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Abstract Air and sea surface temperature increases due to global warming have 
been widely observed around the world at various rates. This temperature rising has 
also been documented in many subsurface records recently. The air-ground tempera-
ture coupling system introduces an important factor in disturbing the original thermal 
balance and provides a new dimension to comprehend the effects of global warm-
ing on the Earth system. Ten meteorological stations of Central Weather Bureau in 
Taiwan that have been routinely measured for air (1.5 m above the ground) and sub-
surface (at depths of 0, 5, 10, 20, 30, 50, 100, 200, 300 and 500 cm below the ground) 
temperatures are used for in-depth comparison in this study. These stations have a 
mean observation period of 82 years (as of 2008) to provide good coverage for a 
preliminary examination of air-ground temperature coupling relationship in a century 
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scale. Results show that patterns and variations of air and subsurface temperature are 
quite different among stations in Taiwan. In general, air and subsurface temperatures 
exhibit consistent linear trends after 1980 due to accelerating global warming, but dis-
play complex and inconsistent tendencies before 1980. When surface air temperature 
is subtracted from subsurface one, the differences in the eastern Taiwan are generally 
larger than those in the western Taiwan. This observation is possibly caused by (1) 
heat absorption of dense high-rise buildings, and/or (2) cut off heat propagating into 
deep depths in the urban area of western Taiwan. By comparing temperature peaks at 
various layers from shallow to deep, rates of thermal propagation can be estimated. 
The distinct time shifts among stations suggest that thermal propagations have to be 
taken into account when constructing historical temperature records.

10.1  Introduction

Concentration increase of greenhouse gases in the atmosphere is generally regarded as 
the main cause of the global warming (IPCC 2007). Productions and surface emissions 
of greenhouse gases through biogeochemical processes in soil are closely modulated 
by air temperature (Lloyd and Taylor 1994; Risk et al. 2002a, b; Luo et al. 2001). 
Therefore, study of the air-ground temperature coupling is very important for climate 
change research (Beltrami and Kellman 2003). Many studies indicated that historical 
changes for ground surface temperature (GST; i.e., relatively shallow subsurface tem-
perature) over a large range of spatial and temporal scales can be reconstructed by 
current measurements for temperature-depth profiles (Pollack and Huang 2000; 
Huang et al. 2000; Beltrami 2001a). The reconstructions are generally used to compare 
with historical surface air temperature (SAT) and good agreements have given cre-
dence to the relationship between SAT and GST (Huang et al. 2000; Harris and 
Chapman 2001; Beltrami 2002). However, the reconstructions, which have been com-
prised by underground temperatures at deep depths, present smoothed versions for 
GST history, signals such as diurnal and/or seasonal cycles would be generally lost due 
to a lack of short temporal variations. To evaluate causes of short-term changes in 
subsurface temperature, climatic variations, such as snow cover, soil freezing, evapo-
transpiration, and vegetations, can be well linked to GST with a good correlation if 
data sets are available (Baker and Ruschy 1993; Putnam and Chapman 1996; Beltrami 
2001b; Zhang et al. 2001; Baker and Baker 2002; Smerdon et al. 2003, 2006).

In short, variations of subsurface temperature are mainly comprised by responses 
of solar radiation from the space to Earth, thermal conduction from inner Earth 
outward to the surface, and climatic effects near the Earth surface. Because of a 
long propagation distance that passed strata as a low-pass filter, the inward radia-
tion and outward thermal conduction dominate the long-term changes of subsurface 
temperature. Over last decades, global warming has significantly shown on the ris-
ing trend of SAT on earth surface (IPCC 2007). This additional element enforces 
significant changes on the complex air-ground temperature coupling system, and 
sheds more lights on the relationship between GST and SAT.
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Because the influence of environmental changes may sustain for a long temporal 
period, data recorded covering a few decades are often insufficient for long-term 
analyses. In this study, ten meteorological stations in Taiwan (Table 10.1) with an 
average observation period of 82.2 years for GST records are selected. For 
 simplification, we compare linear trends of SAT with those of GST to study effects 
caused by the inward source. Meanwhile, we compute the annual changes between 
GST and SAT to comprehend the characteristics at each site, and further evaluate the 
propagation time for thermal conduction from shallow to deep depth in Taiwan.

10.2  Data

For the observation practice, sporadic measurements of GST and SAT in Taiwan 
could be traced to the late Ching Dynasty of China. In 1896, Taiwan Island was 
transferred to Japan; meteorological stations were gradually established one by one 
under Japanese governance and officially started the systematic observation. After 
1945, Taiwan was back to the jurisdiction of Republic of China, the Central Weather 
Bureau (CWB) took over existing stations and expanded more for continuous obser-
vation. Till to 2008, observed periods of ten selected stations range from 41 years in 
Chiayi to 109 years in Hengchun. Hence, temperature records with such a long 
observation period are unique and valuable. In addition, these stations are distributed 
rather evenly in Taiwan. Taking the Taipei station as a reference, GST observation 
was initiated in this site of northern Taiwan from 1930 (Fig. 10.1 and Table 10.1). 
From the north to south, stations Hsinchu, Taichung, Chiayi and Tainan are posi-
tioned in western side, and stations Ilan, Hualien and Taitung are situated in the 
eastern Taiwan, respectively (Fig. 10.1). At the southern tip of Taiwan locates the 
Hengchun station (starting in 1900) with a typical tropics climate.

On the other hand, intense interaction between the Philippine Sea plate and the 
Eurasian plate results the complex topography in Taiwan and raises the Central 
Range up to an elevation of approximately 4,000 m (Ho 1988). Station Jiyuehtan 
was built in the central Taiwan with the altitude of about 800 m and experiences 
much less influence of human activity. In terms of geology, these stations are all set 
on the Quaternary sediment resulting from intensity erosion of Tertiary strata in 
high altitudes (Ho 1988). Because the observation depth is confined to a depth 
within 5 m from surface, geological background is very similar for all stations. In 
short, temperature changes under the distinct climate regions (subtropics vs. trop-
ics), different altitudes, urban and rural environments can be evaluated by comparing 
records in these stations.

GST and SAT records generate a good contrast within one site between these 
two observation data sets. SAT is recorded with a high sampling interval of 1 min 
at a height of 1.5 m above the surface. On the other hand, GST data are obtained 
once a day at depths of 0, 5, 10, 20, 30, 50, 100, 200, 300 and 500 cm (Table 10.1). 
For a long observation, data continuity is very important and has to be taken into 
account. In this work, ten observation depths in the ten stations would yield 100 
GST data series, 61 of them have the percentages larger than 99%, especially at 
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stations of Hsinchu, Chiayi and Hualien (Table 10.1). In other words, mean data 
gaps are less than 3 days in 1 year at most stations. In contrast, only 13 data series 
are smaller than 90% and mainly found in the Ilan station (Table 10.1).

For a better comparison, both minute measurements for SAT and daily records 
for GST are integrated into mean-annual temperatures. Station Hualien is taken as 
an example to describe temperature changes in the long temporal domain. 
Figure 10.2 shows linear trends of the mean GST and SAT at the Hualien station 
using the least square method (Rao et al. 1999; Wolberg 2005) to examine their 
relationships. The mean-annual SAT at Hualien ranged between 21.5°C and 24°C 
from 1922 to 2008, and shows a clear upward trend of 0.14°C/10 year (Fig. 10.2a). 
On contrast, the mean-annual GST at depth 0 cm displays scattering distribution 
and reveals an unclear tendency during the entire 87 years (Fig. 10.2b). For the 
depth of 5 cm, the temperature variations fitted with a linear trend are apparently 
inappropriate because two discrete patterns are clearly found before and after 1980 
(Fig. 10.2c). This suggests a turning point may be in existence approximately in 
1980. Regarding the subsurface temperature at depth of 10 cm, data are consistent 
to a fitting trend of 0.17°C/10 year. In terms of the deeper depths, patterns of the 

Fig. 10.1 Locations of  
subsurface temperature  
stations denoted by circles
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Fig. 10.2 Variations of yearly mean subsurface and SAT at the Hualien station from 1922 to 
2008. (a) SAT variations; (b)–(k) subsurface temperatures at depths of 0, 5, 10, 20, 30, 50, 100, 
200, 300 and 500 cm, respectively. The open circles show the yearly mean temperature and are 
expressed as departures from long-term means. Solid lines and dashed curves denote tendencies 
of yearly mean temperature using the linear trends and second-order functions, respectively. Note 
that the slop (°C/10 year) indicates the long-term trend of temperature changes within study 
periods
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subsurface temperatures at depths of 20, 30, 50, 100, 200, 300 and 500 cm are 
roughly similar with that at 5 cm depth, showing that distinctively negative and 
positive slopes dominate the temperature changes before and after 1980  respectively 
(Fig. 10.2e–k). In short, the negative tendencies are generally observed before 1980 
at deep depths and positive trends found after 1980 at most depths.

Because the year 1980 seems to be a key turning point with respect to environ-
mental change, linear trends of GST and SAT records before and after 1980 are 
computed to further understand temperature transformations that may be possibly 
induced by the effect of global warming (Table 10.2). Table 10.2 exhibits statistical 
results for the linear trends before and after 1980 for ten stations. The increase or 
decrease trends are regarded as significant when the slopes ³0.1°C/10 year or 
£ −0.1°C/10 year, respectively. SATs at nine stations have conspicuous increasing 
tendencies after 1980. It is worth to mention that the decrease tendencies are found 
during the entire observation period only at the Jiyuehtan station. Regarding the 
subsurface temperature before 1980, the prominent increase trends are only 
observed at stations with a proportion between 0% and 30%. In contrast, 30% to 
63% stations show evident increase trends after 1980. Meanwhile, tendencies 
before 1980 were subtracted from those after 1980 to study temperature trend 
shifts. Similarly, difference of the slopes being larger (or smaller) than 0.1°C/10 year 
(or −0.1°C/10 year) is determined as significant changes. For SAT, the prominent 
positive changes are found in most stations, except for stations Jiyuehtan and 
Chiayi. In a comprehensive survey, the GST and SAT do present strong positive 
transformations possibly due to the effect of global warming, but these features 
show inconsistencies in trends for stations of Taipei and Hengchun.

To examine this inconsistent relationship, monthly distributions of long-term 
subsurface temperatures for various depths (0–500 cm) (MSTs) and for SAT (MAT) 
are computed respectively. Data of each month are averages of the entire observation 
period. Here, the Taipei station is taken as an example to understand the relationship 
between MST and MAT (Fig. 10.3). Figure 10.3a illustrates that MAT is distributed 
between 15°C and 29°C in this metropolitan station. With the increase of depths, the 
distribution ranges of MST are sharply reduced down to between 22°C and 24°C at 
the depth of 500 cm. It is interesting to find that the phases of MST are also corre-
lated with the observation depth. The highest and lowest temperatures observed at 
shallow levels are gradually departed from July and January through depths, respec-
tively. The time shift of the phase changes between the surface and the depth of 
500 cm is about 4 months in Taipei. Moreover, Fig. 10.3b shows the difference given 
by subtracting MST from MAT at each depth for the Taipei station. The similar pat-
terns between MAT and MST at the shallow depths (£10 cm) yield a small residual 
value with an average about 0.5°C and are varied within a small range of ±0.5°C 
(Fig. 10.3a). The obtained ranges increase with the observation depth of MST and 
reaches to ±7.5°C for the deepest measurement (500 cm), which is one order mag-
nitude larger than that of the shallow depth (±0.5°C).

Figures 10.4 and 10.5 present the averages and ranges of the differences (MST-
MAT) at the shallow (£10 cm) and deep (³100 cm) depths respectively, corresponding  
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to their latitudes. The averages and ranges of the differences at the shallow depths 
are both inversely proportional to the latitude (Fig. 10.4a, b). The positive averages 
mainly ranged between 0°C and 3°C clearly indicate temperature discontinuity 
does in existence near the Earth surface due to distinct thermal conductivity. With 
respect to deep depths, the averages of temperature difference gradually decrease 
with the higher latitude, and are in good agreement with those in shallow depths 
(Fig. 10.5a). The ranges of the difference, which are proportional to the latitude, 
imply that impacts of SAT are sharply reduced with depths (Fig. 10.5b). 
Furthermore, the difference range of the Jiyuehtan station with a relative high 

Fig. 10.3 Monthly distributions of long-term subsurface temperatures for various depths 
(0–500 cm) (MSTs) and MAT, and the patterns of their difference. MSTs and MAT given by aver-
ages of the entire observation period of data in each month are shown in (a). The patterns of MAT 
subtracting from MSTs are displayed in (b)
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 altitude is significantly smaller than those of other stations of similar latitude due 
to small variations of MAT. By comparing the stations with similar latitudes 
(Hsinchu V.S. Ilan, Taichung V.S. Hualien and Tainan V.S. Taitung), it is interesting 
to note that the difference ranges of the western stations are generally larger than 
those of the eastern stations with a range of about 1–3°C.

To study the departing of extreme temperatures of July and January relative to 
depth, the subsurface temperature at 0 cm were taken as a reference to estimate the 
time shift for each observation depth using the cross correlation method (Campbell 
et al. 1997). The time shifts of temperature at each depth relative to surface in all 
stations are listed in Table 10.3, and the relationships of the Hualien and Ilan sta-
tions are shown in Fig. 10.6 in parallel. The time shifts are shorter than 3 days at 
all stations with a depth shallower than 50 cm (Table 10.3 and Fig. 10.6). When the 

Fig. 10.4 Relationship between the averages and ranges of the differences (MSTs-MAT) at the 
shallow depths (<10 cm) with latitudes. Averages and ranges of the differences are shown in 
(a) and (b), respectively. Circles denote the stations located in the western Taiwan. In contrast, 
squares indicate the stations located in the eastern Taiwan. Station Jiyuehtan with the relative high 
altitude is marked by triangle symbols. Note that the dashed lines show the linear trends of the 
relationship
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Fig. 10.5 Relationship between the averages and ranges of the differences (MSTs-MAT) at the 
deep depths (>100 cm) with latitudes. Averages and ranges of the differences are shown in (a) and 
(b), respectively. Circles denote the stations located in the western Taiwan. In contrast, squares 
indicate the stations located in the eastern Taiwan. Station Jiyuehtan with relative high altitude is 
marked by triangle symbols. Dashed lines show the linear trends of the relationship

Table 10.3 The time shifts relative to peaks of ground surface temperature each depth in the stations 
(unit: day)

Station 5 cm 10 cm 20 cm 30 cm 50 cm 100 cm 200 cm 300 cm 500 cm

Taipei 1 1 2 2 3 21 52.5 74.5 134
Hsinchu 1 1 2 2 3 15 41 53.5  91
Taichung 1 1 2 2 3 12 40 58  83
Jiyuehtan 1 1 2 2 3 18.5 43 54  82
Chiayi 1 1 2 2 3 23 45 72 120
Tainan 1 1 2 2 2 13 47 68.5 104
Hengchun 1 1 2 2 3  7 43.5 69 116.5
Taitung 1 1 2 2 2  5 42 55  85
Hualien 1 1 1.5 2 3  5 29 48  85
Ilan 1 1 2 2 2 18 44 70 120
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depth gets deeper than 100 cm, the time shifts apparently increase with a linear 
trend and reach 82–134 days at the 500 cm depth (Table 10.3).

10.3  Discussion and Conclusions

The time shifts from 0 to 500 cm can be separated into three groups (Table 10.3). The 
short time shift (82–85 days) at the Jiyuehtan, Taichung, Taitung and Hualien stations 
infers that relatively high efficient geothermal conductivity is mainly distributed in 
the eastern part of Taiwan and extends to the western side of central Taiwan. Stations 
Hsinchu and Tainan with the medium time shift (91 and 104 days, respectively) are 
located at two transitional zones. Two end-member areas, which are either north or 
south from Hsinchu and Tainan, appear to have the longer time shift (116.5–134 days). 
The long time shift suggests that heat takes much time for propagating from the shal-
low to deep depth at the Hengchun, Chiayi, Ilan and Taipei stations. The variations of 

Fig. 10.6 Relationship between time shifts with various depths. Lines with triangles and circles 
denote the relationships in Ilian and Huanlien, respectively
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time shifts among stations indicate that the geothermal conductivity is an important 
factor even if temperature history is reconstructed in a small region.

Stations with long temporal periods and evenly distribution in Taiwan generate good 
temperature records to study the relationship between GST and SAT for various envi-
ronment conditions. High SAT with small variations is observed in the low latitude and 
tropical climate. On contrast, low SAT with large variations is recorded in the high latitude. 
Figure 10.4 shows the ranges and averages of the differences between MST and MAT 
of shallow depths are both inversely proportional to the latitudes. For stations that are 
located in the low latitude with high SAT, temperature yields large differences between 
surface and subsurface records. In terms of the deep depths, the ranges of the difference 
(MST-MAT) are increased with higher latitudes (Fig. 10.5b). This implies that depth 
effect of high SAT is smaller than those of low SAT. Thus, the depth effect needs to be 
taken into account during temperature reconstructions processes.

For site comparison, the yearly mean of SAT presents an increase trend along 
with global warming and is consistent with most areas in the world. On the other 
hand, the subsurface temperature with decrease trends is observed at most depths 
in Taipei (Table 10.2). A further comparison of the linear trends of similar latitude 
stations (Hsinchu V.S. Ilan, Taichung V.S. Hualien and Tainan V.S. Taitung), it is 
clear to note that the temperature increase rate in eastern Taiwan is higher than it in 
the western part (Table 10.2). Because urban cities and rural sections can be 
roughly separated into the western and eastern sides of Taiwan, subsurface tem-
perature with the small increase rates in the western side suggesting that high-rise 
buildings possibly cut off and/or absorb the inward thermal propagation and take 
hold of heat on the Earth surface, especially the holistic negative trends in metro-
politan Taipei because Taipei has been the rapidest and most extensive developing 
area in Taiwan (Chen et al. 2007). These features imply that global warming signals 
may be underestimated due to contributions from negative feedbacks.

Furthermore, Table 10.2 exhibits that SAT generally has an increase trend during 
the entire observation period. However, subsurface temperatures with positive or 
negative changes can be found at various depths after 1980, but this feature is 
mainly confined in shallow depths before 1980. This suggests that the original pat-
terns of GST and SAT are certainly different. In addition, the significant positive 
transformations before and after 1980 are widely observed both in subsurface and 
SAT in Taiwan. Therefore, a high correlation between GST and SAT should be 
dominated by the similar responses resulted from same impact sources. Temperature 
changes at different layers are roughly consistent among most stations. The tem-
perature reconstructions should be generated using consistent transformation 
changes, correlated with the long-term trends at each depth and simultaneously take 
the time shift with depth into account. Meanwhile, global warming has persistently 
affected the subsurface temperature to generate significant positive changes on the 
trends after 1980. This is a serious warning that the persistent warming environ-
ments are not only affect the air and water domains, but also gradually extend to 
soil, rocks of the Earth’s lithosphere.
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