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ABSTRACT

It is known that there are severe heat-island effects in the urbanized area such
as Taipei and that temperature increases are causing hydrological change. The city
continues to develop, so it is urgent that the region creates early warning methods. In
this study, we observed the influence of the heat-island effect on temperature, pre-
cipitable water vapor (PWV), and rainfall in a suburb in Taipei and confirmed that
the urban area had a rising temperature trend during the period from 2006 - 2014,
approximately 0.7 degrees higher than that in the suburb, which decreased by 1.1
degrees. The average PWV increased by approximately 6.7 mm and the cumula-
tive rainfall increased approximately 54.7 mm. Two other high-temperature areas
are in the development zone and in the northern mountainous area, which is lower in
temperature, and a heat-island effect is obvious. Rainfall is greatest in the southern
mountainous areas in summer. Due to wind direction in the winter, rain falls in the
northeastern region of the windward side. Our results also show that there is a sig-
nificant urban heat-island effect in the Taipei region and that PWV and rainfall are
increasing in the urban area with global warming.

TAO.2018.12.22.01

1. INTRODUCTION

Global warming is a major environmental concern,
causing extreme weather and serious impacts on ecosys-
tems. Since 1970, the rapid growth of industrial and com-
mercial activities in Taiwan has helped feed its urbaniza-
tion and led to most of the population living in urban areas.
Taipei and the New Taipei are the two most populated cities
in Taiwan, with an aggregate population of six million dur-
ing 2006 - 2014. These urban areas are significantly warmer
than their surrounding rural areas; hence, understanding the
relationship between population growth and changes in the
environment is very important for forecast warnings.

Past studies have demonstrated the connection be-
tween urbanization and temperature increase (Van Hove et
al. 2015). Urban scale is an important factor in the inten-
sity of the heat-island effect (Karl et al. 1988) and yields a
temperature difference between the metropolitan and rural
areas (Lai and Cheng 2010). Changes in rainfall caused by
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urbanization were discussed in Huang et al. (2015) and Yeh
et al. (2016); there is an obvious relation to the heat gener-
ated from the urban area (Shepherd et al. 2002).

Human activities and urban development have led to
regional temperature warming. Evapotranspiration due to
the temperature change has a direct relation to the increase
or decrease in PWV and rainfall, with subsequent weather
changes and increased frequency of disaster, a threat to the
natural environment and to human property. Detection of
meteorological change requires lengthy monitoring. Fol-
lowing past studies of the meteorology of Taiwan (Yeh et al.
2016, 2018), we aim to analyze the trends of temperature,
PWYV, and rainfall in Taipei City. It will be beneficial to
identify the turning point or divergence of the meteorologi-
cal change, especially there have been no discussions on the
PWYV variations under heat-island effect. To reach this aim,
the literature review are divided in two parts as follows:

1.1 Temperature Trends

Urban development increases anthropogenic emissions,
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and more and more evidence demonstrates the warming
trend of the global average temperature. The human activ-
ity is very relevant, and the warming phenomenon can be
observed around the world. Warming intensity varies by re-
gion (Johns et al. 2006). The Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC 2013),
the panel jointly established by the United Nations World
Meteorological Organization (WMO) and the United Na-
tions Environment Program (UNCP), indicates that human
activity is very likely the most important factor for warming
since the mid-20th century (95% confidence level).

In 1880 - 2012, greenhouse gases from the use of fossil
fuels and land reclamation by humans increased the global
average temperature by 0.85°C (IPCC 2013). In the past
30 years, the surface temperature of Earth is continuing to
warm, and those 30 years have been the warmest in nearly a
thousand years. If greenhouse gas emissions cannot be sub-
stantially reduced, the average surface temperature in this
century may rise by 4.8°C. Taiwan is listed in the high-risk
group for impacts of climate change.

Shiu et al. (2009) showed that the average temperature
in Taiwan has a warming trend, and the increase is approxi-
mately twice as high as that of the Northern Hemisphere as a
whole. Hsu et al. (2011) indicated that the warming trend in
Taiwan in 1980 - 2009 is 0.29°C over 10 years. This value is
nearly twice the global trend of the last 100 years and larger
than those from neighboring Japan and mainland China.
The study also found that Taiwan’s annual average temper-
ature changes for 100, 50, and 30 years have a significant
upward trend, and it is estimated that Taiwan’s temperature
will rise by 2 - 3°C by the end of this century, suggesting
a serious impact on Taiwan’s meteorology. Lai and Cheng
(2010) analyzed the temperature data from 1897 - 2005 and
found that the annual maximum temperature, annual mean
minimum temperature and the days with temperature greater
than 30°C in Taiwan increased significantly in most areas;
further, they show that human activities seriously affected
the temperature changes in urban areas.

The rapid urban growth will have many serious envi-
ronmental effects, including the heat-island phenomenon,
which has become an important issue in the human environ-
ment and global climate change. Past studies have shown
that most of the metropolitan areas in Taiwan experience
urban heat-island effects. Bai et al. (2011) analyzed the
temperature data of Taipei for 28 years and found that the
impact of urbanization led to significant increases in the
average temperature and minimum temperature in Taipei,
particularly after the rapid urbanization of Taipei in 1967
and warming phenomena in urban areas in 1985. In Taipei
City, the correlation between urbanization and maximum
temperature change is not significant, but that with the sum-
mer minimum temperature increase is significant. Lai and
Cheng (2010) also found during the study period that eco-
nomic development in Taiwan during the period from 1962

- 2005, leading to the increase in the maximum temperature
and minimum temperature of major cities. There is a posi-
tive relationship between the temperature change and the
degree of urban development. The statistical results show
that human activities seriously affect the temperature differ-
ence of the area.

The IPCC report (2013) indicated that the surface tem-
perature is rising everywhere, on a longer time scale and
a larger spatial scale. In the future, there will be more hot
days and fewer cold days. The scientific community has
90% confidence that heat waves will occur more often and
with extended durations but that the occasional cold winter,
amid warmer winters, will still exist. Wallace et al. (2014)
also observed that the most snow and the lowest tempera-
ture in history occurred in the urban areas of central and
eastern America, i.e., Chicago and New York. Van Hove
et al. (2015) observed the Rotterdam urban area’s strongest
heat effect in summer. This results in many hours of dis-
comfort (physiologically equivalent temperature > 23°C).
Their results indicate that daytime comfort hours appear
to be mainly related to differences in wind velocity. The
much lower wind velocity in the urban areas leads to the
accumulation of heat. After sunset, the urban heat-island ef-
fect plays a more prominent role, and hence, the number of
comfort hours is more related to the urban characteristics.
Further, vegetation, open ground and large water bodies are
helpful in reducing urban heating. Similarly, Georgescu et
al. (2013) found that the summer average temperature has
increased by 4°C in Sun Corridor, Arizona, over the past
45 years.

The same heat island effect has also occurred in met-
ropolitan areas in other countries. According to Yamashita
(1996), the increased temperature due to the heat-island ef-
fect can reach 5°C in the Tokyo metropolitan area on sunny
days. Oh et al. (2004) analyzed the 10-year temperature data
in Korea and showed a rapid rise of 1.39°C in the Seoul
metropolitan area and 0.43°C in rural areas. Van Hove et
al. (2015) analyzed the temperature difference between Rot-
terdam and surrounding rural areas from 2010 - 2012. The
highest heat-island intensity was found in densely populated,
built-up cities in summer. The heat-island effect is an impor-
tant concern for most metropolitan areas around the world.

1.2 Rainfall Trends

In addition to temperature, the change in rainfall is also
a focus of changes in weather. The global warming will af-
fect the water cycle and will result in changes to rainfall
type and distribution (IPCC 2007). However, the relation-
ship between rainfall and temperature is complex. The IP-
CC’s Fifth Assessment Report (2013) noted that the global
water cycle changes caused by warming in the twenty-first
century were not consistent across the world. Between wet
and dry areas, as well as between wet and dry season, the
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difference in precipitation will be further widened. Humid
areas will become increasingly moist and dry areas drier,
but there will be regional exceptions.

According to IPCC (2013), the water cycle change
from the next few decades to the end of this century will
be similar on the global scale. However, regional changes
are significantly influenced by natural internal variables and
aerosol emissions from human activity. The average annual
precipitation in the middle and high latitudes and the equa-
torial Pacific is likely to increase by the end of this century.
Average precipitation will decline in many mid-latitude and
subtropical dry areas, and in rainier areas, it is likely to rise.
In addition, the study of changes in extreme weather and cli-
mate events indicates that as the global average surface tem-
perature increases, extreme rain events in most mid-latitude
and tropical rainy regions are likely to show higher intensity
and frequency by the end of this century.

Chen et al. (2008) indicated that the rainfall in Taiwan
is affected by various weather systems and performs differ-
ently in different seasons: spring rainfall, the meiyu season
in May to June, and the typhoon season in summer. Hsu et al.
(2011) pointed out that the number of days of rainfall in Tai-
wan has decreased, but rainfall intensity has increased, and
the dry and wet season have become more obvious, a phe-
nomenon similar to the global trend. According to weather
model simulations, the average winter rainfall in Taiwan de-
creases 3 - 22% with continuous warming. The model also
estimates that summer rainfall increases 2 - 26%, though the
authors emphasize that due to uncertainty regarding precipi-
tation, simulation results can be unreliable.

Shepherd (2005) showed that urban high-rise buildings
increase surface roughness. The near-surface airflow decel-
erates through the city and forms a convergence at the lower
reaches of the city. The impact of the urban heat island on
precipitation has attracted the attention of many scholars in
recent years. Chen et al. (2007) studied the urbanization of
the Taipei Basin from 1960 - 2005, and found that in the past
45 years, the number of thunderstorms has increased by 70%
and the summer rainfall by 80%. The observed data show
that the heat island has affected the occurrence of afternoon
thunderstorms in the Taipei Basin. Lin et al. (2008) pointed
out that the convective system, which should have caused
precipitation in the mountainous area, is faster in the suburbs
than in the urban area, which enhances the convective system
so that the precipitation change occurs earlier in lower winds.
Huang et al. (2015) also found that atmospheric changes al-
tered in the Taiwan afternoons of 1961 - 2012. Other coun-
tries, show similar results in rainfall change. Bornstein and
Lin (2000) analyzed six precipitation events in the Atlanta
area and found that the heat-island effect caused strong ther-
mal convection. Shepherd et al. (2002) used TRMM satellite
data to find that the monthly precipitation in the suburban
area has increased by 28% and that there is a slight increase
in the urban area of the southern US city.

2.DATA AND METHODOLOGY

Three types of data were collected in this study from
2006 - 2014: GPS measurements, temperature, and rainfall
data. Thirty-second sample rate measurements from 15 GPS
stations and hourly recorded temperature and precipitation
data from 29 weather stations were provided by the Central
Weather Bureau in Taiwan. Figure 1 shows the station lo-
cations and a topographic map of Taipei City. The orange
and blue stars show the urban and suburb stations for the
GPS and rainfall, respectively. The orange and blue circles
present the urban and suburb stations for the temperature,
respectively. The methods we divide the urban and suburb
stations are based on the map of land use division. We ana-
lyzed the land use status around 1 km of the stations, when
the building area of the station is larger than 50%, the sta-
tion is divided into urban station.

Regarding data processing of GPS measurements, the
Bernese 5.0 software (Dach et al. 2007) was used to process
the GPS data. The Zenithal Wet Delay (ZWD) data were
determined based on the assumption that the ground point
coordinates were fixed using the 30-days average. During
the differential calculation process, the satellite orbit and
clock errors were corrected with the IGS precise ephemeris.
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Fig. 1. Station location and topographic map of Taipei City.
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In addition, the ionosphere delay error was eliminated with
the L3 linear combination. Moreover, to increase the accu-
racy of the ZWD calculation, an ocean tide loading correc-
tion was applied and the NAO.99b model was used to obtain
the optimal correction effect (Chung et al. 2016). To avoid
eliminating the desired ZWD when eliminating the common
error with a differential method, we used the long baseline
static relative positioning method to ensure that the obtained
ZWD was the absolute value (Yeh et al. 2014). In this study,
the TSKB of Japan was chosen as the main station because it
produced the best result. At distances of more than 2000 km,
the atmospheric status between the two locations is assumed
to be uncorrelated. By increasing the baseline distance be-
tween the main station and the calculation station, the atmo-
spheric information can be preserved during the differential
calculation. Furthermore, due to the accuracy of the data and
the comprehensive error correction, the output frequency of
the ZWD was once per hour and 24 times per day per station.
Thus, the temporal resolution of the GPS-deduced ZWD was
1 hr, which was easier to compare with the temperature and
rainfall data.

To convert the ZWD data to PWV data, the relation-
ship between the ZWD (Sy) and PWV (Py) based on the
definition of precipitable water vapor is as follows:

PW:HXSW (1)

where II is the scale factor. The scale factor can be calcu-
lated as follows (Bevis et al. 1994):

H-l = 10-6 [pr (kS/T:n + k/z)] (2)

where k, and k; are the experimental constants for atmo-
spheric refraction, and k, = 64.79 K hPa’!, k; = 3.766 x
10° K? hPa’, and k> =k, - kM, /M, = 16.52 K hPa’'. The
molar mass of the water vapor (M,,) is 18.015 g mol!, and
R, =R/M, =461.524 J kg-K'". The scale factor II is related
to the temperature and changes in latitude, station height,
season, and the weather. Therefore, the method used to de-
termine the temperature is very important. In 1994, Bevis
et al. (1994) revealed the following linear relationship be-
tween the weighted average temperature 7,, and the surface
temperature T: 7,,=70.2 + 0.727}. In this study, the Bevis’s
equation was adopted to convert the ZWD to PWV.

3.RESULTS

3.1 Variations of Temperature from 2006 - 2014 in
Taipei
The time series of the average temperature at Taipei’s
metropolitan area and suburbs from 2006 - 2014 are show in
Figs. 2 and 3. The average urban and suburban temperatures

in summer are 29.2 and 27.7°C, respectively. In winter, the
averages are 17.1°C in the urban area and 15.8°C in the
suburb. Therefore, the average temperature differences are
1.5°C in summer and 1.3°C in winter. The results reveal two
important points: (1) the urban area is hotter than the sub-
urban area, and (2) the heat effect is particularly significant
in the summer. Hence, it is clear that the urban heat-island
effect affects the temperature of Taipei. It is not a surprise
to find that temperatures are increasing in the urban area; in
fact, the temperature difference between the urban and sub-
urban areas will further increase with further urban develop-
ment (e.g., more buildings, population, and cars).

As background, we assume the temperature trends in
the suburbs represent local climate change. The temperature
trends in the urban area compound the heat-island effect and
further increase warming in summer and decrease cooling
in winter. Further, the influence of the urban heating on the
temperature is greater than the local climate change. In addi-
tion, the temperature trends in the urban and suburban areas
both indicate that the summer is hotter and the winter cooler
than they were previously. However, greenhouse gases have
been increasing steadily in the atmosphere since 1970. The
global average surface temperature is also higher than the
average for the past 100 years.

The distributions of average temperature in Taipei City
in summer and in winter are shown in Fig. 4. The tempera-
ture trends in the urban and suburban areas are derived via
linear analysis of the time series. The summer average tem-
perature has increased by 0.7°C at the urban area and by
0.6°C in the suburban area in the past nine years. The winter
average temperature has dropped by 0.9 and 1.2°C in the
urban and the suburban areas, respectively. In the face of
global warming, average summer and winter temperatures
are expected to increase gradually, but this tendency may
not be exhibited everywhere on local scales or on a short
time scale. Areas affected by multiple weather systems, such
as Taiwan, may exhibit different tendencies with respect to
temperature. Therefore, an aggregation of individual stud-
ies focusing on different weather features is necessary to
investigate long-term climate change in specific regions. In
this study, the short data record is not sufficient to establish
climate change’s impact on temperature. However, the av-
erage temperatures in the urban and suburban areas demon-
strate an obvious heat-island effect. The temperature trend
may also serve as a warning for urban residents and the city
government.

3.2 Variations of PWYV and Rainfall from 2006 - 2014 in
Taipei

The time resolution of the temperature, PWV and rain-
fall data are all in one hour in this study. Because more than

80% hourly rainfall is zero, if we used the average rainfall,
the value will be highly underestimated. It will be a problem
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Fig. 2. Average temperature of Taipei City in summer from 2006 - 2014.
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Fig. 3. Average temperature of Taipei City in winter from 2006 - 2014.
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if we compare the temperature, PWV and rainfall data per
hour directly. Therefore, the average temperature and PWV
data are employed but the cumulative rainfall per month is
used for the following analysis.

The time series of the average PWV and cumulative
rainfall in Taipei’s metropolitan area and suburbs from
2006 - 2014 are show in Figs. 5 and 6. Under the influence
of the heat-island effect, this study continues to study the
performance of its precipitation over the past nine years. In
the summer, the average PWV in the urban area is 52.8 and
52.0 mm in the suburban area; in winter, the average PWV
in the urban area is 31.0 and 31.2 mm in the suburban area.
The PWYV in summer is clearly higher than that in winter.
The PWV difference between the urban and suburban areas
in summer is 0.8 mm and is higher in the urban area than in
the suburban area in summer. On the other hand, the PWV
is almost the same between them in winter. Since winter is
cool, evaporation is less active; therefore, the effect on the
amount of PWV is not strong, resulting in the insignificant
difference between the urban and suburban areas. When the
temperature rises, evapotranspiration is substantial, and the
amount of PWV changes strongly. Therefore, the difference
in PWYV in the urban and suburban areas in summer is sig-
nificantly different from that in winter. The temperature of
the urban area due to the heat-island effect is relatively high,
and the total amount of PWYV in the urban area is higher than
that in suburban area.

We also studied the PWV and rainfall trends in sum-
mer and winter to discover their impacts on the inhabitants
of Taipei. After calculating the change of temperature in the
urban and suburban areas during the past nine years, the av-
erage temperature, PWV and cumulative rainfall data were
integrated into Table 1. The upper row is the average value
of nine years, and the lower row is the increasing or decreas-
ing value in summer and in winter. When we calculated the
increasing (or decreasing) value, the slope was obtained by
linear regression using nine-year data. This slope showed
the increasing value per year. Because we would like to
present the nine-year increasing value, the above slope is
multiplied by nine, to obtain the increasing temperature,
PWYV, and cumulative rainfall in the urban and suburban
areas of the Taipei region during the nine years.

According to Table 1, during the summer, the amount
of PWYV in the urban area increased by 7.8 mm in nine years
and by 8.4 mm in the suburbs. In winter, the amount of
PWYV in urban areas increased by 5.9 mm, and by 4.8 mm in
the suburbs. In the past nine years, the PWV in both urban
and suburban areas has increased. The increase of PWV in
the suburbs in summer is higher than in winter. Moreover,
the increase in PWYV in urban areas is generally higher than
in suburban areas. Under global warming, the rising trend
of temperature synchronously affects the overall increase in
PWV. Due to the heat-island effect, temperature and PWV
are higher in the urban area and lower in the suburban area.

The differences in average PWV and cumulative
rainfall between urban and suburban areas are shown in
Figs. 7 and 8. The cumulative rainfall is approximately
255.2 mm in the urban area and 217.3 mm in the suburban
area in summer. In winter, the cumulative rainfall is approx-
imately 202.5 mm in the urban area and 520.9 mm in the
suburban area. Summer rainfall is usually higher than that in
winter, except for the influence of the Northeast Monsoon
in winter. Because all the suburb rainfall stations are located
at the Northeast side of Taipei, the rainfall is very large at
the windward side in winter. The precipitation recordings
at the stations on the windward side show a relatively large
amount of rainfall. The difference in rainfall between the
urban and suburban areas is +37.9 mm (higher in urban
area) in summer and -318.4 mm (higher in suburban area)
in winter.

As global warming has increased PWV, the trend of
PWYV and rainfall is increasing both in urban and suburban
areas. Annual cumulative rainfall in summer increased by
29.5 mm in the urban area and 93.2 mm in the suburban
area. The annual cumulative rainfall in winter increased by
56.6 mm in the urban area and 39.5 mm in the suburban
area. Especially in the suburbs in the summer, when warm-
ing boosted the increase in PWV, rainfall increased signifi-
cantly, 42.8%. In the suburbs, the rainfall in the past three
years was double that of the previous three years in summer.
In Table 1, we can see that there is a slight increase in the
amount of PWV and rainfall; for example, in the suburbs in
summer, the PWV (+8.4 mm) and the rainfall (+93.2 mm)
increased the most in nine years.

4. CONCLUSIONS

This study analyzed the climatic behavior of the Taipei
area in urban and suburban areas in winter and summer from
2006 - 2014. It is concluded that the average annual tempera-
ture in the urban areas was higher than that in the suburbs in
summer or winter, that there were urban heat-island effects
in the Taipei area, and that these effects were more signifi-
cant in summer. Precipitation in the urban area is increasing
in summer, rising by approximately 11.6% (i.e., 29.5/255.5
x 100%) in nine years, which is calculated using nine-year
increasing rainfall divided by nine-year average rainfall.
Precipitation in the urban area also is increasing in winter,
rising approximately 27.9% (i.e., 56.6/202.5 x 100%) in nine
years. It can be speculated that global warming and the urban
heat-island effect cause the increased precipitation. Thus, it
is very likely that rainfall will continue to increase in the
future. In the summer, suburbs show the largest increase in
precipitation in nine years. While in winter, the cumulative
rainfall of suburbs is also the most in nine years.

The correlation coefficient between PWV and precipi-
tation is moderately related in summer, but a smaller cor-
relation coefficient was observed in winter, which can be
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Table 1. Trend of temperature, PWV and rainfall from 2006 - 2014. The upper row shows
average values, the bottom column the amount of increase.

z Temperature (°C) PWYV (mm) Rainfall (mm)
one
Summer Winter Summer Winter Summer Winter
Urban 202+04 17.1+08 | 528 +3.1 310+34 | 2552+822 2025+57.8
+0.7 -0.9 +7.8 +59 +29.5% +56.6
Suburb 27.7+03 158+08 | 520+30 312+30 | 2173+714 5209+1629
uou +0.6 12 +8.4 +4.8 +93.2 +39.5

Note: *: The rainfall of 2014 is not included.
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concluded to summer warming and strong evapotranspira-
tion. For the winter cooling, the convection activity is not
strong. So the changes of temperature and precipitation are
not significant. In addition, the relationship between PWV
and rainfall is higher than that between temperature and
PWYV, the correction of temperature, PWV and rainfall is
also determined.

The space distribution of the Taipei area shows that
the hot zone is concentrated in the developed area (zones
A, B, and D in Fig. 4, please also refer the topographic map
in Fig. 1), and in both summer and winter, the urban heat-
island phenomenon is obvious. PWV are concentrated in the
mountains (zone L), but rainfall caused by other weather
systems and geographical conditions, such as wind direc-
tion, falls in the windward side: summer concentration in
the southwest (zone L) and winter concentration in the
northeast (zone F).

The urban growth of Taipei is still in a relatively early
phase, the population density is limited, and the suburbs are
relatively large. As the population density grows, the sub-
urbs are bound to accelerate development and face the risks
associated with climate change, with increased attendant
risks. This study has examined the environmental effects of
the changes of temperature and PWV in the Greater Taipei
area. In the future, it will be necessary to take into account
these environmental factors in disaster prevention and plan-
ning, to avoid the excessive expansion of the city, and to
avoid exacerbating the urban heat-island effect, in order to
avoid irreparable damage. Future studies regarding how to
reduce the damage to the environment in the new metropoli-
tan area (e.g., increase green space) will be warranted.
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