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ABSTRACT

Temperature lapse rate (TLR) has been widely used in the prediction of mountain climate and vegetation and in many 
ecological models. The aims of this paper are to explore the spatio-temporal variations and monsoon effects on the TLR in 
the subtropical island of Taiwan with its steep Central Mountain Region (CMR). A TLR analysis using the 32-year monthly 
mean air temperatures and elevations from 219 weather stations (sea level to 3852 m a.s.l.) was performed based on different 
geographical regions and monsoon exposures. The results revealed that the average TLR for all of Taiwan is -5.17°C km-1, 
with a general tendency to be steeper in summer and shallower in winter. The results are also shallower than the typical or 
global average TLR of -6.5°C km-1. During the prevailing northeast monsoon season (winter), the TLR exhibits a contrast be-
tween the windward side (steeper, -5.97°C km-1) and the leeward side (shallower, -4.51°C km-1). From the diagnosis on spatial 
characteristics of monthly cloud amount and vertical atmospheric profiles, this contrasting phenomenon may be explained 
by the warming effect of onshore stratus clouds (500 - 2500 m depth) on cold and dry Siberian monsoon air on the windward 
side of the CMR. On the southwestern leeward side of the CMR, the low-level (1500 m), the weak ventilation atmosphere and 
temperature inversion make the TLR shallower than on the windward side.
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1. INTRODUCTION

Air temperature is an important variable in biogeo-
graphical and ecological models (Prentice et al. 1992; Gui-
san and Zimmermann 2000; Elith and Leathwick 2009). 
However, continuous and complete temperature records are 
often unavailable, especially in mountainous areas, where 
meteorological stations are usually sparse (Chiu et al. 2009; 
Burt and Holden 2010). Because air temperature gradually 
decreases with elevation in the troposphere, the change rate, 
called the temperature lapse rate (TLR), can facilitate the 
spatial interpolation of temperature at a given place and 
time to generate a climate grid (e.g., Bolstad et al. 1998; 
Stahl et al. 2006; Cannon et al. 2012). Thus, the TLR was 
widely used to predict mountain climate and vegetation (Su 
1984a; Tang 2006; Bertoldi et al. 2010). The TLR, used as 

the most important predictor of temperature variability, can 
also contribute to predicting the response of mountain plants 
to climate change (Lenoir et al. 2008; Trivedi et al. 2008).

A commonly used value of the environmental TLR 
is -6.5°C km-1 (Barry and Chorely 2009) or -6.0°C km-1 
(Willmott and Matsuura 2001). However, the use of this 
constant TLR everywhere and throughout the year may be 
problematic (Komatsu et al. 2010) because the TLR varies 
with atmospheric processes, seasonal cycles, geographical 
and topographical positions, air saturation, and other factors 
(Su 1984a; Pepin 2001; Doran et al. 2002). Some numerical 
models use a specified TLR that remains constant in space 
and time (e.g., the MT-CLIM model, Running et al. 1987), 
but this approach will likely lead to large errors (Huang et al. 
2008). Many papers have offered no rationale for their use 
of the traditional constant value of -6.5°C km-1 (e.g., Stut-
ter et al. 2006; Asaoka and Kominami 2012; Samanta et al. 
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2012). However, this traditional TLR value is merely a spa-
tially global and temporally climatic average (Blandford et 
al. 2008). It has been confirmed that both spatial and tempo-
ral variations of the TLR exist in various regions and for dif-
ferent seasons. For example, Rolland (2003) demonstrated 
spatial and seasonal variations of the TLR over southwestern 
Europe. Tang and Fang (2006) revealed that the TLR showed 
large spatial and seasonal changes in Mt. Taibai, China. Daly 
et al. (2008) accounted for the major physiographic factors 
influencing the linear temperature-elevation relationship to 
improve the interpolation of temperature grids. Minder et 
al. (2010) found geographic (windward side versus leeward 
side) and monthly variations of the TLR in the Cascade 
Mountains, USA. Consequently, changes of the TLR in par-
ticular regions and for different seasons should be estimated 
to improve the accuracy of temperature predictions.

Taiwan is a subtropical mountainous island influenced 
by the seasonal changes of the Asian monsoon climate. The 
temperature is highly related to elevation, but the TLR var-
ies considerably in different regions of Taiwan. Su (1984a) 
reported that the TLR of January and July varied from place 
to place between -3.08 and -6.98°C km-1. Guan et al. (2009) 
modeled the TLR by linear or second-order functions for the 
island’s mountain region. For April - December, the TLR 
was linear, between -4.93 and -5.62°C km-1, with steeper 
TLR in the late spring and summer and shallower TLR in 
the fall and early winter. For January - March, the TLR was 
a second-order function, between -3.22 and -3.61°C km-1,  
but it was steeper by -0.42 to -0.50°C km-1 for each kilome-
ter of increase in elevation. Chiu et al. (2009) used linear 
regression to interpolate temperature using the elevations 
and coordinates of stations as predictors. The island-wide 
monthly TLR values were between -4.36 and -5.68°C km-1,  
and monthly temperatures were slightly modified by the 
geographical coordinates of the stations during January - 
June and September - December. It is preferable to use re-
gional observed data to derive the representative TLR as a 
substitute for the constant TLR. Meanwhile, the altitudinal 
distribution patterns of plants in Taiwan are noticeably af-
fected by the northeast monsoon (Chiou et al. 2010). The 
spatial distribution of precipitation between the summer 
half-year and winter half-year affected by alternate mon-
soons is highly uneven (Chiu et al. 2009). Thus, it is nec-
essary to further explore how the spatio-temporal variation 
and monsoon affect the TLR. The aims of this paper are to 
present the monthly patterns of the TLR in different regions 
and to explore the influence of the prevailing winter mon-
soon on the TLR in subtropical Taiwan. Section 2 gives the 
data sources and methodology, and the results and discus-
sion will be presented in section 3.

2. MATERIALS AND METHODS
2.1 Study Area

Taiwan is a mountainous island with an area of ca. 
36000 km2, bisected by the Tropic of Cancer and located off 
the southeastern coast of China (Fig. 1a). The topography, 
illustrated in Fig. 1b, shows that the north-south trending 
Central Mountain Range (CMR) has more than 50 peaks 
above 3000 m. The weather and climate of Taiwan are 
strongly affected by the circulation of the East Asia monsoon 
(Su 1984a; Araguás-Araguás et al. 1998; Lin et al. 2009; 
Peng et al. 2010). The two major prevailing monsoons are 
the northeast monsoon from the Asian continent (centered 
on Siberia) during the winter half-year (October - March) 
and the southwest monsoon from the equatorial maritime 
region during the summer half-year. Figures 1c and d show 
the climatic (1991 - 2010) January and July precipitation 
and low-level (925 hPa) wind flow patterns provided by 
the European Centre for Medium-Range Weather Forecasts 
(ECMWF). These alternating winter and summer monsoons 
plus the sharp topography govern the natural vegetation and 
climate of Taiwan (Su 1984a, 1984b, 1985).

2.2 Climatic Data

Chiu et al. (2009) used a quality-control procedure to 
screen the 32-year (1961 - 2002) meteorological data, in-
cluding metadata (e.g., coordinates, elevation) and daily ob-
served data (temperature and precipitation), of all stations 
obtained from Taiwan’s Central Weather Bureau (CWB). 
Through this quality-control procedure based on a geo-
graphic information system, 13.5% of stations were reject-
ed due to missing or erroneous metadata, and 8.3% of the 
daily observed data were rejected because of extreme errors 
or unreasonable temporal sequences and spatial patterns. 
The climatic data extracted from the database used in this 
paper (219 stations and their monthly mean temperatures, 
Tm, °C) are shown in Fig. 1b. The altitudinal zones and 
concentrations of the weather stations listed in Table 1 are 
highly irregular in space. The stations are particularly sparse 
in higher elevation areas. There are 178 (81.3%) stations 
below 500 m a.s.l. and only 12 (5.5%) above 1500 m a.s.l., 
and the average yearly temperature of all stations gradually 
decreases with increasing altitude.

2.3 Geographical Climatic Regions

By using the ten geographical climatic regions suggest-
ed by Su (1985) (red polygons in Fig. 1b) and the spatial and 
temporal patterns of precipitation (Chiu et al. 2009), Taiwan 
can be divided into four geographical climatic regions: the 
northwest region (NWr), with 104 weather stations (n = 104),  
the northeast region (NEr; n = 43), the southwest region 
(SWr; n = 60), and the southeast region (SEr; n = 12). These 
stations within the four climatic regions can be regrouped 
into a north region (Nr = NWr + NEr; n = 147), a south region 
(Sr = SWr + SEr; n = 72), a west region (Wr = NWr + SWr;  
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n = 164), and an east region (Er = NEr + SEr; n = 55). Based 
on Su’s (1985) suggestions, Taiwan can also be divided into 
windward (WWr; n = 43) and leeward (LWr; n = 129) re-
gions of the prevailing northeast monsoon. Table 2 lists the 
number of weather stations in the various climatic regions. 
The spatio-temporal variation and monsoon effect on the 
TLR are analyzed further in this study.

2.4 Data Analysis

The temperature was assumed to decrease linearly with 

an increase in altitude. The linear regression model below 
was used to calculate the monthly TLR in different geo-
graphical climatic regions.
T = α + βE 
where:
T: the dependent variable, or temperature (°C) at the sta-
tions;
α: the intercept, or temperature at sea level (°C);
β: the slope coefficient, or the TLR (°C km-1);
E: the independent variable, or the elevation above sea level 
(km) at the stations.

(a)

(c)

(b)

(d)

Fig. 1. (a) Location of the study area in East Asia; (b) digital elevation model (DEM) and locations of the weather stations used in this study. The 
red lines represent the borderlines of Su’s (1985) geographical climatic regions. The yellow triangles from north to south represent the locations of 
Hualien (in northeast/windward region) and Pingtung (in southwest/leeward region) radiosonde sites. (c) 20-year (1991 - 2010) mean of monthly 
precipitation amount (unit: mm) and 925 hPa wind vector in January at northwestern Pacific region. The data is ECMWF advanced 1.125 degree 
resolution grid dataset. (d) Same as (c), but in July.
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The slope, coefficient of determination (R2), and p-value 
was recorded for each linear regression. The calculation and 
illustration of changes of TLR and R2 were performed using 
the SPSS 18.0 (PASW, IBM SPSS Statistics, NY, USA) and 
SigmaPlot 12.0 (Systat Software Inc., San Jose, CA, USA) 
software.

TLR is normally negative because the temperature 
usually decreases with increasing elevation. The description 
of “increase” or “decrease” as well as “higher” or “lower” 
in the TLR may lead to confusion. In this study, we adopt 
a “steeper” TLR to describe a more negative one (greater 
decrease in temperature with elevation) and a “shallower” 
TLR to describe a less strongly negative or even positive 
one (temperature inversion) (Pepin 2001).

3. RESULTS AND DISCUSSION

For further details on the following results regarding 
spatio-temporal variation of TLR the reader may refer to our 
Supplementary Data (Table 3 - 13).

3.1 General Pattern of the TLR in the Entire Island

The monthly TLR was estimated from 219 stations 
in the entire island region (Ir). As an example, illustrated 
in Fig. 2a, the TLR in January was -4.75°C km-1 by linear 
regression (R2 = 0.82). The monthly TLR ranged between 
-4.63 and -5.68°C km-1 (Fig. 2b), with an annual mean of 
-5.17°C km-1. These results were similar to those of Chiu et 
al. (2009) and Guan et al. (2009) and resembled those in Ne-
pal (-5.3°C km-1, Bhattarai et al. 2004), Hawaii (-5.5°C km-1, 
Loope and Giambelluca 1998), and Kinabalu (-5.5°C km-1, 
Kitayama 1992). Our results are shallower than the typical 
or global average TLR of -6.5°C km-1 (Blandford et al. 2008; 
Barry and Chorely 2009). Comparing the dry adiabatic lapse 
rate (ca. -9.8°C km-1) and moist (saturated) adiabatic lapse 
rate (ca. -4.0°C km-1), the average TLR of Taiwan is closer 
to the latter. In general, the TLR tends to be steeper in an 
oceanic climate and shallower in a continental climate (Job-
bágy and Jackson 2000). Thus, in contrast with the global 
average TLR of -6.5°C km-1, the shallower TLR in Taiwan 
might be caused by its geographical location (Fig. 1a) and 
the surrounding oceanic climate or ocean current system 
(Leuschner 2000). The role of the CMR terrain effect and the 
monsoon flow in changing the TLR will be discussed more.

The seasonal change of the TLR in Ir, as shown in Fig. 2b,  
was steeper during the summer half-year (mean -5.48°C km-1, 
steepest -5.68°C km-1) and shallower during winter half-year 
(mean -4.89°C km-1, shallowest -4.63°C km-1). This seasonal 
pattern of the TLR was in agreement with most other stud-
ies (Tang and Fang 2006; Blandford et al. 2008; Huang et al. 
2008; Minder et al. 2010; Kirchner et al. 2013). However, the 
absence of this seasonal pattern has been observed in some 
studies, perhaps due to an insufficient number of stations 
and periods too short to calculate temperature means (Rol-
land 2003). The coefficient of determination (R2, Fig. 2b) was 
higher (mean 0.92) in the summer half-year than in the winter 
half-year (mean 0.82). This more robust relationship between 
temperature and elevation in the summer half-year also agrees 
with other studies, such as Rolland (2003) and Minder et al. 
(2010). We expect that the broken convective cumulus clouds 
on land in the CMR region during summer time might provide 
a thicker boundary layer and steeper TLR. On the other hand, 
stable stratus clouds formed in winter time trap colder air near 
sea level and restrict water vapor to lower altitudes. Thus, the 
TLR becomes shallower in the cold seasons. More evidence 
from monthly cloud-amount retrieval from geostationary sat-
ellite and vertical-profiling observation by balloon radiosonde 
will be presented later to support this explanation.

3.2 Spatio-Temporal Variation of the TLR in Different 
Geographical Regions

To take a sufficient number of weather stations into 
account, we merged Su’s (1985) ten geographical climatic 

Altitudinal zones Number of 
stations

Average yearly 
temperature (°C)

0 - 500 m 177 22.72

500 - 1000 m 19 19.05

1000 - 1500 m 11 17.82

1500 - 2000 m 4 14.02

2000 - 2500 m 4 12.16

2500 - 3000 m 1 9.47

3000 - 3500 m 2 6.50

3500 - 4000 m 1 3.93

Table 1. Number of weather stations and their average yearly 
temperature among different altitudinal zones.

Geographical climatic regions Number of stations

NWr (northwest region) 104

NEr (northeast region) 43

SWr (southwest region) 60

SEr (southeast region) 12

Nr (north region = NWr + NEr) 147

Sr (south region = SWr + SEr) 72

Er (east region = NEr + SEr) 55

Wr (west region = NWr + SWr) 164

WWr (windward region) 43

LWr (leeward region) 129

Table 2. Number of weather stations analyzed in variously 
geographical climatic regions.
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Regression formula T = α + β × E R2 F p

T1 = 16.812 + (-4.752 × E) 0.817 966.288 0.000

T2 = 17.362 + (-4.659 × E) 0.770 727.249 0.000

T3 = 19.813 + (-4.634 × E) 0.756 673.049 0.000

T4 = 23.163 + (-5.063 × E) 0.825 1022.935 0.000

T5 = 25.755 + (-5.431 × E) 0.885 1672.414 0.000

T6 = 27.625 + (-5.549 × E) 0.951 4170.249 0.000

T7 = 28.622 + (-5.675 × E) 0.958 4919.801 0.000

T8 = 28.288 + (-5.650 × E) 0.959 5084.191 0.000

T9 = 27.001 + (-5.534 × E) 0.940 3405.775 0.000

T10 = 24.773 + (-5.239 × E) 0.888 1726.778 0.000

T11 = 21.703 + (-5.009 × E) 0.861 1348.864 0.000

T12 = 18.474 + (-4.857 × E) 0.847 1204.101 0.000

Table 3. The linear regression (T = α + β × E) between monthly 
mean temperature (T, in °C) and elevation (E, in km) in Ir (219 
stations). α is the intercept or temperature at sea level (°C); β is 
the slope coefficient or TLR (°C km-1). T1 refers to January, T2 to 
February, and so on.

Regression formula T = α + β × E R2 F p

T1 = 16.210 + (-4.371 × E) 0.927 1297.851 0.000

T2 = 16.635 + (-4.184 × E) 0.899 904.565 0.000

T3 = 19.085 + (-4.167 × E) 0.886 795.599 0.000

T4 = 22.772 + (-4.740 × E) 0.934 1432.190 0.000

T5 = 25.586 + (-5.202 × E) 0.964 2722.094 0.000

T6 = 27.586 + (-5.450 × E) 0.978 4630.636 0.000

T7 = 28.701 + (-5.643 × E) 0.975 3995.337 0.000

T8 = 28.433 + (-5.653 × E) 0.976 4226.992 0.000

T9 = 27.093 + (-5.434 × E) 0.976 4095.803 0.000

T10 = 24.624 + (-4.988 × E) 0.954 2117.335 0.000

T11 = 21.446 + (-4.712 × E) 0.944 1715.506 0.000

T12 = 18.051 + (-4.526 × E) 0.939 1577.928 0.000

Table 4. The linear regression (T = α + β × E) between monthly 
mean temperature (T, in °C) and elevation (E, in km) in NWr (104 
stations). α is the intercept or temperature at sea level (°C); β is 
the slope coefficient or TLR (°C km-1). T1 refers to January, T2 to 
February, and so on.

Regression formula T = α + β × E R2 F p

T1 = 16.157 + (-5.914 × E) 0.843 220.322 0.000

T2 = 16.377 + (-5.725 × E) 0.861 253.857 0.000

T3 = 18.543 + (-5.061 × E) 0.785 149.601 0.000

T4 = 21.443 + (-5.022 × E) 0.895 351.190 0.000

T5 = 24.095 + (-5.251 × E) 0.930 546.651 0.000

T6 = 26.809 + (-5.372 × E) 0.906 397.379 0.000

T7 = 28.380 + (-5.926 × E) 0.922 486.028 0.000

T8 = 28.050 + (-6.025 × E) 0.925 503.021 0.000

T9 = 26.098 + (-6.003 × E) 0.945 700.807 0.000

T10 = 23.564 + (-5.914 × E) 0.899 365.130 0.000

T11 = 20.598 + (-6.128 × E) 0.904 385.357 0.000

T12 = 17.779 + (-6.260 × E) 0.886 319.735 0.000

Table 5. The linear regression (T = α + β E) between monthly mean 
temperature (T, in °C) and elevation (E, in km) in NEr (43 stations). 
α is the intercept or temperature at sea level (°C); β is the slope 
coefficient or TLR (°C km-1). T1 refers to January, T2 to February, 
and so on.

Regression formula T = α + β × E R2 F p

T1 = 17.554 + (-2.860 × E) 0.281 22.694 0.000

T2 = 18.520 + (-3.041 × E) 0.298 24.594 0.000

T3 = 21.197 + (-3.603 × E) 0.384 36.104 0.000

T4 = 24.562 + (-4.757 × E) 0.664 114.395 0.000

T5 = 26.959 + (-6.028 × E) 0.816 256.590 0.000

T6 = 28.158 + (-6.312 × E) 0.848 324.285 0.000

T7 = 28.674 + (-6.510 × E) 0.832 288.102 0.000

T8 = 28.281 + (-6.113 × E) 0.800 232.560 0.000

T9 = 27.541 + (-6.363 × E) 0.817 259.305 0.000

T10 = 25.754 + (-5.763 × E) 0.787 213.881 0.000

T11 = 22.628 + (-4.537 × E) 0.652 108.497 0.000

T12 = 19.166 + (-3.411 × E) 0.403 39.190 0.000

Table 6. The linear regression (T = α + β × E) between monthly 
mean temperature (T, in °C) and elevation (E, in km) in SWr (60 
stations). α is the intercept or temperature at sea level (°C); β is 
the slope coefficient or TLR (°C km-1). T1 refers to January, T2 to 
February, and so on.
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Regression formula T = α + β × E R2 F p

T1 = 19.099 + (-5.624 × E) 0.301 4.307 0.065

T2 = 19.642 + (-6.872 × E) 0.301 4.300 0.065

T3 = 21.830 + (-7.649 × E) 0.349 5.372 0.043

T4 = 24.296 + (-7.239 × E) 0.387 6.309 0.031

T5 = 26.516 + (-7.440 × E) 0.495 9.808 0.011

T6 = 28.106 + (-6.166 × E) 0.426 7.427 0.021

T7 = 29.173 + (-6.005 × E) 0.345 5.276 0.044

T8 = 28.659 + (-6.303 × E) 0.530 11.282 0.007

T9 = 27.373 + (-6.613 × E) 0.570 13.234 0.005

T10 = 25.457 + (-6.302 × E) 0.624 16.587 0.002

T11 = 22.828 + (-5.589 × E) 0.265 3.596 0.087

T12 = 20.220 + (-5.008 × E) 0.205 2.578 0.139

Table 7. The linear regression (T = α + β × E) between monthly 
mean temperature (T, in °C) and elevation (E, in km) in SEr (12 
stations). α is the intercept or temperature at sea level (°C); β is 
the slope coefficient or TLR (°C km-1). T1 refers to January, T2 to 
February, and so on.

Regression formula T = α + β × E R2 F p

T1 = 16.098 + (-4.437 × E) 0.903 1343.519 0.000

T2 = 16.453 + (-4.228 × E) 0.875 1012.250 0.000

T3 = 18.845 + (-4.150 × E) 0.857 871.526 0.000

T4 = 22.300 + (-4.610 × E) 0.895 1231.904 0.000

T5 = 25.073 + (-5.044 × E) 0.927 1829.027 0.000

T6 = 27.325 + (-5.362 × E) 0.965 3960.441 0.000

T7 = 28.574 + (-5.621 × E) 0.968 4447.351 0.000

T8 = 28.280 + (-5.629 × E) 0.969 4459.192 0.000

T9 = 26.718 + (-5.353 × E) 0.953 2942.510 0.000

T10 = 24.205 + (-4.917 × E) 0.917 1603.541 0.000

T11 = 21.070 + (-4.686 × E) 0.905 1378.574 0.000

T12 = 17.853 + (-4.577 × E) 0.911 1482.919 0.000

Table 8. The linear regression (T = α + β × E) between monthly 
mean temperature (T, in °C) and elevation (E, in km) in Nr (147 
stations). α is the intercept or temperature at sea level (°C); β is 
the slope coefficient or TLR (°C km-1). T1 refers to January, T2 to 
February, and so on.

Regression formula T = α + β × E R2 F p

T1 = 17.756 + (-2.898 × E) 0.237 21.796 0.000

T2 = 18.635 + (-3.134 × E) 0.273 26.325 0.000

T3 = 21.229 + (-3.723 × E) 0.365 40.300 0.000

T4 = 24.476 + (-4.857 × E) 0.613 110.907 0.000

T5 = 26.863 + (-6.096 × E) 0.773 238.073 0.000

T6 = 28.152 + (-6.309 × E) 0.824 328.506 0.000

T7 = 28.764 + (-6.472 × E) 0.787 258.808 0.000

T8 = 28.339 + (-6.105 × E) 0.780 248.764 0.000

T9 = 27.509 + (-6.378 × E) 0.804 287.365 0.000

T10 = 25.696 + (-5.794 × E) 0.773 238.012 0.000

T11 = 22.642 + (-4.567 × E) 0.609 109.142 0.000

T12 = 19.309 + (-3.427 × E) 0.349 37.524 0.000

Table 9. The linear regression (T = α + β × E) between monthly 
mean temperature (T, in °C) and elevation (E, in km) in Sr (72 sta-
tions). α is the intercept or temperature at sea level (°C); β is the 
slope coefficient or TLR (°C km-1).

Regression formula T = α + β × E R2 F p

T1 = 16.988 + (-6.644 × E) 0.673 109.193 0.000

T2 = 17.253 + (-6.515 × E) 0.656 101.221 0.000

T3 = 19.379 + (-5.837 × E) 0.604 80.849 0.000

T4 = 22.170 + (-5.696 × E) 0.689 117.368 0.000

T5 = 24.702 + (-5.818 × E) 0.769 176.067 0.000

T6 = 27.146 + (-5.682 × E) 0.844 286.484 0.000

T7 = 28.599 + (-6.121 × E) 0.883 398.768 0.000

T8 = 28.211 + (-6.171 × E) 0.906 512.496 0.000

T9 = 26.435 + (-6.309 × E) 0.892 436.805 0.000

T10 = 24.081 + (-6.376 × E) 0.811 227.461 0.000

T11 = 21.238 + (-6.686 × E) 0.766 173.500 0.000

T12 = 18.501 + (-6.881 × E) 0.734 145.890 0.000

Table 10. The linear regression (T = α + β × E) between monthly 
mean temperature (T, in °C) and elevation (E, in km) in Er (55 sta-
tions). α is the intercept or temperature at sea level (°C); β is the 
slope coefficient or TLR (°C km-1).
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Regression formula T = α + β × E R2 F p

T1 = 16.865 + (-4.633 × E) 0.861 1006.073 0.000

T2 = 17.520 + (-4.570 × E) 0.816 719.816 0.000

T3 = 20.051 + (-4.612 × E) 0.806 671.836 0.000

T4 = 23.573 + (-5.127 × E) 0.885 1250.646 0.000

T5 = 26.172 + (-5.514 × E) 0.938 2437.335 0.000

T6 = 27.811 + (-5.590 × E) 0.969 5012.823 0.000

T7 = 28.658 + (-5.653 × E) 0.966 4616.954 0.000

T8 = 28.349 + (-5.629 × E) 0.966 4627.569 0.000

T9 = 27.261 + (-5.549 × E) 0.965 4449.861 0.000

T10 = 25.103 + (-5.247 × E) 0.934 2279.553 0.000

T11 = 21.982 + (-4.964 × E) 0.914 1721.928 0.000

T12 = 18.590 + (-4.746 × E) 0.892 1342.362 0.000

Table 11. The linear regression (T = α + β × E) between monthly 
mean temperature (T, in °C) and elevation (E, in km) in Wr (164 
stations). α is the intercept or temperature at sea level (°C); β is the 
slope coefficient or TLR (°C km-1).

Regression formula T = α + β × E R2 F p

T1 = 16.157 + (-5.914 × E) 0.843 220.322 0.000

T2 = 16.377 + (-5.725 × E) 0.861 253.857 0.000

T3 = 18.543 + (-5.061 × E) 0.785 149.601 0.000

T4 = 21.443 + (-5.022 × E) 0.895 351.190 0.000

T5 = 24.095 + (-5.251 × E) 0.930 546.651 0.000

T6 = 26.809 + (-5.372 × E) 0.906 397.379 0.000

T7 = 28.380 + (-5.926 × E) 0.922 486.028 0.000

T8 = 28.050 + (-6.025 × E) 0.925 503.021 0.000

T9 = 26.098 + (-6.003 × E) 0.945 700.807 0.000

T10 = 23.564 + (-5.914 × E) 0.899 365.130 0.000

T11 = 20.598 + (-6.128 × E) 0.904 385.357 0.000

T12 = 17.779 + (-6.260 × E) 0.886 319.735 0.000

Table 12. The linear regression (T = α + β × E) between monthly 
mean temperature (T, in °C) and elevation (E, in km) in WWr (43 
stations). α is the intercept or temperature at sea level (°C); β is the 
slope coefficient or TLR (°C km-1).

Regression formula T = α + β × E R2 F p

T1 = 17.138 + (-4.503 × E) 0.824 594.118 0.000

T2 = 17.902 + (-4.506 × E) 0.790 478.267 0.000

T3 = 20.537 + (-4.778 × E) 0.816 562.672 0.000

T4 = 23.985 + (-5.284 × E) 0.899 1130.193 0.000

T5 = 26.456 + (-5.670 × E) 0.938 1909.603 0.000

T6 = 27.897 + (-5.747 × E) 0.958 2916.292 0.000

T7 = 28.597 + (-5.750 × E) 0.954 2650.067 0.000

T8 = 28.270 + (-5.690 × E) 0.954 2608.238 0.000

T9 = 27.346 + (-5.583 × E) 0.953 2554.236 0.000

T10 = 25.314 + (-5.224 × E) 0.922 1499.289 0.000

T11 = 22.220 + (-4.798 × E) 0.902 1173.806 0.000

T12 = 18.813 + (-4.533 × E) 0.864 803.631 0.000

Table 13. The linear regression (T = α + β × E) between monthly 
mean temperature (T, in °C) and elevation (E, in km) in LWr (129 
stations). α is the intercept or temperature at sea level (°C); β is the 
slope coefficient or TLR (°C km-1).

(a)

(b)

Fig. 2. (a) Elevation (E, in km) versus January mean temperature 
(T, in °C) for all stations (n = 219) in the entire island region (Ir) 
with a linear regression line. The regression equation, with the 
slope coefficient or temperature lapse rate (TLR = -4.75°C km-1) is  
T = 16.81 - 4.75 × E (R2 = 0.82). (b) The monthly TLR in Ir ranges 
from -4.63 to -5.68°C km-1, and the R2 of the regression ranges 
from 0.76 to 0.96. A steeper TLR occurred in the summer half-
year, whereas a shallower TLR occurred in the winter half-year.
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regions (red lines in Fig. 1b) into NWr, NEr, SWr, and SEr  
(Fig. 3a). The patterns of the TLR among different regions 
were not uniform (see the Supplementary Data in Table 3 - 13).  
The value ranges with the mean TLR were -5.65 to -4.17 
(mean -4.92°C km-1) in NWr, -6.26 to -5.02 (-5.72°C km-1) in 
NEr, -6.51 to -2.86 (-4.94°C km-1) in SWr, and -7.65 to -5.01 
(-6.40°C km-1) in SEr (Fig. 3b). We found that the annual 
amplitudes of TLR in NWr and NEr were smaller than those 
in SWr and SEr. The R2 of the regressions in NWr and NEr 
were greater than 0.79, whereas a lower R2 values were found 
in SWr and SEr (Fig. 3c). The results suggest a stronger and 
more robust relationship between temperature and elevation 
in NWr and NEr than that in SWr and SEr throughout the 
year. Specifically, the linear regression model of the TLR in 
SEr was not statistically significant in the winter half-year 
(see Supplementary Table 7; p-values 0.065 to 0.139). The 
weaker relationship between temperature and elevation in the 
SEr was attributed to the insufficient number and nonhomo-
geneous distribution of stations, as Rolland (2003) and Burt 
and Holden (2010) concluded.

Figure 4a illustrates the areas covered by Nr and 
Sr. The TLR ranged from -4.15 to -5.63°C km-1 in Nr and  
-2.90 to -6.47°C km-1 in Sr (Fig. 4b). The monthly patterns 
of the TLR in both Nr and Sr were steeper during the sum-
mer half-year than during the winter half-year. These results 
agreed with the TLR over the entire island (Fig. 2b) and other 

studies (e.g., Blandford et al. 2008; Minder et al. 2010). The 
annual means of the TLR in Nr and Sr were nearly equal 
(-4.88°C km-1 vs. -4.98°C km-1). However, the annual ampli-
tude of the TLR in Sr was much greater than that in Nr. The 
TLR in Nr was shallower than that in Sr during the summer 
half-year, whereas an opposite relation was observed during 
the winter half-year. It was notable that the TLR in Sr during 
the winter half-year was unusually shallow and accompanied 
by a particularly low R2 (Fig. 4c). Thus, high uncertainties 
occurred in Sr during the winter half-year.

Figure 5a illustrates the areas covered by Er and Wr. 
The TLR ranged from -5.68 to -6.88°C km-1 in Er and from 
-4.57 to -5.65°C km-1 in Wr (Fig. 5b). The monthly and av-
erage TLR in Er (mean -6.23°C km-1) were obviously steep-
er than that in Wr (mean -5.15°C km-1). By comparison, the 
seasonal pattern of the TLR in Wr was similar to Ir (Fig. 2b),  
but Er had an opposite pattern. This significant difference 
of the TLR on opposite slopes had also been noted in other 
references (e.g., Barry 1992; Loope and Giambelluca 1998; 
Tang and Fang 2006; Urrutia and Vuille 2009). The R2 of 
the regression in Wr was higher and more robust than that in 
Er (Fig. 5c). Higher uncertainties occurred in Er, especially 
during the winter half-year.

To make a comprehensive comparison of the TLR in 
the different geographical regions in Taiwan (Figs. 2 - 5), 
some characteristics of the TLR had to be made clear. First, 

Fig. 3. (a) Areas covered by the northwest (NWr), northeast (NEr), southwest (SWr), and southeast (SEr) regions; (b) monthly variations of the 
temperature lapse rate (TLR, °C km-1); (c) coefficient of determination (R2) of linear regression.

(a) (b)

(c)
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(a) (b)

(c)

Fig. 4. (a) Areas covered by the north (Nr = NWr + NEr) and south (Sr = SWr + SEr) regions; (b) monthly variations of the temperature lapse rate 
(TLR, °C km-1); (c) coefficient of determination (R2) of linear regression.

(a) (b)

(c)

Fig. 5. (a) Areas covered by the west (Wr = NWr + SWr) and east (Er = NEr + SEr) regions; (b) monthly variations of the temperature lapse rate 
(TLR, °C km-1); (c) coefficient of determination (R2) of linear regression.
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the steeper TLR during the summer half-year and the shal-
lower TLR during the winter half-year were the synoptically 
seasonal patterns. Second, the spatio-temporal patterns of the 
TLR varied greatly across the different geographical regions 
of Taiwan. Consequently, the variations of the TLR among 
the different regions imply that the use of a constant, or so-
called standard TLR, such as -6.0 or -6.5°C km-1 (e.g., Will-
mott and Matsuura 2001; Asaoka and Kominami 2012; Sa-
manta et al. 2012) is unjustifiable when predicting full-scale 
temperatures, especially in complex terrains and under mon-
soon conditions, as in Taiwan. For example, air temperature 
of Mt. Yushan weather station (in Wr, 3845 m a.s.l.) in Janu-
ary was -0.94°C derived from our local TLR of -4.63°C km-1 
or -8.13°C derived from standard TLR of -6.5°C km-1. Our 
estimated value was closer to the true temperature of -1.1°C 
observed by the Central Weather Bureau (http://www.cwb.
gov.tw/V7e/climate/monthlyMean/tx.htm).

During the winter half-year, the phenomenon of steep-
er TLR in Er (Figs. 5b, c), shallower TLR in Sr (Figs. 4b, c) 
and especially shallower TLR in SWr (Fig. 3b) are quite in-
teresting. Since the SWr is on the leeward side of the CMR 
or rain-shadow region of the prevailing northeast monsoon 
during the winter half-year, the effect of the prevailing 
northeast monsoon and CMR blocking effect on the TLR 
will be further examined in following subsection.

3.3 Effect of the Prevailing Northeast Monsoon and 
Terrain Blocking on the TLR

Minder et al. (2010) found the seasonal pattern of the 
TLR was opposite between the windward and leeward sides of 
mountainous terrain. To understand the effect of the prevail-
ing northeast monsoon and the topographic effect of the CMR 
on the TLR, we divided Taiwan into LWr and WWr (Fig. 6a) 
by using the suggestions of Su (1985) and Chiu et al. (2009). 
The range of values of the TLR was -4.50 to -5.75°C km-1  
(mean -5.17°C km-1) in LWr and -5.02 to -6.26°C km-1 (mean 
-5.72°C km-1) in WWr (Fig. 6b). During the prevailing north-
east monsoon season (winter), the TLR exhibits a more ob-
vious contrast between LWr (shallower, -4.51°C km-1) and 
WWr (steeper, -5.97°C km-1). Figure 6c displays the R2 of re-
gression formulas of these two regions. The spatio-temporal 
pattern of the TLR between LWr and WWr was obviously dif-
ferent. The TLR in LWr was steeper during the summer half-
year and shallower during the winter half-year, in agreement 
with the general tendency of the TLR, as shown in Fig. 2b.  
Due to the monsoon cold air flow approaching the WWr 
region in wintertime, onshore stratus clouds might assist in 
making the TLR shallower within the LWr. The hydrological 
characteristics at NEr and SWr are shown in Fig. 3. NEr is the 
ever-wet climate type, and SWr is the summer-rain climate 

(a) (b)

(c)

Fig. 6. (a) Areas covered by leeward (LWr) and windward (WWr) regions; (b) monthly variations of the temperature lapse rate (TLR, °C km-1); (c) 
coefficient of determination (R2) of linear regression.

http://www.cwb.gov.tw/V7e/climate/monthlyMean/tx.htm
http://www.cwb.gov.tw/V7e/climate/monthlyMean/tx.htm
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type (Su 1985). The precipitation in NEr during the winter 
half-year accounted for 41.79% of the annual precipitation; 
by contrast, that in SWr was only 10.55% (Chiu et al. 2009). 
Thus, under the prevailing northeast monsoon during winter, 
NEr was representative of windward and moist conditions, 
while SWr of leeward and dry conditions. So the WWr-LWr 
TLR pattern in Fig. 6b is similar to the SWr-NEr pattern in 
Fig. 3b.

Chang et al. (2011) used 4-year (2006 - 2009) MTSAT 
(Japanese geostationary weather satellite) daytime satellite 
visible images with 1-km resolution to retrieve the daytime 
cloud amount (the frequency of the cloud cover) surrounding 
Taiwan. The monthly-mean cloud amount contour is repro-
cessed into Fig. 7. In January, the high cloud amount (> 60%) 
region on the windward side of the CMR is clearly different 
from the low cloud amount (< 35%) regions on land located 

(a)

(c)

(b)

(d)

Fig. 7. Monthly-mean daytime cloud amount surrounding Taiwan in January, April, July, and October (contour unit: %). These diagrams were re-
processed from the work of Chang et al. (2011), who used MTSAT 1-km resolution daytime visible images from 2006 to 2009.
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in SWr and around mountain peaks of over 3000 m elevation. 
But this spatial contrast of cloud amount disappears in July. 
During the southwestern monsoon season (shown in Fig. 1d), 
stronger solar heating causes local land-sea circulation and 
makes cloudy land with cloudless ocean during summertime. 
We analyzed the daily balloon-sounding data (Vaisala RS 92 
radiosonde) operated by CWB Hualien weather stations and 
the Chinese Air Force Pingtung airport (shown in Fig. 1b) to 
identify the vertical temperature and wind profiles from the 
ground to 4000 m elevation in all months of 2012 in Taiwan 
(Lin and Lu 2013). Comparing the relative humidity profiles 
in Hualien (windward side, NEr) and Pingtung (leeward side, 
SWr) in January (Figs. 8a, b), the former is more humid in the 
lower atmosphere below 2000 m elevation. A slight change 
of air temperature slope could also be found at about 2000 m  
elevation. The transition layer between the lower north-east-
ern wind monsoon flow and the higher western flow was lo-

cated at about 2500 m height at Hualien and 1500 m height at 
Pingtung from the wind-field profiles. The wind speed below 
this transition layer at Pingtung is small and traps a tempera-
ture inversion layer at about 500 m elevation. Our explanation 
is that the CMR blocks colder and wet Siberian monsoon air 
flow on the windward side (NEr) during wintertime, and low 
stratus cloud within this region makes TLR steeper than during 
springtime (shown in Fig. 6b). Furthermore, the CMR blocks 
this cold monsoon flow efficiently to provide the calm, dry 
air and temperature inversion layer on the leeward side. This 
terrain-block feature also makes the TLR shallower that on 
the windward side. During July, summer south-western mon-
soon flow dominates the wind pattern over Taiwan and makes 
the transition layer of wind direction disappear (Figs. 8c - d).  
The relative humidity profile at Hualien shows a more humid 
layer below about 1300 m elevation and the top of mixing 
layer occurs at about 2500 m. The mixing layer of relative 

(a)

(c)

(b)

(d)

Fig. 8. Monthly means of temperature (red line), relative humidity (blue line) and wind field profiles at Hualien and Pingtung balloon radiosonde 
sites in January and July. The red dash line marks the transition layer of wind direction, and the green dash line is the reference line of the relative 
humidity at ground level.
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humidity at Pingtung is at about 1500 m elevation in sum-
mertime. These features, including the cloud cover in July 
(Fig. 7), cause cloudy land influenced by local land-sea cir-
culation and the thermal convection effect during the summer 
monsoon flow; the result is similarity of the TLR at SWr and 
NEr in July.

4. CONCLUSIONS

This study comprehensively explored the spatio-
temporal changes of TLR in a subtropical island (Taiwan) 
with complex topography whose weather is influenced by 
the prevailing winter monsoon. The average TLR for the 
entire island was -5.17 °C km-1. The seasonal pattern of 
the TLR exhibited a general tendency: steeper in summer 
and shallower in winter. Our analysis in section 3 showed 
that changes of the TLR varied by region and season. The 
results also confirmed that a steeper TLR occurred on the 
windward side of the CMR during the winter monsoon, ac-
companied by a shallower TLR on the leeward side. This 
result contradicts the common tendency of the TLR to 
change from approximately -9.8°C km-1 in dry conditions 
to approximately -4.0°C km-1 in saturated conditions (Barry 
and Chorely 2009). From the analysis of cloud amount and 
vertical profiles of radiosonde observations in January and 
July, we explain the steeper TLR in the windward NEr and 
the shallower TLR in the leeward SWr during the winter 
monsoon as being caused by the CMR blocking effect. The 
contrasting behavior of the TLR is related to the onshore 
thick (500 - 2500 m depth) stratus clouds in the cold Si-
berian monsoon air on the windward side of the CMR. On 
the southwestern leeward side of the CMR, the low-level 
(1500 m) weak ventilation and temperature inversion make 
the TLR shallower than on the windward side. During the 
summer monsoon season, the thermal heating on the CMR 
slopes and land-sea air circulation provide the mixing re-
quired for cumulus cloud development. Cumulus cloud re-
places stratus cloud and makes the TLR steeper in the NEr, 
causing the low-level temperature inversion to disappear 
within the SWr.

In conclusion, using a temporally constant and spatial-
ly uniform TLR to predict full-scale temperature was found 
to be unjustified. Although many studies often use the stan-
dard TLR of -6.0 or -6.5°C km-1, it is nothing more than a 
rough or global average. The TLR varies spatio-temporally, 
especially in a monsoon cloudy environment influenced by 
mountain terrain like Taiwan.
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