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ABSTRACT   

Spatial data on temperature are of importance to the studies concerning the roles of climate, including the impacts of 
climate change on ecosystem functions and ecosystem services. However, most temperature data are available at station 
level, sparsely and irregularly distributed across space as points, and the accuracies of spatial-interpolation-based surface 
models decrease with decreasing density of the observation points.  Meanwhile, relationship between elevation and 
temperature has been acknowledged, which basis is grounded in thermodynamics theory by Robert Clausius, and later 
known as altitudinal temperature lapse rate.  Most studies related to altitudinal temperature lapse rate in Indonesia have 
been using and scaling-up the findings from Cornelis Braak, based on his research in Java during the 1920s. According 
to Braak, temperature decreases by 0.60°C and 0.55°C as the elevation increases by 100 m asl, for areas below and 
above 1500 asl, respectively. With regards to climate change, Braak’s findings should be updated, since it determines 
climatic geo-data, used for strategic geo-planning (e.g. for suitability mapping). Thus, in this respect, the study is aimed 
at revisiting altitudinal temperature lapse rates in Indonesia using thermal-infrared bands of Landsat 8. With regards to 
Braak’s observation stations, one window area in Bogor, West Java, Indonesia was selected as the study site.  The results 
suggest that altitudinal temperature lapse rate decreased from 0.0016 to 0.0021oC.m-1, as compared to Braak’s equation, 
which indicate significant temperature increase.  The results also suggest that temperature increase in the window area 
was about 1.58oC, doubled from temperature increase at global scale of about 0.8 oC, which implies to losses of montane 
and sub montane zones according to Holdridge life zone of about 7 km2 (100%) and 727 km2 (32.53%), respectively; and 
gain of basal zone of about 734 km2 (211.77%). 
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1. INTRODUCTION  
Spatial data on temperature are of importance to the studies concerning the roles of climate, including the impacts of 
climate change on ecosystem functions and ecosystem services [1]; [2]; [3]; [4]; [5]. In fact, most temperature data are 
available at station level, sparsely and irregularly distributed across space as points [6].  Estimated density of observation 
stations measuring temperature in Indonesia, based on spatial distribution of 178 stations located in each Technical 
Implementation Unit (UPT) of Indonesian Agency for Meteorology, Climatology and Geophysics (BMKG) is about 36 
stations per grid, with a grid size of 0.1º x 0.1º (approximately 121 km2), ranging from 32 to 95 stations per grid, with 
Euclidean distance between stations of about 1,670 km, ranging from 0.01 to 5,246 km (Figure 1). Meanwhile, spatial 
interpolation of low density points decreases the accuracy of generated surface model [7]; [8].  Moreover, [7] reported 
that deformations across surface model due to spatial interpolation of measurement points with densities of 14.3 
points/100 m2 and 0.3 points/100 m2 were about 1.06 m and 2.51 m, respectively. Thus, accuracy of spatial-
interpolation-based surface models decreases with decreasing density of the observation points. It implies that accuracies 
of surface temperature models generated using spatial interpolation based on observation stations with density of about 
36 stations/121 km2 are therefore scientifically not acceptable. 

In fact, relationship between elevation and temperature has been acknowledged, which basis is grounded in 
thermodynamics theory by Robert Clausius [9]. In the troposphere, temperature decreases at overall lapse rate of about 
6.5ºC/km, ranging from 5 to 7 ºC/km, with diurnal and seasonal variations in higher latitudes [10]. Surface temperature 
model developed based on temperature lapse rate and digital elevation model (DEM) was reported to have relatively 
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high accuracy [6]. However, most studies related to altitudinal temperature lapse rate in Indonesia have been using and 
scaling-up the findings from Cornelis Braak, based on his research in Java during the 1920s [11].  

 

 
Figure 1. Spatial distribution of 178 observation stations measuring temperature located in each technical implementation unit of 
BMKG (red points). Point geodata source: http://dataonline.bmkg.go.id. 

Based on published scientific works of 1975-2017 period, we identified 28 studies applying Braak’s equation, ranging 
from local scale to regional scale (i.e. Southeast Asia), with various purposes, i.e. for estimating cloud height based on 
temperature difference between cloud and land surface [12]; for bioclimatic analysis in developing ecological guidelines 
for land development and management of humid tropical forest environments [13]; for assessing biodiversity on species 
distribution and abundance of montane to sub-alpine zones [14]; for drought analysis [15]; for ecosystem change study 
[16]; for epidemiology analysis of dengue fever [17]; for landscape planning [18]; for rice crop modelling [19]; and for 
land suitability analyses for agricultural cropping systems, forestry/tree-based planting systems, and animal husbandry 
(e.g [20] and 19 similar studies by others).  

According to Braak’s equation, temperature decreases by 0.60°C and 0.55°C as the elevation increases by 100 m asl, for 
areas below and above 1500 asl, respectively [21].  With regards to climate change, Braak’s findings should be updated, 
since it determines climatic geodata, used for strategic geo-planning (e.g. for suitability mapping). Meanwhile, satellite 
technology with sensors sensitive in the thermal-infrared (TIR) wavelength (around 3-50 µm) is capable of monitoring 
current temperature at the land surface [22]. Thus, in this respect, the study is aimed at revisiting altitudinal temperature 
lapse rates in Indonesia based on Braak’s equation using TIR bands of Landsat 8. With regards to Braak’s observation 
stations, one window area in Bogor, West Java, Indonesia was selected as the study site.  Validity of Braak’s equation 
with regards to the current climatic condition was evaluated and its implication for relevant geo-planning was assessed.   

2. WINDOW AREA AND DATA 
2.1 Window area 

A site situated around Mount Halimun-Salak and Mount Gede-Pangrango, Bogor, West Java, Indonesia was selected as 
the window area to evaluate altitudinal temperature lapse rate (Figure 2). 
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Figure 2. Window area of the study (blue line), situated around Mount Halimun-Salak and Mount Gede-Pangrango, Bogor, West Java, 
Indonesia, as subset of Landsat 8 path/row 122/65 (red line), where green circles are the locations of climatological stations used to 
calibrate the estimated LST. 

2.2 Data 

Landsat 8 imageries path/row 122/65 acquired on 9 June 2014 and 23 February 2016, with regards to minimum cloud 
cover; ground temperature data from 4 available observation stations of the same acquisition dates of Landsat 8 
imageries; and SRTM DEM on 30 m grid resolution were used as input data in this study (Table 1).  In this case, blue 
band (bands 2) of Landsat 8 was used for cloud and cloud shadow masking, red and NIR bands (bands 4 and band 5) 
were used for estimating land surface emissivity (LSE), and TIR bands (bands 10 and band 11) were used for estimating 
top of atmosphere brightness temperature (BT). Meanwhile, ground temperature data and SRTM DEM were used for 
calibrating LST and performing elevation-temperature correlation analyses in order to update altitudinal temperature 
lapse rate equation.  The main tool for data analyses used in this study was ArcGIS 10.2.2. 

Table 1.  Input data used for the analyses. 

Data Acquisition date Source 

Landsat 8 of path/row 
122/65, bands: 2 (blue), 4 
(red), 5 (NIR), 10 (TIR) 
and 11 (TIR)  

9 June 2014 and 23 February 2016 https://earthexplorer.usgs.gov 

SRTM-DEM at resolution 
of 30-m 

- https://gdex.cr.usgs.gov 

Ground temperature data 
from 4 available 
observation stations 

9 June 2014 and 23 February 2016 http://dataonline.bmkg.go.id 

 

3. METHODS 
Methods of this study comprise two main work flows: (i) work flow to update altitudinal temperature lapse rate based on 
current climatic condition of estimated LST; and (ii) work flow to map altitudinal Holdridge life zone based on 
elevation-based surface temperature maps, estimated using both Braak’s equation and updated altitudinal temperature 
lapse rate equation; in order to assess implication of possible shift of altitudinal temperature lapse rate of the current 
climatic condition from Braak’s equation due to climate change on altitudinal Holdridge life zone. 
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3.1 Updating altitudinal temperature lapse rate 

Work flow to update altitudinal temperature lapse rate comprises 7 main steps (Figure 3).  First of all, cloud and cloud 
shadow masking was carried out based on iso cluster unsupervised classification using band 2 of Landsat 8 with number 
of classes of 4 at 100 iterations; where class 1 (the brightest) was determined as cloud and class 4 (the darkest) was 
determined as cloud shadow.  The resulted cloud and cloud shadow mask was used for cloud and cloud shadow removal 
within bands 4, 5, 10, and 11. 

 

 
Figure 3. Work flow to update altitudinal temperature lapse rate. 

Based on cloud-and-cloud-shadow-free of bands 4 and 5, LSE (dimensionless) was estimated based on equation adopted 
from [23]: 

 = 0.004 + 0.986 (1) 

Based on cloud-and-cloud-shadow-free of bands 10 and 11, BT of each TIR band (°K) was estimated based on equation 
adopted from [24]: 

 =	  (2) 

In this case, K1 and K2 denote band-specific thermal conversion constants – available from Landsat 8 metadata; ML and 
AL denote band-specific multiplicative and additive rescaling factors respectively – both available from Landsat 8 
metadata; and DN denotes digital number of pixels. 

Based on LSE and BT, LST (°C) was estimated based on modified radiative transfer equation from [25]: 

 =	 . 	( ) − 273.15 (3) 

Where, BTaverage is the average of estimated BTs based on bands 10 and 11; λ is the mean of TIR wavelength of Landsat 
8 sensors (10.89 µm); and p is a constant with value of 14,380 m°K, calculated from: 	 	 	 		 . 

The estimated LST was later calibrated using ground temperature data.  Finally, the updated altitudinal temperature lapse 
rate equation was developed based on elevation-temperature correlation analyses.  In this case, elevation was classified at 
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100-m class interval following Braak’s methodology [21] and temperature data were averaged from LST of random 
points located at each elevation class.   

  

3.2 Mapping altitudinal Holdridge life zone 

 
Figure 4. Work flow to map altitudinal Holdridge life zone based on elevation-based surface temperature map. 

Figure 4 illustrates the work flow for assessing the implication of possible shift of altitudinal temperature lapse rate of 
the current climatic condition from Braak’s equation due to climate change on altitudinal Holdridge life zone. First of all, 
land surface temperature maps were generated based on SRTM DEM using altitudinal temperature lapse rate equation: 

 =	 − .  (4) 

Where, Tz and T0 are land surface temperature (°C) at elevation z m asl and elevation zero m asl, respectively; LR is 
temperature lapse rate (°C.m-1); and z is elevation (m asl).  In this case, according to Braak (1929), T0=26.3 °C; while 
LR=0.0060°C.m-1 and 0.0055°C.m-1 for elevation < 1500 m asl and ≥ 1500 m asl, respectively. 

Finally, altitudinal Holdridge life zone was classified into 6 categories based on  criteria as follows [4]: (i) basal, if land 
surface temperature is higher than 24°C; (ii)  sub montane, if land surface temperature is between 12-24°C;`(iii) 
montane, if land surface is between 6-12°C; (iv) sub alpine, if land surface is between 3-6°C; and (v) alpine, if land 
surface is between 1.5-3°C; and (vi) nival, if land surface is lower than 1.5°C. 

4. RESULTS AND DISCUSSIONS 
4.1 LST calibration 

Figure 5 shows the estimated LST based on TIR bands of Landsat 8 acquired on 9 June 2014 and 23 February 2016; 
where underestimation of LST was found mostly in northern part of LST map from the year 2016 (see blue color in the 
LST maps), due to appearance of relatively large haze on 23 February 2016 in the northern part (see dark color in the 
panchromatic maps of band 10).  However, locations of the observation stations for calibration and the window area for 
further analyses were outside the underestimated LST zones (see black stars and black rectangles in the LST maps).  
Moreover, Figure 6 shows correlation between estimated LST and observed ground temperature, which linear regression, 
y=1.3827x-7.8878 with r2=0.9539, was used for calibration. 
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Figure 5. Estimated LST based on TIR bands of Landsat 8 acquired on 9 June 2014 and 23 February 2016 (top) and their 
panchromatic TIR bands, i.e. band 10 (bottom).  Stars indicate locations of observation stations, and rectangles indicate the window 
area of this study. 

 
Figure 6. Linear regression between estimated LST and observed ground temperature used for calibration. 

4.2 Updated altitudinal temperature lapse rate 

Calibrated LST data from 16,313 random points were averaged according to elevation classes at 100-m interval (blue 
crosses in Figure 7).  Linear regression between average LST and mid values of each elevation class interval was used to 
update the temperature lapse rate equation (red line in Figure 7).  Comparing the slopes of the updated lapse rate and 
Braak’s lapse rate at the same intercept, i.e. 26.3oC (green and purple lines in Figure 7), it is obvious that the updated 
altitudinal temperature lapse rate decreased from 0.0016 to 0.0021oC.m-1, which indicate significant temperature 
increase. 
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Figure 7. Updated altitudinal temperature lapse rate (red line), as linear regression between elevation and average temperature of 
16,313 random points (blue crosses), compared to Braak’s lapse rate (green line).  In this case, to be comparable with Braak’s lapse 
rate, the intercept of the updated lapse rate was set to Braak’s intercept, i.e. 26.3oC (purple line). 

4.3 Implication of altitudinal temperature change on altitudinal Holdridge life zone 

LST maps generated based on the updated and Braak’s altitudinal temperature lapse rate equations indicate temperature 
increase from 0.08 to 4.83 oC (Figure 8). Average of temperature increase in the window area of about 1.58oC was 
doubled from temperature increase at global scale of about 0.8 oC [26].  This implies to losses of montane and sub 
montane zones according to Holdridge life zone of about 7 km2 (100%) and 727 km2 (32.53%), respectively; and gain of 
basal zone of about 734 km2 (211.77%); as shown in Figure 9.  

 
Figure 8. Updated altitudinal temperature (top left), Braak’s altitudinal temperature (bottom left) and temperature departure of the 
updated altitudinal temperature from Braak (right). 
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Figure 9. Changes on Holdridge altitudinal life zone as the implication of possible altitudinal temperature increase.  In this case, 3 
zones were identified in the window area: montane (blue), sub montane (green) and basal (red). 

5. CONCLUSIONS 
The results of this study suggest that Braak’s equation on altitudinal temperature lapse rate should be revised, as the 
slope of the updated altitudinal temperature lapse rate equation decreased from 0.0016 to 0.0021oC.m-1, as compared to 
Braak’s equation, which indicate significant temperature increase.  The results also suggest that temperature increase in 
the window area was identified of about 1.58oC, doubled from temperature increase at global scale of about 0.8 oC, 
which implies to losses of montane and sub montane zones according to Holdridge life zone of about 7 km2 (100%) and 
727 km2 (32.53%), respectively; and gain of basal zone of about 734 km2 (211.77%). 
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