF) by counting the number of days with a daily minimum 130 

ground surface soil temperature at or below 0 ℃. 131 

Not all of the meteorological stations in our study have continuous data for the 132 

30 yr study period. Generally, ~8 missing years (25% of the 30-yr period) are 133 

permitted in a calculation of the time-mean (Jones and Hulme, 1996). In this study, 134 

we applied some quality control approaches to ensure the reliability and consistency 135 

of results by station and year. Firstly, a year with at least 300 daily records (more than 136 

75% of a year) could be utilized in the annual indices. Before we selected the 137 

threshold, we also used years with 365 daily records to calculate the indicators. 138 

Through comparison, the results used 300 days as threshold have errors of +/- 2 days. 139 

In this case, we believe that the 300-day threshold and will have very limited effects 140 

on results. However, it will give us more stations to cover more spatial areas. 141 

Secondly, We rejected the outliers, based on statistical 3 error, by station. Finally, we 142 



selected those stations with >21 points of annual statistical data. Locations of the 636 143 

meteorological stations are shown in Fig. 1. 144 

3. Results 145 

3.1 Changes in the First Day of the Near-Surface Soil Freeze 146 

Overall, departure of FD showed a significantly increase across China by nearly 147 

5 days, or a trend of 0.10±0.03 day/yr, for the period 1956–2006 (Fig. 2a). We found 148 

that the near-surface soil started to freeze later due to a general warming in the fall 149 

season across China. The coefficient of multiple determination, R2=0.23, means that 150 

somewhat less than one-fourth of the total variability in the FD can be explained by 151 

the regression equation.Variations can be mainly broken into two periods: before and 152 

after the early 1970s. Anomalies of FD during 1965–1975 are the lowest in our study 153 

period. An increase started from the early 1970s when a short cold period was ended 154 

(0.21 day/yr). However, the greatest increase in FD (0.72±0.17day/yr) occurred after 155 

the early 1990s (Fig. 2a); FD has occurred ~10 days later since the early 1990s. R2 = 156 

0.59 means that somewhat more than one-half of the total variability in the FD can be 157 

explained by the regression equation.. 158 

For our study period, the 140 stations showed a significant trend in FD (Fig. 2b). 159 

Most stations showed long-term delays of FD, except at four stations. At ~100 of the 160 

140 stations, the delay in FD is <0.25 day/yr (histogram in Fig. 2b). When comparing 161 

stations in west China and east China (east and west of 110︒E), we found greater 162 

delays in FD in the west than in the east. FD at stations surrounding or on the 163 

Qinghai-Tibetan Plateau was delayed by >0.5 days/yr (Fig. 2b), primarily due to the 164 



higher average altitude in those regions. 165 

3.2 Changes in the Last day of Near-Surface Soil Freeze 166 

In China, LD declined significantly over the period 1956–2006, by >7 days, or a 167 

trend of -0.15 ± 0.02 day/yr (Fig. 3a). This indicates that warming spring seasons 168 

result in an earlier end to soil freeze. Somewhat less than 50% of the total variability 169 

in the LD can be explained by our regression. Variations in LD are distributed over 170 

two periods: before and after the early 1990s. Prior to the early 1990s, LD occurred 171 

slightly earlier. Anomalies during 1965–1980 are the highest over our study period. 172 

The rapid advancement of LD appeared after the early 1990s, with a linear trend of –173 

0.58 ± 0.14 day/yr; i.e., LD has occurred earlier (by ~ 9 days) since the early 1990s.  174 

LD changed significantly at 36% (229 stations) of the study stations (Fig. 3b). 175 

This percentage is greater than that of the stations with significantly delayed FD. Most 176 

stations show a long-term advancement in LD. At ~140 stations, LD was advanced by 177 

~ –0.30 day/yr (see the histogram in Fig. 3b). We found that changes in west China 178 

were generally larger than those in east China. Overall, we found that FD and LD 179 

were significantly delayed and advanced, respectively, at 85 stations. These stations 180 

show a delayed onset of fall frost and an earlier ending of the last spring frost over our 181 

study period. 182 

3.3 Changes in the Duration of Near-Surface Soil Freeze 183 

Over the period from 1956 through 2006, DR was shortened by almost 13 days, 184 

or –0.25 ± 0.04 day/yr (Fig. 4a). Anomalies during 1966–1980 were higher over the 185 

entire study period,. The most significant decrease in DR appeared mainly after the 186 



1970s (–0.43 day/yr). Since the early 1990s, DR has decreased sharply (–1.13 ± 0.21 187 

day/yr) (Fig. 4a), by almost 16 days. The overall variation in DR (–0.25 day/yr) is 188 

similar to the variation in FD (0.10 day/yr) and LD (–0.15 day/yr). For example, the 189 

increase in DR (13 days) corresponds to the change in FD (5 days) plus the change in 190 

LD (7 days). An earlier last freeze in spring might contribute to more than half of the 191 

shortening of the DR. 192 

255 study stations showed a significant linear trend in DR of <–0.50 day/yr (Fig. 193 

4b). Most stations showed a long-term decrease in DR, except for three stations. We 194 

found that DR decreased more in west China than in east China. This general decrease 195 

in DR indicates a shortening frost period in near-surface soil across China over our 196 

study period. 197 

3.4 Changes in the Number of Days of the Near-Surface Soil Freeze 198 

It is important to realize that near-surface soil may not be frozen continuously 199 

during the period from the first date to last date freeze, especially in mid- or low-200 

latitude sites. We determine NF by counting the actual number of days with minimum 201 

soil temperature ≤0 ℃. 202 

NF decreased by almost 10 days (–0.20 ± 0.03 day/yr) for the period 1956–203 

2006 (Fig. 5a). The trend in NF is similar but smaller than that in DR (compare to Fig. 204 

4a). A statistically significant increase in NF occurred since the early 1970s. During 205 

the period from 1971 through the early 1990s, NF decreased slightly (–0.27 day/yr). 206 

The NF decrease for the period from 1971 through the end of our study period is –207 

0.34 day/yr, with a decrease of –0.87 day/yr since early 1990s (Fig. 5a). The actual 208 



number of freeze days in near-surface soil decreased by >12 days over our study 209 

period. 210 

At 381 stations (~ 60% of the study stations), NF varied significantly during our 211 

study period (Fig. 5b). Although few stations in western China showed an increased 212 

variability in NF, almost all stations showed a significant decrease, ranging from –213 

0.50 to –0.20 day/yr (histogram in Fig. 5b). This general decrease in NF indicates a 214 

shortening cold season in near-surface soil across China.  215 

There are two regions in China with large-scale variability: the Qinghai-Tibetan 216 

Plateau in the west, and the lower reaches of the Yangtze River in east China. 217 

Previous studies have indicated that more warming has more pronounced effects in 218 

high-altitude regions, such as the Qinghai-Tibetan Plateau (Cheng and Wu, 2007; Li 219 

et al., 2012; Wu and Zhang, 2008). However, it should be noted that the warming 220 

observed in the lower reaches of the Yangtze River is probably a result of 221 

urbanization.  222 

3.5 Variations in Soil Freeze with Latitude and Altitude 223 

In order to explore the spatial features of near-surface soil freeze, we classified 224 

the Chinese meteorological stations as either eastern or western. In west China, 225 

altitude is statistically correlated to FD and NF (slope of 0.13 and -0.063; Fig. 6), so 226 

that the first date of soil freeze toward more later in higher-altitude regions. Similarly, 227 

trends in NF relate significantly to altitude. Higher-altitude regions have greater 228 

decrease in NF.  229 

In east China, latitude correlates with LD, DR, and NF, but altitude correlates to 230 



NF (Fig. 6). Low-latitude stations are more sensitive to freeze/thaw timing and 231 

duration because soil at more southerly latitudes remains closer to the freezing point 232 

in cold seasons. Under warming climatic conditions, changes in soil temperature in 233 

southern regions of China have a greater impact on the timing and duration of the 234 

near-surface soil freeze. Thus, we believe that soil freeze/thaw dynamics at southerly 235 

sites may be more vulnerable and sensitive to changing climate, and therefore should 236 

be studied closely. 237 

3.6 Effects of Air Temperature on Soil Freeze 238 

Air temperature is an important factor in near-surface soil freeze dynamics. We 239 

calculated changes in air temperature at Chinese meteorological stations and 240 

correlated this with FD, LD, DR, and NF. 241 

The statistical relationships between air temperature and our four frost indicators 242 

were all significant (Fig. 7). FD, LD, DR, and NF varied with air temperature by 3.89 243 

± 0.76, –3.93 ± 0.82, –7.65 ± 1.25, and –6.55 ± 0.99, respectively, demonstrating that 244 

the timing and duration of near-surface soil freeze correlates with increasing air 245 

temperature. Correlations with FD and LD are smaller than those of DR and NF. In 246 

addition, we found that R2 of soil freeze timing (FD and LD) is less than R2 of soil 247 

freeze duration (DR and NF). This implies that air temperature is a more effectively 248 

indicator of freeze duration (i.e., DR and NF). The probable reason for this is that the 249 

timing statistics used in this study may be influenced by extreme weather events in 250 

some years. For example, an incidental cold event in the fall could delay or advance 251 

the first soil freeze by several days. Similar differences in R2 exist between DR and 252 



NF.  253 

4. Discussion 254 

We calculated four indicators of near-surface soil freeze from 1956 through 2006 255 

across China. Our results indicate that the first date and last date of near-surface soil 256 

freeze occurred later and earlier, respectively, than normal, thereby resulting in a 257 

decrease in the duration and number of days of the near-surface soil freeze. 258 

FD was delayed by ~5 days (0.10 day/yr) over the entire study period. This 259 

shows that warming climate resulted in a later first day of freeze in near-surface soil. 260 

Similar results have been found on the Qinghai-Tibetan Plateau (Li et al., 2012), in 261 

Indiana, USA (Sinha and Cherkauer, 2008), and in Kansas, USA (Anandhi et al., 262 

2013). However, the changes in soil freeze vary across different regions and different 263 

time periods, probably due to natural and climatic conditions as well as to different 264 

data sources and data collection methods. For example, our results indicate a later FD 265 

from the early 1990s to 2006 over China (trend is 0.72 day/yr), than Li et al. (2012) 266 

results from the Qinghai-Tibetan Plateau (10 days, ~0.50 day/yr) from 1988 to 2007. 267 

(Generally, the Qinghai-Tibetan Plateau appears to be more susceptible to climate 268 

change.) The differences between our results and Li et al. (2012)’s results on the 269 

Qinghai-Tibetan Plateau may be due to different methods of determining the soil 270 

freeze state, as well as differences of remote sensing data and ground-based 271 

observations. 272 

Similarly, LD occurred ~7 days earlier (0.15 day/yr) over our study period. Li et 273 

al. (2012) showed a later date of soil freeze (by ~14 days; ~ 0.70 day/yr) from 1988 to 274 



2007. We found more change in FD in China since the early 1990s (0.58 day/yr). The 275 

last freeze date in Kansas, USA, occurred earlier (by 0.01–0.19 day/yr) from 1919 276 

through 2009 (Anandhi et al., 2013), and this is similar to our results for the entire 277 

study period. 278 

Our results indicate that DR and NF decreased 13 and 10 days, respectively, 279 

from 1956 to 2006 and have decreased sharply since the early 1990s. There is also 280 

significant regional diversity. On the Qinghai-Tibetan Plateau, the number of freeze 281 

days decreased by 1.68 day/yr during the period 1988–2007 (Li et al., 2012). This 282 

corresponds to our results (Fig. 5a). The number of freezing days in Kansas, USA, 283 

varied from 0.01 to 0.24 day/yr from 1919 through 2009 (Anandhi et al., 2013), which 284 

is similar to our results for our study period. 285 

Increasing air temperature significantly influences the timing and duration of 286 

near-surface soil freeze. Warming ground can play a significant role in carbon cycles 287 

in the land-atmosphere processes (Koven et al., 2011; Schuur et al., 2009; DeConto et 288 

al., 2012; Tagesson et al., 2012), but the mechanism of this role is complex and not 289 

clear, even though studies have found correlations between growing season carbon 290 

fluxes and increased soil temperature, particularly in the high-Arctic (Tagesson et al., 291 

2012; Mastepanov et al., 2008; Heimann and Reichstein, 2008). Other studies have 292 

shown that increasing temperature results in the lengthening of the growing season 293 

and improved productivity (Kimball et al., 2006; Barichivich et al., 2013).These 294 

effects may partly counteract the negative effects of climate warming (Cornelissen et 295 

al., 2007). Additionally, Kumar et al. (2013) suggested that the impact of climate 296 



change on soil microbes in Arctic regions may be impossible to predict. Thus more 297 

and deeper research is necessary in order to determine the role of soil freeze/thaw in 298 

land-atmosphere feedback.  299 

Our results indicated that urbanization may play an important role in decrease of 300 

the near-surface soil freeze days in China over the past three decades. To further 301 

explore the impact of urbanization on soil freeze, we used data and information of 302 

urban expansion in China from 1990 through 2010 (Wang et al., 2012). The urban 303 

built-up areas were manually interpreted using Landsat TM/ETM+ in the 1990s, 304 

2000s and 2010s, which have a spatial resolution of 30 m. The interpretation 305 

processes were mainly performed by three experienced operators and revised by the 306 

high-resolution images in Google Earth. The interpreted urban areas were finally 307 

integrated by statistical data of urban areas in local official yearbooks (Wang et al., 308 

2012).  309 

Over the period from 1990 through 2010, three regions can be divided based 310 

upon different degree of urbanization rates, i.e., low rate (<200%), median rate (200% 311 

- 500%), and high rate (>500%) of urban expansion regions (Fig. 8). We then 312 

calculated the regional anomalies of the number of soil freeze days (Fig. 9). For all 313 

three regions, there were significant decreasing trends in the near-surface soil freeze 314 

days since 1956 (Fig. 9). For the low and median rate regions, the trends in NF were 315 

approximately -0.19 day/yr; while for the high rate regions, the trend was about -0.27 316 

days/yr, approximately 42% larger than the other two regions. It showed a similar 317 

phenomenon to Fig.5b (spatial trend patterns of NF from 1956 through 2006 across 318 



China). Meanwhile, interannual variations were also significantly large in high rate 319 

regions (Fig. 9). However, an important issue occurred roughly before and after 1990. 320 

Here we chose 1990 as the breakpoint because (1) 1990 was the starting year of urban 321 

expansion data and information available (Wang et al., 2012), and (2) 1990 was close 322 

to the breakpoint as shown in Fig.5a.  323 

We found NF changed insignificantly in all three regions before 1990 and 324 

significantly decreased after 1990 (Fig. 9). The NF was decreased sharply and 325 

continuously even though air temperature had a warming hiatus from approximately 326 

1998 (Easterling et al., 2009). It showed that natural forcing (air temperature) may not 327 

be the major factor to affect NF. Further analysis indicated that after 1990, NF in the 328 

regions with the lower rate of urban expansion decreased at a rate of about –0.86 329 

day/yr, while NF in regions with high rate of urban expansion showed a statistically 330 

insignificant change over the same period (Fig. 9).  331 

Based on results from the above analysis, regions with large expansion rate had a 332 

significant long-term (1956-2006) decreasing trend in NF, while regions with low and 333 

median expansion rates, the decrease in NF was also significant but their magnitudes 334 

were reduced almost by one-third (Fig. 9). This is because the regions with the high 335 

urban expansion rates are large cities along the east coast of China. These regions 336 

were relatively more developed since the mid 1950s, resulting in the greater long-term 337 

impact of urban expansion over the past five decades on the near-surface soil freeze, 338 

superimposed on the long-term climate warming. Over the period from 1990 through 339 

2006, the trend in NF was not statistically significant (P>0.05) probably due to the 340 



climate warming hiatus effect, while urban effect may be minimal because the urban 341 

expansion was mainly occurred around the edges of the large cities and 342 

meteorological stations were not moved. For regions with low and median expansion 343 

rates, the long-term decrease trends in NF may mainly reflect the impact of climate 344 

warming with relatively limited urban expansion effect because these regions are 345 

located far inland and less developed. Meteorological stations in these regions were 346 

installed in the 1950s and generally located away from small and median cities by 347 

several kilometers to avoid the urban effect on meteorological observations. However, 348 

over the period from 1990 through 2006, the magnitude of the decreasing trends in 349 

NF increased sharply (Fig. 9) this may be due to the urban expansion was close to and 350 

probably far beyond the meteorological stations, resulting in substantial heat island 351 

impact on the near-surface soil freeze. 352 

Soil profiles, snow cover, and other factors all might be the important issues to 353 

near-surface soil freeze/thaw states. Unfortunately, we don’t have enough and valid 354 

materials of soil parameters in all stations especially the dynamics of these soil 355 

parameters. Despite we have some observations of snow depth in meteorological 356 

stations; the duration of snow cover on the ground is always short. Thus its effects on 357 

the near-surface soil freeze/thaw status also are limited. We have also examined the 358 

relationship between NAO (seasonal mean from December to February) and our 359 

indicators (not shown). Our results indicated barely significant in first date, last date 360 

and number of days, and only a statistically significant relationship between winter 361 

NAO and duration. It shows that effects of NAO on our indicators exist but may be 362 



limited at least in a way of statistical results. 363 

5. Summary 364 

We investigated variations in four indicators (the first date, last date, duration, 365 

and number of days) of near-surface soil freeze, from 1956 through 2006, across 366 

China. We examined the spatial characteristics and statistical relationship between 367 

these indicators and air temperature. Our results are summarized as follows: 368 

 The first date of near-surface soil freeze was delayed by ~5 days (0.10 ± 369 

0.03 day/yr) over the entire study period. The first date of near-surface soil 370 

has occurred ~10 days later since the early 1990s. 371 

 The last date of near-surface soil freeze has occurred ~7 days earlier (0.15 ± 372 

0.02 day/yr) over our study period. Near-surface soil freeze occurred earlier 373 

by of –0.58 ± 0.14 day/yr since the early 1990s. 374 

 The duration of near-surface soil freeze decreased 13 days from 1956 375 

through 2006. It has decreased by ~15 days since the early 1990s.  376 

 The number of the near-surface soil freeze days decreased by ~10 days (–377 

0.20 ± 0.03 day/yr) for the period 1956–2006. The decrease in the number of 378 

freeze days has been –0.87 ± 0.15 day/yr since the early 1990s. There are 379 

two regions in China with the most changes in NF: the Qinghai-Tibetan 380 

Plateau and the lower reaches of the Yangtze Basin. 381 

 Air temperature significantly influences all four soil freeze indicators, and 382 

correlates best with indicators of duration, such as duration or number of 383 

days. 384 



Near-surface soil provides abundant information about climate variations. 385 

Indicators of soil freeze timing and duration can serve as indicators of climatic 386 

change, particularly air temperature. However, the relationship between soil freeze 387 

status and other climatic factors (soil water, snow depth, etc.) should be explored over 388 

large spatial scales in the future. Then, soil freeze status might be used for climate 389 

projections and might be a constructive contribution to climate change science. 390 
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Figure Captions 529 

 530 

Fig. 1. Map of meteorological stations across China used in this study. Background 531 

reflects elevation, and sizes of circles reflect data availability during the period 532 

from July 1971 to June 2001. Boundary line of Qinghai-Tibetan Plateau is 533 

refereed from Zhang, Y., et al. 2014. 534 

 535 

Fig. 2. (A) Composite variations of FD from 1956 through 2006 across China. The 536 

red line with solid circles is data line. Blue lines are linear trends, and black line 537 

represents a low-pass filter with a cut-off frequency of 0.09. Symbol * indicates 538 

a significant trend at 95% confidential level. (B) Changes in FD from 1956 539 

through 2006 across China; center-top is histogram of changes in FD.  540 

 541 

Fig. 3. (A) Composite variations of LD from 1956 through 2006 across China. The 542 

red line with solid circles is data line. Blue lines are linear trends, and black line 543 

represents a low-pass filter with a cut-off frequency of 0.09. Symbol * indicates 544 

a significant trend at 95% confidential level. (B) Changes in LD from 1956 545 

through 2006 across China; center-top is histogram of changes in LD.  546 

 547 

Fig. 4. (A) Composite variations of DR from 1956 through 2006 across China. The 548 

red line with solid circles is data line. Blue lines are linear trends, and black line 549 

represents a low-pass filter with a cut-off frequency of 0.09. Symbol * indicates 550 

a significant trend at 95% confidential level. (B) Changes in DR from 1956 551 

through 2006 across China (its legend is different to Fig. 2, 3 and 5 in order to 552 

show widely variability) ; center-top is histogram of changes in DR.  553 

 554 

Fig. 5. (A) Composite variations of NF from 1956 through 2006 across China. The 555 

red line with solid circles is data line. Blue lines are linear trends, and black line 556 

represents a low-pass filter with a cut-off frequency of 0.09. (B) Changes in NF 557 

from 1956 through 2006 across China; center-top is histogram of changes in NF.  558 

 559 

Fig. 6. Trends of FD, LD, DR and NF at west stations (the first row, longitude ≤560 

110︒E) and east stations (the second and third rows, longitude >110︒E) 561 

against latitude (︒N) and altitude (103m a.s.l). We show only graphs passed 562 

significant test at least 95% confidential level. Solid cycles are data points, and 563 

lines are linear fitted lines. Symbol * indicates a significant trend at 95% 564 

confidential level. 565 

 566 

Fig. 7. Relationship between of air temperature and (a) FD, (b) LD, (c) DR, and (d) 567 

NF from 1956 through 2006 across China. The solid circles are individual data 568 

points, and the lines are linear regression. Symbol * indicates a significant trend 569 

at 95% confidential level. 570 

 571 

Fig. 8. Rates of urban expansion from 1990s through 2010s. (Reclassified from Wang 572 



et al. (2012)) 573 

 574 

Fig. 9. Regional changes of NF in regions with different urbanization rates (left). 575 

Black lines and red lines depict respectively the linear regression for the period 576 

after 1990 and the period since 1956. Symbol ‘*’ indicates a statistically 577 

significant at 95% confidential level. Rights are number of stations used to create 578 

each time-series. 579 
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