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Urban climate influences economic activities and the health and safety of urban residents. Therefore,
monitoring temperature in urban areas is important. However, owing to the lack of space for an
appropriate observation site, an automatic weather station (AWS) was installed on a building rooftop.
The rooftop installation can indicate temperature differences depending on the intensity of strong
solar radiation and radiant heat of the building, and wind speed. Therefore, in this study, we aimed to
provide observation standards for measuring rooftop temperature according to the optimal rooftop
material and observation height. Specifically, an AWS was installed on the rooftop of the Gochang
Standard Weather Station (GSWO), Jeollabuk-do Province, to observe the urban climate in South
Korea and establish suitable weather standards. Different temperatures, optimum surface materials,
and optimum heights for measuring the temperature at the rooftop of GSWO were investigated and
compared over 1 year. The temperature recorded after installing a palm mat on the rooftop was more
similar to that observed in the grassland. Furthermore, the installation height of the temperature
sensor of 2.5-3.0 m for the palm mat and 3.5-4.0 m for concrete was found to be the optimal height
for observing temperature at the rooftop.

The Korea Meteorological Administration (KMA) has installed and currently operates 635 automatic weather
stations (AWS) and automated synoptic observation systems (ASOS) for weather observation. On-ground mete-
orological observations are represented by the general weather conditions near an observatory. Thus, observato-
ries are not located in areas with tall buildings or with low visibility due to the presence of geographical barriers,
such as mountains, forests, and lakes, but in open areas with widespread visibility'. However, rapid urbanization
and severe climate change events have increased the intensity and frequency of heatwaves in major cities; con-
sequently, the demand for accurate weather observation data has substantially increased®~’.

Meteorological observations can be used to develop and validate the accuracy of numerical weather predic-
tions, microclimate analyses, and numerical prediction systems®2, which in turn improves the accuracy of
predicting floods, typhoons, and air pollution'*~%. To this end, the KMA has installed an AWS in Seoul, Korea
to increase the horizontal resolution of the observation network. Due to the lack of space for an appropriate
observation site, the AWS was installed on a building rooftop. However, the rooftop installation can show tem-
perature differences depending on the intensity of strong solar radiation, radiant heat of the building, and wind
speed'®'”. According to the World Meteorological Organization (WMO)', the reference site for temperature
measurement should be covered with vegetation of less than 10 cm. Therefore, minimizing the impact of artificial
heat transmitted from the concrete floor of the roof and establishing installation standards are necessary to ensure
that the temperature measurements are the same as those reflected by installations on land with grass patches
(hereafter referred to as grasslands). Artificial heat transmission can be avoided by using either light colored
rooftop packaging materials or reflective coatings to lower surface temperatures'®!?. Evapotranspiration from
plants and albedo changes on a green roof reduce the surface and near surface temperatures and decrease the
average radiant temperature by 10.5 °C at noon when solar radiation is the strongest’*-?*. However, installing a
green roof system is disadvantageous in terms of construction, maintenance, and removal costs and structural
problems due to increased loads?*-%°.

1Observation Research Department, National Institute of Meteorological Sciences, 33 Seohobukro, Jeju 63568,
Republic of Korea. 2Forecast Research Department, National Institute of Meteorological Sciences, 33 Seohobukro,
Jeju 63568, Republic of Korea. “Yemail: nakbt777 @korea.kr
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Figure 1. Location of the study area including ASOS and the experimental site (with grassland, concrete, and
palm mat). This map was created with QGIS 3.26, https://www.qgis.org. Photograph by NIMS.

According to the KMA standards for rooftop monitoring installations, thermometers should be located at
least 1.2-2.0 m above the rooftop floor and installed in green areas to block solar radiation or on materials such
as palm mats and grass, with low conductivity?”. However, specific height and floor material criteria for accurate
temperature measurements have not been provided. Several organizations have prescribed height guidelines for
temperature observations; for example, the World Meteorological Organization', American Association of State
Climatologists®, and United States Environmental Protection Agency***° stated optimum installation heights as
1.25-2.0 m, 1.5-2.0 m, and 2.0 m, respectively. However, these guidelines are based on grassland standards and
not rooftop standards. Studies have been conducted to compare rooftop and grassland temperatures to derive
the optimal height for rooftop temperature observations®-**; however, these studies lacked sufficient sampling
data and did not consider seasonal variations. A comparative analysis of the grassland temperature after install-
ing artificial grass on a concrete rooftop revealed that the temperature measured in artificial grass was higher
than that in the grassland.

This study aimed to determine the optimal material (concrete or palm mat) of rooftop surfaces for tempera-
ture observations by comparing the values with those measured at a standard observation site (grassland) of the
Gochang Standard Weather Station (GSWO). Specifically, we analyzed seasonal temperature measurements to
compare the air temperature differences between building rooftops and grasslands over 1 year (four seasons)
from December 2020 to November 2021. Moreover, in this study, we derived the optimal installation heights of
temperature sensors that are not affected by the cooling effect of wind and rainfall. Based on the experimental
results, optimal installation heights for measuring temperature are suggested for each rooftop surface material
and scientific and objective standards for the rooftop environment required to install thermometers for meas-
urement are presented.

Methods

Study area. The study was conducted at GSWO (Fig. 1; 35° 20’ N, 126° 35’ E; altitude =52.0 m), located in
Gochang-gun, Jeollabuk-do, South Korea. GSWO has been designated and operational as a standard meteoro-
logical observatory since 2010; additionally, international standard observation facilities and ASOS are installed
in GSWO?*. GSWO is located in southwest Korea, which experiences temperatures higher than the daily average
and low temperatures in Korea®. Therefore, its location is optimal to conduct comparative experiments to pre-
pare standards for rooftop temperature observations and installation environments (Fig. 1).

Experimental design. To derive the optimal height for measuring the rooftop temperature, the grassland
and rooftop (concrete and palm mat) where temperature was observed were configured to be located at the same
altitude (48 m; Fig. 2). Palm mat, which was installed to derive the optimal material for rooftop temperature
observation, was spread across 10x 10 m (width xlength) according to the KMA weather observation installa-
tion guidelines”. A four-wire PT100 temperature sensor (JS-RTD100, Jinsung-eng), with a measurement range
of—50 to 100 °C and an accuracy of £0.3 °C, was connected to a data logger (CR1000X, Campbell) and used
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Figure 2. (A) Outdoor comparison experiment with different ground material types; (B) layout of
instrumentation of the different ground materials: grassland (a), concrete (b), and palm mat (c); (C) sectional
view of the test site. Photograph (A) by Byeongtaek Kim. (B) was created with SOLIDWORKS Premium version
2021, https://www.solidworks.com/.

for data collection. The temperature was observed at heights of 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 m. In
addition, the temperature sensor was installed in an aspirator with a suction fan-type solar radiation shield to
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Table 1. Description of the observation equipment for different environmental parameters.
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Figure 3. Seasonal characteristics of air temperature difference between concrete-grassland (gray) and palm
mat-grassland (brown) at each height for winter (a), spring (b), summer (c), and autumn (d).

minimize the effect of solar radiation. To analyze the temperature change due to the influence of wind speed and
wind direction, an aerovane-type (05,103, RMyoung) wind sensor, with wind speed and wind direction accura-
cies of +0.3 m/s and + 3°, respectively, was installed on the grassland. A three-cup anemometer (JS-WS2082, Jin-
sung-eng), with a measurement range of 0-75 m/s and an accuracy of 0.3 m/s, and a wind vane (JS-WD2081,
Jinseong-eng), with an accuracy of +0.7°, were installed on the rooftop (Table 1).

Data processing. The study site was monitored for 1 year (December 2020-November 2021). All data were
collected at 1 min intervals. The quality control of the data was conducted by range, step, and persistence tests™,
after which 70.5% of the total data (370,493 out of 525,600 observations) were used for analysis. Notably, during
the observation period, some data were missing due to network failures caused by lightning, cold waves, and hub
failures, and one observation was missing due to sensor replacement.

Results and discussion

Comparison of temperature differences at the same height from the grassland. To determine
the altitude at which the rooftop indicator has minimal influence, the temperature difference at the same height
was analyzed by season based on the grassland temperature (Fig. 3). Although a marginal seasonal difference
was observed, the median ranges of temperature difference were—0.87 to 0.24 °C and-0.23 to 3.66 °C from
the ground surface (z=0 m) to 2.5 m height where the palm mat and concrete were installed, respectively.
In palm mat and concrete, the median ranges of temperature difference were—0.87 to—0.11 °C and-0.23 to
3.66 °C, respectively. Although the temperature difference during summer was 3.66 °C in concrete, the differ-
ence was—0.11 °C in palm mat. During the observation period, at 3 and 3.5 m above the palm mat and concrete,
respectively, the average temperature difference between the palm mat and concrete was 0.02 °C, which was less
than that at other heights, whereas the median and interquartile range (IQR) of the temperature difference from
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1st quartile (°C) | Median (°C) 3rd quartile (°C) | IQR (°C)

Height (m) | PALM | CONC |PALM |CONC |PALM | CONC |PALM |CONC
0 -0.62 —-0.07 0.88 2.55 3.63 5.83 4.25 5.9
0.5 -0.06 0.04 0.11 0.25 0.39 0.56 0.45 0.52
1 -0.28 |[-02 -0.13 | -0.01 0.09 0.25 0.37 0.45
1.5 -0.05 |-0.01 0.09 0.15 0.29 0.35 0.34 0.36
2 -0.05 0.04 0.07 0.18 0.24 0.37 0.29 0.33
25 -0.25 |[-0.18 -0.12 | -0.05 0.03 0.11 0.28 0.29
3 -0.1 0.14 0.01 0.26 0.14 0.4 0.24 0.26
3.5 -0.08 | -0.09 0.02 0.01 0.14 0.15 0.22 0.24
4 -0.08 |-0.06 0.01 0.03 0.11 0.14 0.19 0.2

Table 2. Temperature differences at the same height from the grassland for all seasons (PALM: palm mat-
grassland, CONC: concrete-grassland).

the grassland at the same height were 0.01 °C and 0.24 °C, respectively (Table 2). This indicates that the surface
heating effect of concrete or palm mat did not change considerably above 3 and 3.5 m height. Contrastingly, the
surface heating effect was comparatively stronger at heights closer to the ground surface; moreover, the effect
was more pronounced in summer than in winter. The IQR of temperature difference was 1.50 °C and 2.28 °C in
winter (Fig. 3a) and 2.32 °C and 3.83 °C in summer (Fig. 3¢) for the palm mat and concrete, respectively, based
on grassland. Furthermore, the median and IQR of the temperature difference were 0.88 °C and 4.25 °C in palm
mat and 2.55 °C and 5.90 °C in concrete, respectively (Table 2). Thus, the effect of surface heating in concrete
was higher than that in palm mat.

Comparison of temperature differences at 1.5 m height from the grassland. According to the
KMA guidelines, temperature observations should be made at a height of 1.5 m from the grasslands (hereafter
referred to as “grasslands-1.5")¥. Thus, in this section, analysis was conducted to compare palm mat and con-
crete temperatures with that of grassland-1.5. The difference between the temperature measured at grassland-1.5
and the temperatures at heights of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 above the concrete and palm mat were
analyzed seasonally (Fig. 4). The difference in the median value was the smallest in winter (Fig. 4(a); palm
mat: —0.02 to 0.04 °C, concrete: 0.2-0.24 °C) and largest in summer (Fig. 4c; palm mat: 0.00-0.27 °C, concrete:
0.05-0.48 °C). The heights of the ground weather observatory that showed the smallest difference to grass-
land-1.5 temperatures were 2.5-3.0 m and 3.5-4.0 m above the palm mat and concrete, respectively. The median
temperature values at 2.5 m and 3.0 m above the palm mat were 0.01 °C and —0.01 °C, respectively, while those
at 3.5 m and 4.0 m above the concrete were 0.05 °C and 0.04 °C, respectively (Table 3).

To determine at which height the palm mat and concrete temperatures were most similar to grassland-1.5, the
daily temperature differences were analyzed between the palm mat (at 2.5 m and 3.0 m) and concrete (at 3.5 m
and 4.0 m) with reference to grassland-1.5 (Figs. 5 and 6). The median temperature range at 3.0 m above the palm
mat was—0.01 to 0.09 °C higher than that at 2.5 m (Fig. 5), whereas the median temperature range at 3.5 m above
the concrete was —0.02 to 0.07 °C higher than that at 4.0 m (Fig. 6). Thus, the temperatures measured at 2.5 m
and 3.5 m heights above the palm mat and concrete (hereafter referred to as “palm mat-2.5” and “concrete-3.5”),
respectively, were closer to that measured at grassland-1.5 than at other heights. In addition, the temperatures
in the palm mats and concrete were higher and lower than that in the grassland during nighttime and daytime,
respectively, and this trend was more prominent in the concrete than in the palm mats. The temperature differ-
ence between the grassland and rooftop (concrete and palm mat) was higher in summer than in winter (Fig. 4)
because of stronger sunlight intensity in summer that increases the latent heat due to evaporation®”*,

The daily temperature differences at palm mat-2.5 and concrete-3.5 were measured considering grassland-1.5.
The median and IQR values were —0.30 to 0.17 °C and 0.23-0.59 °C, respectively, at palm mat-2.5, and - 0.38 to
0.27 °C and 0.27-0.68 °C, respectively, at concrete-3.5 (Fig. 7). These findings suggested that the temperature
measured at palm mat-2.5 was more similar to that measured at grassland-1.5 than that at concrete-3.5.

Thus, installing thermometers on the roof at a height of 2.5 m above palm mat is the best alternative to
observe temperatures.

Relationship of wind speed and rain with temperature difference. To analyze the influence of
wind speed on the temperature measured in the palm mat-2.5 and concrete-3.5, wind speed was divided into
four categories (calm wind, 0-2 m/s, 2-4 m/s, and >4 m/s) and the temperature difference was analyzed based
on the temperature in the grassland-1.5 (Fig. 8). During calm winds, the temperature of the concrete was slightly
higher than that of the palm mat (Fig. 8a), possibly because concrete has a higher ground heating effect char-
acterized by increased heat release and air convection than the palm mat and transfers heat to the upper layer
without allowing wind-based heat dissipation®. Table 4 shows the mean bias error (MBE) and root mean square
error (RMSE) of the palm mats and concrete based on the grassland-1.5 for each wind speed category. The tem-
perature difference was positive for calm wind (palm mat: 0.09 °C, concrete: 0.23 °C) and 0-2 m/s (palm mat:
0.05 °C, concrete: 0.10 °C) and negative for 2-4 m/s (palm mat: —0.06 °C and concrete: —0.12 °C).
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Figure 4. Seasonal characteristics of air temperature difference between concrete-grassland (gray) and palm
mat-grassland (brown) at 1.5 m height above the ground for winter (a), spring (b), summer (c), and autumn (d).

1st quartile (°C) | Median (°C) 3rd quartile (°C) | IQR (°C)
Height (m) | PALM | CONC | PALM | CONC |PALM |CONC |PALM |CONC
0.5 -0.04 0.09 0.11 0.26 0.35 0.52 0.39 0.43
1 —-0.06 0.04 0.08 0.20 0.29 0.42 0.34 0.38
1.5 -0.05 |-0.01 0.09 |0.15 0.29 0.35 0.34 0.36
2 -0.09 |-0.01 0.05 0.16 0.24 0.37 0.33 0.38
25 -0.14 |-0.08 0.01 0.08 0.21 0.30 0.35 0.38
3 -0.16 0.06 -0.01 0.24 0.20 0.47 0.36 0.41
3.5 -0.12 | -0.14 0.05 |0.05 0.27 0.27 0.39 0.41
4 -0.19 -0.17 0.02 0.04 0.24 0.28 0.43 0.45

Table 3. Temperature differences at 1.5 m height from the grassland for all seasons (PALM: Palm mat-
grassland, CONC: Concrete-grassland).

To analyze the relationship between temperature and precipitation, precipitation data (0.5 mm/h or more)
collected at 1-min intervals by ASOS in GSWO were used for analysis. The temperatures of the concrete and
palm mat were lower than those of the grassland; furthermore, as precipitation increased, the temperature of the
palm mats tended to be lower than that of the concrete (Fig. 9). The RMSE values of the palm mat and concrete
were the same, but the MBE value was 0.03 °C lower in concrete than in the palm mat (Table 5). Rainwater is
absorbed into the ground of grasslands and may disperse underground, whereas rainwater absorbed in the palm
mats installed on the rooftop remains stagnant*’. Conversely, water is not absorbed easily into concrete. Thus,
the temperature of the palm mat was lower than that of the concrete due to the cooling effect of the absorbed
precipitation.

Discussion

Surface materials and height are critical factors for measuring temperatures in urban climates. The relevant
guidelines state that the installation heights should be 1.25-2.0 m on grassland"**-*. However, with urbaniza-
tion, it has become very difficult to establish observation environments composed of grassland. In our study,
the temperature of different rooftop ground surfaces presented seasonal differences, as indicated by the com-
parison of the seasonal characteristics of air temperature difference between concrete and palm mat based on
grassland (Fig. 3). The temperature difference in winter was obviously lower than that in spring and summer;
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Figure 6. Diurnal temperature differences between the concrete at 3.5 m (red) and 4.0 m (blue) heights
compared with the grassland-1.5 temperature.

the temperature difference during summer was 3.66 °C in concrete and - 0.11 °C in palm mat. A similar finding
was reported by another study'®.

Previous studies have shown the relationship between wind speed and precipitation with temperature. The
temperature decreases by 0.2 °C on an average every time the wind speed increases by 0.5 m/s; there is no evapo-
ration due to sunlight during the rainy season and the temperature decreases due to cooling®*!. As expected,
our results (optimal height; concrete 3.5 m, palm mat 2.5 m) are hardly affected by wind and precipitation (See
Figs. 8 and 9).

The results of the present work (Fig. 7) show that the optimum surface material and height to measure
temperature at the rooftop is palm mat-2.5. These results were analyzed using boxplot (median, quartiles, 1.5
interquartile range). The optimal temperature observation height of 2.5-3.0 m is consistent with that in previous
studies’®, but further study is needed because an insufficient number of sampling data and seasonal characteristics
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wind (a), 0-2 m/s (b), 2-4 m/s (c), and >4 m/s (d).

were reflected owing to the wide cycle and short study period. A few previous studies have investigated installa-
tion environmental (palm mat and concrete) and optimum height to measure temperature on roofs.

A limitation of the current study was the influence of a building wall (2.5 m) to the east of the rooftop on
temperature measurement. The air temperature differences shown in Fig. 3 depict a wall effect characterized by
an increase in heat release and air convection and transfer of heat to the upper layer without allowing wind-based
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No wind 0-2m/s 2-4m/s >4 m/s

Char PALM | CONC |PALM |CONC |PALM |CONC |PALM |CONC

MBE (°C)  [0.09 |0.23 005 | 0.10 -006 |-012 |-010 |-0.17

RMSE (°C) |0.29 | 0.38 037 | 042 047 | 049 041 | 044

Table 4. Statistics of air temperature data by wind speed.
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Figure 9. Monthly total rainfall and air temperature difference between the palm mat-2.5 and concrete-3.5
based on the grassland-1.5 temperature by rainfall events.

Statistic PALM (2.5m) | CONC (3.5 m)
MBE (°C) -0.07 -0.04
RMSE (°C) 0.16 0.16

Table 5. Statistics of air temperature data by rain.

heat dissipation. Future studies should focus on the wall effect, which can aid in identifying the trend of air
temperature differences using computational fluid dynamics.

Conclusions

This study derived the optimal height for temperature observation according to the rooftop material (concrete
and palm mat) by comparing the temperature data of the rooftop environments and the grassland in GSWO
from December 2020 to November 2021. The findings provided observation standards for measuring rooftop
temperature according to the rooftop material and the optimal material and observation height for temperature
measurement. Accordingly, heights of 2.5 m and 3.5 m above palm mat and concrete, respectively, were deter-
mined to be optimum for installing a thermometer on a rooftop for temperature observation. These results can
be used to set up optimal temperature monitoring equipment to monitor the occurrences of heat waves, tropical
nights phenomenon, and drought in cities considering their specific environmental conditions.

Comparative analysis revealed that the temperature of a concrete rooftop with artificial grass was higher than
that of grassland. However, building heights and the surrounding environmental conditions are diverse and
complex in real urban environments; therefore, the results of this study may not represent all situations. To this
end, future studies should consider the same environmental conditions to evaluate the accuracy of numerical
models using historical data and various experimental environments should be developed to represent real urban
environments to conduct numerical experiments for accurate temperature measurements in different cities.
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