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Study of Long-Term Trends of Changes in Rainfall

and Temperature at the Fushan Experimental Forest

Shiang-Yue Lu”  Ming-Yuan Sun®” Ho-Chiao Fu"  Hui-Hsueh Huang"

[ Summary ]

The Fushan Experimental Forest [FEF] is the primary site for studying environmental ecology
in Taiwan. Whether the forest is affected by global warming and is undergoing changes in rainfall
and temperature are concerns of many scholars and researchers. This report focused on this topic
and used the Mann-Kendall trend and anomaly test methods to analyze rainfall and temperature
records of the Fushan nursery weather station from January 1989 to December 2020 to explore
whether there have been statistical changes in rainfall and temperature in the study area. Results
indicated that the annual rainfall amount, number of rainfall-days, and number of heavy rainfall-
days have increased in the FEF over the past 32 years. The increasing rates for the yearly rainfall
amount, rainfall-days, and heavy rainfall-days were approximately 47.71 mm decade, 9.60 d
decade™, and 1.37 d decade™, respectively, with corresponding values of the Mann-Kendall test
statistic (Z,,) of 0.088, 2.644, and 0.840. Values of Z,, indicated that the change in the number
of rainfall-days was statistically significant. Temperatures of the FEF were possibly affected by
factors such as increases in the rainfall amount and the number of rainfall-days and presented a de-
creasing tendency. The situation was opposite to that of Taiwan’s other low-elevation areas which
are showing an increasing trend in temperature. Decreasing rates of the annual average tempera-
ture, and January and July average temperatures were 0.40, 0.36, and 0.58°C decade™, respectively,
with corresponding Z,, values of 2.9.3, -1.314, and -2.822. These results also indicated that de-
clines in the annual average temperature and July average temperature reached statistical signifi-
cance. Whether changes in rainfall and temperature have affected the operation of the ecosystem in
the FEF is an issue that must be faced.
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INTRODUCTION

Temperature and rainfall are the main
factors that dominate the climate of a region
and are also the primary environmental fac-
tors that determine the type of ecosystems.
They play decisive roles in biological ac-
tivities and growth, water chemistry charac-
teristics, development of the soil structure,
decomposition rates of organic matter, and
biological phenology. Therefore, changes
in temperature and rainfall have significant,
long-term impacts on the ecosystems of a
region. Affected by global warming, climates
in many regions of the world have under-
gone changes, and the frequency of abnormal
climatic events has significantly increased.
Issues concerning climate change, regard-
less of whether they are global or regional,
have recently garnered increasing attention.

Many studies have indicated that the regional
heterogeneity in the amounts of rainfall and
temperature magnitudes have significantly
changed, and extreme events of both tempera-
ture and rainfall are occurring more frequently
in recent years in low-elevation areas of Tai-
wan (Wang 2004, Chen 2008, Wu et al. 2010,
Lu 2016). These phenomena are most likely
influenced by global warming. In addition,
consecutive days of no rainfall have also in-
creased throughout the entire island, and this
phenomenon combined with the frequent oc-
currence of extreme weather events has made
water supply and watershed management
more severe in Taiwan (Hsu and Chen 2002,
Wang 2004, Wang et al. 2008, Lu 2016). The
FEF located in northeastern Taiwan is the
main site for long-term ecosystem research
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in Taiwan and an important site for global
ecological researches. Whether the FEF has
experienced climate changes like other parts
of Taiwan is a topic which many research-
ers are concerned about. Long-term weather
monitoring has been carried out at the FEF by
the Taiwan Forestry Research Institute (TFRI)
which has accumulative records of more than
30 yr. These records can be examined to de-
termine whether and how the FEF has been
affected by global warming and experienced
climate change. Therefore, historical rainfall
and temperature records of a weather station
in the FEF, a typical weather station of hilly
land in northeastern Taiwan, were examined
to analyze the tendency of rainfall and tem-
perature changes. Hopefully, the results will
be useful for the effective management of wa-
ter resources and ecosystems in the future.

MATERIALS AND METHODS

Site description

The FEF has an area of about 1097.9 ha
with elevations ranging 400~1400 m. Vegeta-
tion in the FEF is a typical moist, subtropical,
mixed evergreen forest of northeastern Tai-
wan and is mainly composed by plants of the
Lauraceae and Fagaceae families. The domi-
nant species are Phoebe formosana, Litsea
acuminata, Machilus thunbergii, Castanopsis
cuspidata var. carlesii f. sessilis, red nanmu,
nanban Tanoak, Neolitsea konishii, and Koni-
shi’s newlitse (Lu et al. 2007). Soils of the
forest are classified as silty loam, and in most
areas, their depths do not exceed 100 cm. The
Harpen creek runs through the experimental
forest and empties to the southwest of the
FEF. The creek has a gentle slope and an al-
luvial stratum in the upstream area which has
significant influence on the ecosystem of the
entire forest. There are 2 gauged watersheds
and 3 weather stations in the FEF (Fig. 1).
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Weather conditions of the FEF are classified
as a cool, humid subtropical climate with hot
summers, cold and rainy winters, high humid-
ity, high cloud cover, low sunshine, and weak
evaporation. The distinction between the
dry and wet seasons is not obvious. Detailed
weather conditions are given in Table 1.

Materials

Historical rainfall and temperature re-
cords from the Fushan nursery weather sta-
tion from January 1989 to December 2020
were used as the basic materials of this study.
All meteorological factors are measured every
10 min, and values of the average, maximum,
minimum, and sum of the measurements of
each hour are stored in a Campbell CR10
data logger Campbell Scientific Inc. and
therefore all records have hourly resolution.
If the rainfall amount is > 0.5 mm d”', then
that day is considered a rainfall-day, and if
the rainfall amount is > 30 mm d', then that
day is considered a heavy rainfall-day. There
were about 40 days of missing data for the
entire historical record of the studied weather
station, and the missing data were imputed by
substituting records from nearby weather sta-
tions or gauged in experimental watersheds
(rainfall records). The priority of the replace-
ment order of missing data was records of the
aquatic plant pond weather station, Fushan
no. 1 experimental watershed, and Harpen
weather station. The annual average tempera-
ture, rainfall amount, rainfall-days, and heavy
rainfall-days were used to examine changes
in trends in this report.

Mann-Kendall (M-K) trend test

The M-K trend test (also called the M-K
test) is used to statistically assess if there is a
consistently monotonic upward or downward
trend in a variable of interest over time. For a
time series t, t,, ..... t, and its corresponding
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Fig. 1. Location of the FEF (A1 Nursery weather station, A2 Aquatic pond weather station,
A3 Harpen weather station, 01 weir of no. 1 experimental watershed, 02 weir of no. 2

experimental watershed).
records of X, X, ....... X,, then the M-K statis-
tic, S, is (Hamed and Rao 1998):

S=Y 3"

j=it+1
sgn (x,.—xj), sgn (xi_x_/)

+1 x—x,>0
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where n is the sample size. When 7 is

> 10, the S statistic approximately follows a
normal distribution with the mean equal to 0
and the variance as:

ar (5) n(n-1) (zn+5);zl,’-;:1 t (t~1) 21+5) ;

where m is the number of the group of tied
data, and t; is the number of tied data of each
group. However, there are nearly no tied data
for meteorological and hydrological records,

and the above equation can be simplified to:

-1 .
Var (S) = '1('1378(2“5) S eerreneeemesereenasenscesanas 3)
The M-K statistic, Z,, is defined as:
ST oy
\’ Var (S)
Zo= 0 Rl S @)
S+1

'Var S) §<0

The value of Z,, is used to determine
whether series data have a significant trend of
change or not. When | Z, x| > Z,,, then the time
series has a significant change trend, and a posi-
tive S value indicates an upward trend, and a
negative value, a downward trend. a is the sig-
nificance level. A 5% significance level was se-
lected in this report, and Z,, = 1.96. Therefore,
Z,x > 1.96 indicates that there was a significant
upward trend and Z,, < -1.96 indicates that
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Table 1. Climatic conditions of the FEForest (January 1989~December 2020)
Average  Average Average Average Average Average
Total . ) ) i . . Average . -
cainfall rainfall daily daily max.  daily min. rela?lee radiation daily lend
days temp. temp temp humidity 5 velocity
(mm) o o o (MJ'm™) J
(d) (©) () (©) (%) (ms”)

Jan. 208.7 20.0 11.8 15.2 9.2 94.0 177.94 1.32
Feb. 202.5 18.8 12.6 16.5 9.7 94.6 192.61 1.29
Mar. 170.7 19.3 14.5 18.7 11.3 93.4 277.56 1.29
Apr. 194.8 18.1 17.6 21.6 14.1 93.8 313.12 1.22
May 329.9 20.5 20.4 24.7 17.2 94.3 359.82 1.16
June 316.2 18.3 23.0 27.7 19.7 93.8 405.01 1.26
July 3383 12.9 242 29.2 20.5 91.1 520.35 1.65
Aug. 484.0 15.5 239 28.6 20.5 91.8 474.15 1.68
Sept. 642.5 17.8 22.0 26.1 19.2 92.8 340.87 1.72
Oct. 515.2 19.3 18.8 22.1 16.4 94.7 229.58 1.37
Now. 383.6 21.0 16.5 19.4 13.9 95.6 175.32 1.21
Dec. 291.3 20.8 13.1 16.2 10.6 94.4 155.00 1.22
Avg. 18.2 222 15.2 93.7 1.37
Total ~ 4077.5 222.4 3621.33
temp., temperature; max., maximum; min., minimum, Avg., average.
there was a significant downward trend. RESULTS

Anomaly analysis

The difference between the value of a
particular variable and its average value is
called an anomaly. Rainfall and temperature
records of the FEF were first tested for outli-
ers to eliminate any unreasonable records
from the dataset. Any record greater than the
high outlier or less than the low outlier was
considered to be an unreasonable record,
and the procedures for calculating the higher
and lower outliners are described by the US
Water Resources Council (1981). The annual
rainfall total and average temperatures were
calculated, and the anomaly was obtained by
the difference in the annual average amount
and the average of the entire dataset. Then
departure diagrams were drawn to compare
patterns of shifts and differences to illustrate
the trends of change through time.

Long-term changes in rainfall

Long-term changes in annual rainfall,
rainfall-days, and heavy rainfall-days during
the period from 1989 to 2020 in the FEF are
shown in Fig. 2. Values of the M-K trend test
(Z,x) for the series records of the annual rain-
fall amount, rainfall-days, and heavy rainfall-
days were 0.088 (S = 64, VAR(S) = 68448.00),
2.644 (S = 164, Var(S) = 3800.67), and 0.840
(S =55, Var(S) = 4128.67), respectively. The
M-K statistics indicated that the annual rainfall
amount, rainfall-days, and heavy rainfall-days
all had upward trends. Among them, only an-
nual rainfall-days reached a significant level
during the past 32 yr.

Departure diagrams of the rainfall amount
indicate that the annual rainfall slightly in-
creased during the test period in the FEF.
Rainfall amounts showed great fluctuations
from year to year (annual rainfall ranging
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Fig. 2. Long-term trends of annual rainfall
amount, rainfall-days, and heavy rainfall-
days in the FEF.

2840.5~7436.5 mm) with an increasing
rate of about 47.7 mm decade™. Long-term
changes in rainfall-days showed a steady and
significant increasing tendency from 1989 to
2020 in the study area with a rate of about
9.6 d decade™. It was noted that rainfall-days
obviously increased after 2006. The change
point detected using the Mann-Whitney-
Pettit test also revealed that the possibility of
change in that year was as high as 0.96 (Pettit
1979) which confirmed the conversion. The
number of heavy rainfall-days also showed
an increasing tendency. This phenomenon
indicated that large storms occurred more
frequently, and rainfall was more concen-
trated in recent years. Due to the frequencies
of both rainfall-days and heavy rainfall-days

having increased in the last 3 decades, rainfall
amounts also increased.

Long-term changes in temperature

The annual average temperature and aver-
age temperatures of the coldest (January) and
hottest (July) months were selected to examine
trends of change in temperature in the FEF.
The anomaly diagrams are shown in Fig. 3.
Values of Z,, for the series of annual average
temperature, and averages of January and July
temperatures were -2.903 (S = -180, VAR(S) =
3802.67), -1.314 (S = -82, Var(S) = 3081.67),
and -2.822 (S = -175, Var(S) = 3081.67), re-
spectively. Results indicated that temperature
in the FEF showed a downward changing trend
for all tested time series records, and among
them, the change trends of the annual aver-
age temperature and July average temperature
reached the 95% significance level. The an-
nual average temperature in the FEF ranges
17.24~20.47°C, with an average of 18.23°C.
It showed a significant decreasing trend due to
a large temperature decrease in summer. The
decreasing rate for the annual average tem-
perature was about 0.4°C decade”, and those
for the average temperatures in January and
July were about 0.4 and 0.6°C decade’, respec-
tively. Whether decreasing temperatures will
influence the ecosystem of the FEF is another
topic that needs to be studied.

DISCUSSION

Rainfall characteristics in the FEF
Characteristics of rainfall in the FEF can
be appropriately described as plentiful and
evenly distributed throughout the year. There
are a lot of both the rainfall amount and rain-
fall-days. The average annual rainfall exceeds
4000 mm which is about 1500 mm more than
the average annual rainfall of Taiwan as a
whole. The number of rainfall-days in a year




Taiwan J For Sci 36(3): 235-44, 2021

Annnal
slope=-0.040
2.5
4
5 Jamuary slope=-0.036
2
)
A
2]
=
l,
&)
-3
-4
5
July
3 slope=-0.058
1
L
g
g
=
-5

Fig. 3. Long-term trends of the annual
average, and average temperatures in January
and July for the FEF.

is as high as 220 d, which is certainly within
the highest top 10 records among all rainfall
stations in Taiwan. The abundant and evenly
timed distribution of rainfall is attributed to
the location and topographic conditions. The
FEF is located on the western edge of the
Lanyang Plain which is surrounded by moun-
tains on 3 sides, and the other side faces the
Pacific Ocean. The entire Lanyang Plain is lo-
cated on the main path of the northeast mon-
soon, and the FEF is on the windward side
of the northeast monsoon. In addition to the
abundant rainfall brought by the northeasterly
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monsoon, rainfall from other mechanisms
also occurs here, so rainfall in the FEF is par-
ticularly abundant.

Rainfall mechanisms in the FEF can be
classified as frontal rain, thunderstorms, and
typhoon rain. During the cold season (gener-
ally October to April), when the northeasterly
monsoon brings enough moisture, then there
will generally be small to moderate continu-
ous rainfall in the area. During the mei-yu
(plum rain) season (generally from 15 May
to 15 June), frontal systems from southern
China and convective systems embedded in
the southwesterly monsoon flow frequently
bring heavy precipitation to the entire island
including the FEF (Yeh and Chen 1998, Chen
and Chen 2003). Frontal systems commonly
bring heavy rainfall to this area during the
mei-yu season. There is hot weather over all
of Taiwan after the mei-yu season, and thun-
derstorms are prone to occur due to strong
convection in the afternoons. The beginning
of thunderstorm activities in the FEF area
generally occurs in May, and the abundant
rainfall amounts brought by thunderstorms
are responsible for the second largest annual
rainfall peak during the period from June
to August. About 3.6 typhoons per year hit
Taiwan on average, and cause heavy rainfall
over the area as they move across (Shieh et al.
1998). The top 2 highest daily rainfall records
(680.5 and 580.0 mm d™) in historical records
of the FEF occurred on September 18, 2001
and August 26, 2004 which were respectively
associated with Typhoons Nari and Aere.
Typhoon rainfall is a disaster-causing rainfall
pattern in this area.

On average, there are a total of 222.4
d which have at least 0.5 mm d"' of rainfall
in the yearly cycle of the FEF. Rainfall-days
are more evenly distributed throughout the
year. Rainfall in the FEF in July and August
mostly comes from thunderstorms if there is
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no typhoon, so there are fewer rainfall-days
in those 2 mon. The higher number of heavy
rainfall-days in the historical database almost
all occurred in May, June, September, and
October (their averages exceed 4.5 d). Heavy
rainfall in May and June is brought by mei-yu,
and that in September and October is brought
by typhoons and the northeasterly monsoon.
Rainfall in other periods is mostly associated
with the monsoon which is generally of a
moderate intensity but lasts a long time.

The rainfall amount, the number of rain-
fall-days, and the number of heavy rainfall-
days in the FEF showed an increasing trend
over time. The increasing rainfall trend is
consistent with the increasing rainfall trend
in northern Taiwan. The global warming phe-
nomenon has caused Taiwan’s rainfall belt
to continually move northward, and rainfall
and rainfall-days in the northern region have
continued to increase in recent years (Lu et al.
2012). Results of this report further confirmed
this phenomenon. The increasingly uneven
distribution of rainfall in space and time in
Taiwan is unfavorable for water resources
management.

Reasons for the temperature decline in
the FEF

Affected by global warming, average
temperatures in many places around the
world have been rising year by year (Ram-
anathan and Carmichael 2008, IPCC 2013).
Lu et al. (2012) indicated that the average
temperature in low-elevation areas of Taiwan
increased by about 1.4°C in the period of
1911 to 2009. However, temperature records
of the FEF showed that the temperature did
not rise but had a decreasing change ten-
dency. The decreasing tendency was reflected
in temperatures in both summer and winter.
Possible reasons for the declining changes are
due to effects of extreme temperatures and

the increasing numbers of rainfall-days. The
greenhouse effect causes more energy to be
stored in the atmosphere, and the forces that
drive the movement of moisture and air have
greatly increased. Therefore many places are
experiencing more occurrences of extreme
temperatures, and the FEF is no exception.
If we consider the distribution of daily air
temperature to be normal and the quantities
of corresponding accumulative probability of
<2.5% or > 97.5% to be treated as extreme
events, then the threshold for an extremely
low temperature in the FEF is about 5.34°C.
The numbers of occurrences of extremely low
temperatures in 5-yr intervals from 1990 to
2020 were 3, 2, 3, 9, 11, and 13, respectively.
This phenomenon indicates that the occur-
rence of unusually low temperature in winter
occurred more frequently recently than be-
fore, and caused the average temperature in
winter to decrease.

Another reason for the temperature de-
cline is the increasing number of rainfall-
days. Rainy days generally have high humid-
ity and low solar radiation, so the temperature
is lower than on non-rainy days. Statistical
analysis of all historical records of the Fushan
nursery station indicated that the range of
average monthly difference in daily air tem-
peratures between sunny and rainy days is
-0.396~2.143°C with an average of about
1.060°C. The lower average daily tempera-
ture for sunny days occurred in January when
the radiant cooling effect is strong. However,
these situations were not universal, and its
influence on the annual average temperature
was minor. It can be confirmed that the in-
creasing number of rainy days is the reason
for the decrease in temperature in the FEF.
Attributable to increased cloud cover, day-
time temperatures were relatively lower in
summer in the last 2 decades in the FEF. The
lower daytime temperatures also caused the
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difference in temperature between day and
night to decrease (Lu and Hwang 2013). This
phenomenon caused the average monthly
temperature to decrease in summertime. The
average July temperate in the FEF is 24.20°C
with a range of 23.01~28.39°C. However, the
average temperature in July never exceeded
25.0°C since 2003. The same situation also
occurred in August. The decreasing tempera-
ture in summer also caused a reduction in the
annual average temperature. Although there
was no significant increase in rainfall-days in
summertime, the significant increase in the
number of rainfall-days throughout the year
indirectly caused the temperature to decrease.

It is an indisputable fact that global warm-
ing has increased temperatures around the
world. The climate change phenomenon in
Taiwan is part of a large-scale warming system
in East Asia, rather than a local phenomenon.
However, due to differences in geographical
conditions, different degrees of warming are
certain to appear, and the opposite situation
may still occur in some small local areas.
Meteorological factors change more drasti-
cally in small areas because of the terrain and
geographic location. The situation of the tem-
perature not increasing but decreasing in the
FEF is related to its geographical conditions
and changes in meteorological factors. The in-
crease in rainfall and the greater frequency of
extreme temperatures are the primary reasons
for the decrease in temperature in the FEF.
Whether this phenomenon is occurring in other
parts of the northeastern corner of Taiwan is a
topic worthy of investigation.

CONCLUSIONS

The rainfall amount, the number of rain-
fall-days, and the number of heavy rainfall-
days in the FEF all showed increasing trends
during the past 32 years. The increases in the
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rainfall amounts, rainfall-days, and heavy
rainfall-days were about 47.71 mm decade’,
9.60 d decade™, and 1.37 d decade™, respec-
tively. Among them the changing trend of
rainfall-days reached the 95% confidence
level, which indicated the changing trend
was significant. Due to the upward trends of
rainfall amounts and rainfall-days and more
frequently occurring unusual lower tempera-
tures, temperatures in the FEF show decreas-
ing tendencies for both summer and winter
temperatures. The decreasing rates were
about 0.40, 0.36, and 0.58°C decade™ for the
annual average, average January temperature,
and average July temperature, respectively.
The phenomenon that temperature in the FEF
did not increase but decrease is related to its
terrain and geographic location. Those 2 fac-
tors create favorable rainfall conditions, and
the increasing rainfall indirectly caused the
temperature to decrease in the last 3 decades.
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