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Research paper

Climatic and Hydrological Characteristics

of the Liukuei Experimental Forest
Shiang-Yue Lu,” Ming-Yuan Sun,””  Jia-Bin Tsai,” Hui-Hsueh Huang"

[ Summary ]

The Liukuei Experimental Forest (LEF) is the largest experimental forest in Taiwan in which
about 10,000 ha of natural and artificial forestlands are administered. To understand the climatic
and hydrological conditions of this vast area so as to provide necessary information for forestry
management, phenology, hydrology, afforestation, and ecological conservation, the Division of
Watershed Management has successively set up 3 second-grade agricultural weather stations in
the northern, central, and southern parts of the LEF since 1980 respectively named the Fonkang,
Shanping, and Donna stations, as well as 5 gauged watersheds in the Shanping area since 1964.
This report summarized the effective electronic records of these 3 stations from 1986 to 2017,
and presents LEF’s climatic conditions in monthly resolution. Average annual rainfall amounts in
the Fonkang, Shanping, and Donna areas were 3429.8, 3435.9, and 3536.1 mm, respectively. The
average annual rainfall for the entire area was close to 3500 mm (3467.3 mm), which was much
higher than that for Taiwan as a whole (about 2500 mm) and indicates that the LEF receives abun-
dant rainfall. However, rainfall in the LEF mostly occurs in April to October, and this period can
be defined as the wet season. Rainfall in the wet season accounted for 92.8, 94.5, and 94.7% of
the total annual rainfall for the Fonkang, Shanping, and Donna areas, respectively. This shows that
rainfall is extremely temporally unevenly distributed. There are a clear wet season and dry season
in the LEF. Numbers of rainfall-days (defined as a day with > 0.5 mm of rainfall) in a year for the
Fonkang, Shanping, and Donna areas were 142.5, 135.1 and 126.0 d, respectively. The number of
rainfall-days in the northern part of LEF was greater than that of the southern part, while the rain-
fall amount in the north was less than that in the southern part, indicating that rainfall was more
unevenly temporally distributed in the southern part of the LEF. Annual average temperatures in
the Fonkang, Shanping, and Donna areas were 16.7, 20.7, and 19.7°C, respectively. The entire LEF
area belongs to a cool climate zone, based on the annual average temperature. The difference in
annual average temperature is mainly determined by elevation. The average monthly temperature
differences for the Fonkang, Shanping, and Donna areas in a year cycle were 7.7 (12.3~20.0), 8.3
(15.8~24.1), and 8.6 (14.7~23.3)°C, respectively. Compared to the monthly average temperature
difference of the Fushan, Lienhuachih and Taimali experimental forest of ITRI, the average month-
ly temperature difference of the LEF was relatively low. The highest monthly average temperature
for the entire LEF area was in July, and the lowest average monthly temperature was in January.
Average daily temperature differences in January for the Fonkang, Shanping, and Donna areas
were 7.04, 6.87, and 6.42°C, respectively; and those of July were 5.73, 6.50, and 7.32°C, respec-
tively. Other meteorological parameters monitored in the LEF were humidity, solar radiation, wind
speed and direction, and evaporation. The physical quantities of these meteorological factors are
also presented in monthly statistics. In addition, the yearly average temperatures of the air, stream-
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flow, topsoil at 5, 30, and 50 cm in depth of the riparian zone of Chungliao Creek were 19.53,

19.04, 18.99, 19.39, and 19.38°C, respectively, for the monitoring period of 2005~2008. The yearly

average rainfall, streamflow discharge, and baseflow for the period 2000~2003 of the Shanping no.

2 experimental watershed were 3316.5, 2043.1, and 487.3 mm, respectively. It was also noted that

streamflow discharge in the period from November to April mainly originated from deep seepage

water and groundwater and was approximately equal to that of baseflow.

Key words: Liukuei Experimental Forest, rainfall amount, temperature difference, streamflow dis-
charge, riparian zone.

Lu SY, Sun MY, Tsai JB, Huang HH. 2019. Climatic and hydrological characteristics of the Liu-
kuei Experimental Forest. Taiwan J For Sci 34(2):71-87.

"Division of Watershed Management, Taiwan Forestry Research Institute. 53 Nanhai Rd., Taipei
10066, Taiwan. FR3EEREE TR/ EEH - 100665 LT FIFEE 5357 -

Y Liukuei Research Center, Taiwan Forestry Research Institute, 198 Chun-Shine Village, Liukuei,
Kaohsiung 84443, Taiwa. HMZEEEFT/SEFTEFL - 844435 i /NS lE P ELFf 1985% -

? Corresponding author, e-mail:smy@tfri.gov.tw SHEAIEH -
Received June 2018, Accepted May 2019. 201856 %% 201945 H @ -



Taiwan J For Sci 34(2): 71-87, 2019 73

S L UERSES TN EIIE
e AR R Ha%
I

NSRBI R o i R KRB - BEE ST L B AEARAMATH - RieEE L —FEAME
HYSRIBIRTL » DAARSEREE ~ i ~ /K3~ AR~ ERBIRE F TR FE TR - MR T A /K
BHFAE 1980 EHIEAE S B ML g — W3 E VIR ~ B3P & 2 S = SR GBI AL Y 196445
AR B Vit P R B 1 T BB SRk e » AN e B 1 986 F7 i 520 1 747 3% — UL AT A A0 1T 8%
DU By 847 2 BN St B AR L P — WIS IR YL « AN SERBEAR IR ~ B3P« S = BB AE 8
FERy &4 Ay 3429.8 ~ 3435.95,3536.1 mm » FASERERN EHET3500 (3467.3) mm » SR EETE Y
#2500 mmiE % - BURZGABMNELREE - A EZWENZBREEIEIONGRS) > B - &V
e 2 40 I ST P A 8 R 2 A 2 A AR A 92.8 ~ 94.5 50947 % » BE/RIERTMGR B AP - IR
WE 2o R ~ BV R 2 st AP R R R B H R E> 0.5 mm) 73l R 142.5 ~ 135.152126.0
R 5 T G R ] A 9 2 S A o S ek » R A A o 1S St e 9 P B e S AR PR ) A Ly
S o SERRER ~ BV RS AR E AR B R 16.7 ~ 20.7 [ 19.7°C - HAFIREIZ - EEIR
PRI SRR - TSI A 22 S BRI R R - B ~ 37 R S i 1 PR 200
Fy7.7 (12.3~20.0) ~ 8.3 (15.8~24.1) Ed8.6 (14.7~23.3)°C » FHEFOMGARTRRLL ~ 3 5 it S AR H 57 FL Atk
BarRey e 72 - NEREABR MR H SR AN st R - =R e H BRI AT H R ey - Al $938 A
PR LAY © R ~ i kel L S H 2 R+ 7.04 ~ 6.87526.42°C 5 7TH S HIRAENI 2B -
5.73~ 6.50¢7.32°C - HA B SR I AHRR HETBIMIR R R IA 7 < R ~ HIREES ~ EGRE R ) ~ 2K
HEFEE - L ARGH IR B SRS TRYELE - [R5 - BREEMh SRR R 20054
200847 EFTIRVAKI ~ RSB T EFRE IR LRI ERIASR, ~ BRF7Kk RS ~ 308150 omPEps A4
FUR S Fs ¢ 19.53 ~ 19.04 ~ 18.99 ~ 19.39 5 19.38°C » IV Bt il B /K i (EAR AT IR SR I RN ~ S0 e
PR IHIRy ¢ 3316.5 ~ 2043.15487.3 mm » AIERNFE+— HEZFEY AR - BRHT/KEZHEE BT -
BAEREA - ANIRHERAN  BERTEL R BRIRIE K
BEGT ~ FRERIR ~ BEW - BETE - 2019 « REHABMR R KK 5L - B8k ER 2

34(2):71-87 »

INTRODUCTION

The Liukuei Experimental Forest (LEF)
under the jurisdiction of the Liukuei Re-
search Center (LRC) of the Taiwan Forestry
Research Institute (TFRI) encompasses
about 9882 ha of forestlands that range
250~2600 m in elevation and is one of the
most important experimental forest sites
in Taiwan. To understand climatic condi-

tions of such a vast and complex forest ter-
rain ecosystem so as to provide for forestry
management and research needs, the Liu-
kuei Branch (the former name of the LRC)
conducted rainfall observations as early as
1955 at the Shanping Work Station and also
has subsequently monitored other meteoro-
logical factors such as temperature, relative
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humidity (RH), evaporation (using a Type
A evaporation pan), and cloud cover at the
Shanping and Donna Work Stations since
1980. As electronic monitoring devices of
various parameters came out one after an-
other in the late 1980s, the Division of Wa-
tershed Management of TFRI successively
set up 5 second-grade agricultural weather
stations at the Liukuei, Fonkang, Shanping,
Donna, and Senshin Work Stations (Table
1) after 1986. The monitored items include
wind speed and direction, solar radiation,
temperature (including the maximum and
minimum of daily records), RH, rainfall,
etc., and initiated an era of automatic de-
tection and storage of digital records. At
present, all weather stations in the LRC are
monitored by Campbell’s CR1000 system.
Each monitored parameter is detected every
10 min, and then the average (or total), and
the highest and lowest recorded values of the
period are stored in a data logger.

The Joint Commission on Rural Recon-
struction (a former institute of the Council
of Agriculture) invited Prof. Rebert Dils of
Colorado State University (USA), a water-
shed research expert, to visit Taiwan in 1963.
He pointed out in his inspection report that
Taiwan has steep terrain and frequent slope
disasters. Therefore, he strongly suggested
that the government should carry out catch-
ment studies as early as possible. In 1964,
the TFRI received financial support from
the Joint Commission on Rural Reconstruc-

tion and Forest Bureau and successively
constructed 5 experimental watersheds in the
Shanping area. Those gauged watersheds ini-
tiated experimental watershed studies in Tai-
wan. Although they were installed very early,
due to the poor geological conditions (mostly
interbedded shale and gneiss) and frequent
heavy rainfall, weirs of these watersheds were
often fully filled with silt, and observations
were often interrupted.

Stream systems occupy a large portion of
the LEF. The interface between uplands and
streams is the riparian zone, which is impor-
tant in ecology, environmental management,
and civil engineering because of its role in
soil conservation, its habitat biodiversity, and
its influence on fauna and aquatic ecosystems
including grasslands, woodlands, wetlands,
and even non-vegetated areas. The Division
of Watershed Management also monitored
temperatures of the air, streamflow, and top-
soil layers at 5, 30, and 50 cm in depth, and
RH in the riparian area of Chungliao Creek, a
tributary of Shanping Creek, in 2005~2008.

In this report, physical quantities of me-
teorological factors in the northern, central,
and southern parts of the LEF, streamflow
and rainfall records of the Shanping no. 2
experimental watershed, and temperatures of
streamflow and topsoils in riparian zones of
Chungliao Creek are presented as monthly
statistics. Hopefully such information will
be useful to better understand environmental
conditions of the LEF.

Table 1. Information of weather stations in the Liukuei Experimental Forest

Name Location Elevation (m) When established
Liukuei 120°38'46”E 22°59°30”"N 251 Aug. 1980 (Oct. 1995 AM "
Shanping 120°41°08”E 22°58°04”N 692 Aug. 1980 (Jan. 1991 AM)
Fonkang 120°42°36”E 23°00°00”"N 1637 Jan. 1986 (Jan. 1986 AM)
Donna 120°44°16”E 22°53’17"N 1050 May 1986 (May 1986 AM)
Senshin 120°41°43”E 22°57°32°N 1202 Oct. 1991 (AM)

" Automatic monitoring.
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MATERIALS AND METHODS

Study area

The LEF is located in southwestern Tai-
wan in the upstream portion of the Laonong
River watershed (Fig. 1). Besides the stream
and road systems, buildings of 3 work sta-
tions, and bare landslide areas, all of the other
land is covered by forests. The arca of arti-
ficial forestland is about 1560 ha, and other
forestlands are natural hardwood forests. The
geology of the entire area has an interbed-
ded structure of shale and gneiss. Due to the
latitude of LEF ranging from 23°00°31”N
in the north to 22°50°06”N in the south, and
the large elevation difference, it is difficult to
express climatic conditions with only average
values of records of those meteorological sta-
tions. However, it is reasonable to divide the
LEF into three major forest areas, namely the
Fonkang, Shanping, and Donna areas from
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north to south, respectively. The Senshan and
Shanping weather stations are located close
together. Due to the shorter period of record
of the Senshan station, we used records of the
Shanping station to express climatic condi-
tions of the central area of the LEF. Because
of the inconvenient traffic conditions on the
east coast of Hot-Spring Creek (9 to 25 forest
compartments), no weather station has been
set up in this large region. Weather conditions
in that area are poorly understood.

In order to understand the relationship
between rainfall and streamflow amount of
watersheds in the LEF, the Shanping no. 2
experimental watershed was selected as the
study area. The area, main stream length,
average slope, minimum and maximum el-
evations, and aspect of this gauged watershed
are 49.95 ha, 3980 m, 74%, 693 m, 1362 m,
and SW, respectively (Lu et al. 2009). The
geological formation is mainly mudstone and

Fig. 1. Location of meteorological stations, the weir of the Shanping no. 2 watershed, and
monitoring site of temperatures in the riparian zone of the Liukuei Experimental Forest.
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slate which is characterized as easy to friable
and hard to weather. The topsoil is an acidic
reddish-yellow Podzolic soil with a shallow
organic layer, and the deeper soil is a clayey
loam mixed with plenty of Podzolic frag-
ments. The vegetative cover is almost com-
pletely closed by plants of the Lauraceae and
Fagaceae families, and groundcover plants
are mainly ferns, large lineolate Elatostema
and dwarf Lilyturf (Koh et al. 1978).

Materials

Valid self-recorded meteorological re-
cords of these 3 stations were the basic ma-
terial for explaining the climatic conditions
of the LEF. Data periods of these stations
are: 1986~2017 for the Fonkang Station,
1991~2017 for the Shanping Station, and
1987~2017 for the Donna Station. Daily
streamflow and its corresponding rainfall re-
cords of the Shanping no. 2 gauged watershed
were used to explain the hydrological condi-
tions of Shanping Creek. Reliable records
were collected from 2001 to 2003. Tempera-
ture records of air, streamflow, and top soils
from 2005 to 2008 of the riparian zone of
Chungliao Creek were used to describe the
heat budget and temperature relationships
among air, streamflow, and topsoils of the ri-
parian zone.

Data collection and analysis

Data collection followed the sequence
of hydrologic measurement that is sensing,
recording, transmission, translation, editing,
storage, and retrieval, and then the data could
be used. All records before editing had to be
treated by an outlier test to delete or modify
unreasonable records (Chow et al. 1988).
Data were stored by establishing a database
which contained files of a year’s record in
Microsoft Excel and ASCII formats. Data
were retrieved using a self-created program in

ASCII formatted data or with Microsoft Excel
for Excel formatted data. Selected data were
statistically analyzed for totals, means, etc., to
present monthly and annual records of each
desired factor.

Baseflow separation

Many techniques of baseflow separation
were generally developed by rules of thumb
and involve subjective judgment. The com-
monly used baseflow separation methods are:
the straight-line method, fixed-base-length
method, and variable-slope method. The vari-
able-slope method was adopted in this report
because it considers that the value of baseflow
is related to that of discharge and can give
more-accurate estimates. The baseflow curve
before the surface runoff begins is extrapo-
lated forward to the time of peak discharge,
and the baseflow curve after surface runoff
ceases is extrapolated backward to the time of
the point of inflection on the recession line. A
straight line is used to connect the endpoints
of the extrapolated curves (Bethalhmy 1972,
Chow et al. 1988). Detailed techniques were
also referenced from Lu et al. (1995).

RESULTS

Climatic conditions of the LEF

Climatic conditions of a region are
mainly determined by rainfall and tempera-
ture. Average annual rainfall amounts of the
Fonkang, Shanping, and Donna areas of the
LEF were 3429.8, 3435.9, and 3536.1 mm,
respectively, with the average approaching
3500 mm (3467.3 mm), which is much higher
than the annual average of 2500 mm for Tai-
wan in general, indicating that rainfall in this
experimental site is very abundant. The aver-
age numbers of rainfall-days (defined as daily
rainfall of > 0.5 mm) in Fonkang, Shanping,
and Donna were 142.5, 135.1, and 126.0 d,
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respectively. The number of rainfall-days
in the northern part of the LEF was slightly
higher than that in the southern region, indi-
cating that rainfall in the southern part of the
experimental forest was more concentrated
than that in the northern region.

Average annual temperatures of the
Fonkang, Shanping, and Donna areas of
the LEF were 16.7, 20.7, and 19.7°C, re-
spectively. According to the average annual
temperature, the entire area belongs to a
colder climatic zone. Monthly average tem-
perature differences in an annual cycle for
the Fonkang, Shanping, and Donna areas
were 7.7 (12.3~20.0), 8.3 (15.8~24.1), and
8.6 (14.7~23.3)°C, respectively. The average
temperature difference of the LEF is rela-
tively low compared to those of the Fushan,
Lienhuachih and Taimali experimental forests
of the TFRI (Lu et al. 2000). Monthly aver-
age temperatures including maximum and
minimum temperatures and rainfall amounts
of the Fonkang, Shanping, and Donna areas
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are shown in Figs. 2~4. The lowest average
monthly temperatures of these stations all
occurred in January with a few years having
lowest monthly average temperature in Feb-
ruary due to the late arrival of a cold air mass.
The highest average monthly temperatures
of these stations all occurred in July without
exception.

Other meteorological factors in addition
to rainfall and temperature that are closely re-
lated to climate include humidity, solar radia-
tion, wind speed and direction, evaporation,
etc. The monthly statistical results of those
factors are tabulated in Table 2.

Temperatures of the air, streamflow, and
top soil layers of the riparian zone under
study

Monthly average temperatures for air,
streamflow, and soils at different depths from
2005 to 2008 of the riparian zone of Chun-
gliao Creek are tabulated in Table 3. Soil
types of the monitored spots were classified

Table 2. Monthly average statistics of relative humidity (RH), solar radiation, wind speed,
and evaporation amounts of the Liukuei Experimental Forest

Month RH (%) Solar radiation (MJ m™) Wind speed (ms™) Evaporation (mm)
FK SP DN FK SP DN FK SP DN SP DN

Jan. 86.6 858 843 355.0 288.1 3296 0.67 070 0.57 79.5 71.0
Feb. 88.1 86.0 834 3260 2923 3142 0.67 072 0.62 71.5 94.5
Mar. 88.7 847 85.1 373.6 3541 3754 0.65 071  0.63 99.3 95.5
Apr. 91.0 869 86.2 3544 4014 3842 0.61 0.76 0.67 100.5 102.6
May 926 89.8 892 336.1  420.0 409.2 0.58 0.76  0.64 115.4 114.9
June 933 89.6 R89.8 340.0 4323 4183 0.67 0.74 0.70 92.9 93.6
July 93.5 89.6 89.0 3457 4792 4529 0.67 0.77 0.80 104.1 114.7
Aug. 933 902 912 313.1 4115 3734 070 071 0.78 89.1 101.1
Sept. 942 903 90.8 297.4 3948 3720 056 066 0.70 82.2 77.8
Oct. 92.8 89.5 90.0 316.5 3543 342.6 052 064 0.60 82.0 74.9
Nov. 89.0 83.1 88.1 330.2 2834 3034 057 063 059 77.2 71.5
Dec. 87.1 87.0 86.1 319.6 2545 2956 0.61 065 055 72.0 69.5
Avg. 909 83.1 8738 062 070 0.65

Sum 4007.5 4366.0 4370.7 1065.7 1081.6

FK, Fonkang; SP, Shanping; DN, Donna.
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Table 3. Average monthly temperatures of the air, streamflow, and top soil layers at 5, 30,
and 50 cm deep, and relative humidity (RH) in the riparian zone of Chungliao Creek

Temperature (C) RH (%)
Air Streamflow Scm 30 cm 50 cm
Jan. 15.44 16.46 17.31 15.86 16.33 89.42
Feb. 15.84 16.79 17.56 16.02 16.87 88.28
Mar. 17.38 17.32 17.89 17.30 17.39 86.18
Apr. 20.02 19.29 18.80 19.91 19.66 88.72
May 21.51 20.52 19.56 21.23 21.02 89.59
June 22.05 20.48 19.90 21.39 21.08 93.10
July 23.02 20.99 20.32 22.17 21.73 94.02
Aug. 21.98 20.34 20.16 21.77 21.40 94.31
Sept. 21.86 20.62 20.03 21.64 21.35 92.93
Oct. 20.76 20.02 19.92 20.71 20.35 92.19
Now. 18.68 18.88 19.37 18.93 18.96 91.24
Dec. 15.89 16.72 17.08 15.69 16.36 90.58
Avg. 19.53 19.04 18.99 19.39 19.38 91.08

as sandy to sandy loam with a characteristic
of the percentage of sand decreasing with
increasing depth. There was no vegetation at
the monitoring spots or it had been removed;
therefore, no solar energy was consumed by
photosynthesis. All maximum monthly av-
erage temperatures for air, streamflow, and
soil layers at all monitored depths occurred
in July. The minimum monthly average tem-
peratures of the monitored items all occurred
in January. The occurrence of maximum and
minimum monthly average temperatures was
consistent with that of air temperature. Hourly
temperature fluctuations in January and July
for the studied riparian zone are shown in
Figs. 7 and 8, respectively.

Rainfall and corresponding discharge
for the Shanping no. 2 experimental wa-
tershed

Daily records of streamflow discharge
and rainfall for the Shanping no. 2 experi-
mental watershed from November 2000 to
December 2003 were used to analyze and ex-
press hydrological characteristics of the LEF.

Monthly statistics are tabulated in Table 4.
The annual rainfall and discharge for the peri-
od were 3316.5 and 2043.1 mm, respectively.
The ratio of the annual discharge to rainfall
was 61.62%, and that for periods from May
to October and from November to April were
60.46% and 91.86%, respectively. The aver-
age yearly baseflow of the target watershed
was 487.28 mm, which accounted for about
23.9% of the annual discharge and 14.7% of
annual rainfall. It was noted that discharge
in the dry period (November to April) was
nearly all attributed to baseflow, and the ratio
of baseflow to discharge in the period from
May to October was about 19.1%.

DISCUSSION

Rainfall characteristics and extreme
events

Rainfall in the LEF mostly occurs in
May to September, and rainfall amounts in
this period accounted for 85.0, 86.8, and
87.5% of the total annual rainfall in the Fonk-
ang, Shanping, and Donna areas, respectively.
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Fig. 2. Monthly average temperatures and rainfall amounts for the Fonkang area.

Table 4. Monthly average discharge and rainfall of the Shanping no. 2 watershed

Month Rainfall (R; mm) Discharge (D; mm) D/R (%) Baseflow (mm)
Jan. 36.2 24.75 68.37 24.75
Feb. 6.8 13.23 194.56 13.23
Mar. 315 10.45 33.17 10.45
Apr. 325 16.40 50.46 16.40
May 854.9 378.75 44.30 61.49
June 431.0 274.37 63.66 65.34
July 663.8 396.27 59.70 65.19
Aug. 428.3 284.51 66.43 55.89
Sept. 675.0 43431 64.34 62.35
Oct. 110.5 147.77 133.73 56.23
Nov. 19.5 49.56 254.15 43.26
Dec. 26.5 12.70 47.92 12.70
Sum 3316.5 2043.07 487.28

If we expanded the calculation period from
April to October, percentages of rainfall in
those 7 mon compared to annual rainfall
amounts would account for 92.8, 94.5, and
94.7% for the Fonkang, Shanping, and Donna
areas, respectively. This fact indicates that the
temporal distribution of rainfall in the LEF is
very uneven, and the period from November
to March is extremely dry.

During the period from February to
April of each year, cold air masses from the
northern mainland encounter unstable warm

air masses from the southern sea, and an un-
stable interface is formed (called the southern
Yunnan cloudiness area) which is conducive
to the development of clouds and rain in
Taiwan (Chen and Chen 2003). The rainfall
in this period is called the spring rains. The
spring rain is the first rainfall mechanism
after the dry season, and its amount accounts
for about 7.8% of the total annual rainfall in
the LEF.

Another rainfall mechanism is the plums
rains (mei-yu), which mainly occur in the
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Fig. 4. Monthly average temperatures and rainfall amounts for the Shanping area.

period between spring and summer generally
from 15 May to 15 June. Since the north-
easterly monsoon gradually weakens and the
southwesterly monsoon from the southern
tropical oceans gradually increases (south-
westerly airflow) at this time, cold and warm
air masses with equivalent force are encoun-
tered in the area of southern China to Taiwan,
and fronts are created in this area. These fron-
tal systems bring intensive rainfall to south-
ern China and Taiwan. About 30~37% of the
annual rainfall in the LEF is concentrated
in the plum-rain period, which is the second

largest rainfall type after typhoon rainfall in
the experimental forest. Although typhoons
may also affect the LEF during this period,
the number of typhoons that hit Taiwan in
May and June only account for about 15% of
the total number of typhoons. Therefore, the
main rainfall mechanism in May and June is
the plum rains.

The peak high-intensity rainfall of the
LEF is concentrated in July to September and
is mainly due to typhoons. According to sta-
tistics of the Central Weather Bureau (CWB),
an average of about 3.4 typhoons has hit Tai-
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wan each year over the past 100 yr, and about
80% are concentrated in July to September.
The LEF is a hot area where strong rainfall
occurs when typhoons invade Taiwan. The
long duration of heavy rainfall brought by
typhoons is the main factor causing landslides
and road collapse in the experimental forest.
The amount of rainfall brought by typhoons is
often the deciding factor in the amount of an-
nual rainfall. Another rainfall mechanism in
summer is orographic (or relief) precipitation.
Moisture-rich air currents from the sea off
southwestern part of Taiwan are forced to as-
cend due to blockage by mountains, and dur-

ing their ascent, the moisture cools and con-
denses creating rainfall. This kind of rainfall
mostly occurs on summer afternoons and is
the main rainfall mechanism in the LEF dur-
ing summertime. Summer rainfall is also an
important water resource of the experimental
forest, and it accounts for about 55% of an-
nual rainfall. Rainfall in October is partly
brought by thunderstorm which is mostly oc-
curred early of this month and the other part
is caused by autumn typhoons. However, that
generally accounts for only a small amount.
The largest 24-h rainfall record in the
LEF was 1290.0 mm which occurred from
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02:00 on 8 August to 01:00 on 9 August
2009 in the Fonkang area (due to typhoon
Morakot), and the second largest was 1065.5
mm which occurred from 12:00 on 18 July
to 11:00 on 19 July 2005 in the Donna areca
(due to typhoon Haitang), both of which were
memorable events of heavy rain.

According to the definition of extreme
torrential rain events by the CWB (i.e., 24 h
cumulative rainfall exceeding 350 mm), there
were over 12 extreme torrential rain events
in the LEF during the recording period. They
occurred almost every 2 yr, and all were
brought by typhoons. Huge torrential rains
brought by typhoons in the experimental for-
est frequently occur and are the main reason
for slope failure and road damage in the LEF.

Average periods of the most consecutive
days without rain in a year in the Fonkang,
Shanping, and Donna areas were 32, 31, and
38 d, respectively. The most consecutive
days without rainfall occurred in the Donna
region from 10 October 1995 to 18 January
1996 with 70 consecutive days in total with
no rainfall recorded. The most consecutive
no-rainfall days in the Fonkang and Shan-
ping regions were 65 and 62 d, respectively.
Continued time with an absence of rainfall is

one of the indicators of drought. The results
indicated that the southern parts of the LEF
are more vulnerable to drought than are other
parts of the LEF.

Extreme temperatures and daily tem-
perature variations

Factors that affect temperatures of the
LEF are mainly elevation and the presence
of air masses. Low temperatures in winter in
the LEF are mainly affected by continental
cold air masses from China mainland. When
a center of high atmospheric pressure reaches
the Yangtze River or even further south,
central and southern Taiwan will be affected
by it, and low temperatures will occur. The
lowest recorded instantaneous temperatures
for the Fonkang, Shanping, and Donna ar-
eas were -1.2, 3.0, and -0.1°C, respectively.
These historical lowest temperatures all oc-
curred in the early morning after a cold air
mass had reached Taiwan. High temperatures
in summer in the LEF are associated with
the amount of solar radiation and also with
high sea temperatures in the western Pacific
Ocean, which is the result of the El Nifio phe-
nomenon. The highest recorded instantaneous
temperatures in Fonkang, Shanping, and
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Donna regions were 36.6, 37.8 and 37.9°C,
respectively. All of those highest temperatures
occurred at noon in July. These highest and
lowest temperatures are all thought to have
reached thresholds of extreme temperature
values. The highest temperatures of these
three regions occurred in July, and their low-
est temperatures all occurred in January.
Daily temperature changes in January
and July are respectively shown in Figs. 5 and
6. Occurrences of the highest daily tempera-
tures of the Fonkang, Shanping, and Donna
regions in January occurred at 12:00, 14:00,
and 12:00, respectively, and those of the low-
est temperatures occurred at 06:00, 07:00, and
07:00, respectively. Occurrence of the highest
daily temperatures of the Fonkang, Shanping,
and Donna regions in July were 11:00, 13:00,
and 11:00, respectively, and those of the low-
est temperatures all occurred at 06:00. The
time of the occurrence of highest daily peak
temperature has a significant relationship with
the slope direction. The Shanping Station is
located on a southwestern slope, and it is still
exposed to direct sunlight in mid-afternoon.
Therefore, the occurrence of the maximum
daily temperature was delayed by about 2 h

83

compared to the other 2 stations. However,
the lowest temperature generally occurred be-
fore the sun rose and was mostly at 06:00 in
the dawn.

Characteristics of RH, solar radiation,
and evaporation

Humidity is the amount of moisture in
the atmosphere, and although its content will
not exceed 5% at the most, it will have signifi-
cant impacts on the climate in a region. There
are various definitions of humidity, including
the mixture ratio of water vapor (the ratio of
water vapor to dry air mass in a unit weight
of air), specific humidity (the ratio of water
vapor in the air to air mass containing water
vapor in a unit weight of air), vapor pressure
(the pressure of water vapor in the air), abso-
lute humidity (the weight of moisture in a unit
volume, generally expressed as g/m’), RH (the
percent of actual vapor density to the saturated
vapor density or the ratio of partial pressure of
water vapor to the equilibrium vapor pressure
of water at a given temperature), and so on.
TFRI weather stations all use RH to represent
humidity. The average monthly RH of LEF
ranges 83.4~93.5% which is relatively dry
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compared to other TFRI experimental forests
(Lu et al. 2000). The Donna area has the low-
est average monthly RH for almost all months
of the year, while the Fonkang area has the
highest, generally indicating that the more
southward the more drought of the LEF.

Solar radiation is the radiation energy of
the near-ultraviolet (at wavelengths of about
0.3~0.4 pum) to the near-red (at wavelengths
of about 3~4 um) of sunshine. The amount of
solar radiation is usually represented as the
cumulative amount of radiation per unit of
time (hour or day), and is usually expressed
as MJ m” (million joules per square meter) or
cal cm™, where 1 MJ m™” = 23.9 cal cm™. So-
lar radiation in the Fonkang area is significant
lower than levels in the Shanping and Donna
areas, which is mostly is affected by the
amount of cloudiness. The Fonkang area has
an average elevation of >1500 m, and forests
there can be classified as fog forests.

Evaporation is a phenomenon of liquid
or solid water becoming gaseous water, and
the amount of water lost due to evaporation
from the surface of the soil or from free water
is called evaporation. Observations of evapo-
ration were made at Shanping and Donna
using a 120-cm evapotranspiration pan from
1980 to 1990 and were measured in mm d.
The average daily evaporation was 2.9 mm
for the LEF, which is lower than the average
daily evaporation amount in southern Taiwan
as measured by Yeh et al. (2008) due to the
cooler climate. The amounts of evapora-
tion in dry months (October to April) for the
Shanping and Donna areas were 582.0 and
579.5 mm, respectively, while respective total
rainfall amounts in those months were 452.9
and 441.8 mm. It is clear that the amount of
evaporation in the dry season is greater than
the amount of rainfall of the same period for
the LEF. The fact indicates that the LEF in
the dry months is vulnerable to drought.

Temperatures of the riparian zone

The riparian zone is the interface be-
tween land and a river or stream. Due to
the steep topography, the cross-sections of
streams are mostly V-shaped, and the dis-
tance from the stream bank to upland areas
is very small. There is no distinct floodplain
on most sections of streams, and riparian
zones are generally narrow and not obvious
in the LEF. Despite this, riparian zones still
play important roles in hydrology and ecol-
ogy in the LEF because of their roles in soil
conservation due to buffering effects, habitat
biodiversity, and the influence they have
on fauna and aquatic ecosystems, including
grasslands, woodlands, wetlands, and even
non-vegetated areas.

Among all environmental factors, tem-
perature is an extremely important factor in
the ecosystem, because it plays an important
role in soil chemical reactions, development
of physical characteristics, and biological
interactions. Therefore, temperature exerts a
major influence on biological activities and
growth, water chemistry, soil structure and
aeration capacity, decomposition of organic
matter, and phenological phenomena. The
primary important temperatures in forestry
ecosystems and riparian zones are air temper-
ature, topsoil temperatures, and stream tem-
peratures. These temperatures in ecosystems
affect each other and temporally and spatially
vary in response to exchanges in radiant,
thermal, and latent energies which take place
primarily in the top layers of the soil surface
(Abdul et al. 1986).

It was noted that the lowest annual av-
erage temperature of the monitored items
occurred in the top soil layer of 5 cm deep in-
stead of in streamflow as those in central and
northern regions of Taiwan (Lu et al. 2010,
2014). Higher air temperatures, low soil wa-
ter contents, and strong radiation in southern
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Taiwan are possible reasons for streamflows
having higher temperatures. However, af-
ter further examination of monthly average
temperatures for riparian zones of the LEF, it
was found that the temperature at 5 cm deep
in topsoil was the lowest among all soil lay-
ers in months with plenty of rainfall (April
to October). In addition, the texture of top
shallow soils in the study area is coarse sandy
with large soil pores and low porosity, and
therefore little water can be stored in the top
soil layer. The low specific heat of sandy soil
holds less heat, and the temperature of the
sandy soil layer will be significantly affected
by thermal energy in the surrounding environ-
ment. It can be inferred that cooler rain water
will reduce the temperature of the soil sur-
face. However, in deeper layers, less heat can
be exchanged between the infiltrating water
and soil. Therefore the temperature of deeper
soil layers will be less affected by the cooling
effects of rainfall.

Streamflow temperature is mainly as-
sociated with air temperature, ground and soil
water temperatures, and solar radiation. Heat
contained in streamflow generally comes
from 2 sources, i.e., from the sun by means
of solar radiation and from inside the earth by
means of conductivity. However, heat from
the latter is far less than that from the first for
topsoils and streamflow during the daytime
under most conditions and can be considered
insignificant for streamflow and topsoils
(Greening 1995). The basin of Chungliao
Creek receives the strongest solar radiation
from May to August (Table 2), and the occur-
rence of higher monthly average temperatures
for all monitored items paralleled that of the
maximum solar radiation. In addition, when
air temperature is less than about 16°C, the
temperature of streamflow is higher than that
of air; otherwise air temperature is higher
than that of streamflow. The inconsistency of
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regional temperature occurrences is associ-
ated with the heat capacity and transmission
and should be further investigated.

Stream discharge in the LEF

Although experimental studies were
initiated early in the LEF and 5 gauged wa-
tersheds were set up as early as 1964, the
poor geological conditions and frequently
heavy rainfall resulted in weirs often being
filled with silt, and moreover, severe leakage
also forced some experimental watersheds
to abandon observations. Reliable and com-
plete observation records would be valuable
for understanding the relationship between
rainfall and streamflow in the LEF, but they
are rare. Discharges of creeks in the Shanping
no. 2 watershed rapidly respond to rainfall,
and most of them contain direct runoff in
wet seasons and baseflow in dry periods. Al-
though the studied watershed is fully covered
by vegetation and has a high potential for
infiltration, the amount of water detained and
retention storage are insignificant compared
the amount of concentrated rainfall in the
rainy season, and most rainfall quickly flows
into the aboveground stream network in the
form of direct runoff. The interbedded shale
and gneiss geological formation of the LEF
means that more water can be stored in deep
soil layers and the aquifer, and most of that
water will eventually drain into streams in the
form of baseflow during dry periods. Charac-
teristics of discharge of creeks in the LEF can
be inferred from those of the Shanping no. 2
gauged watershed due to similar topographic,
geological, and vegetative cover conditions.
Discharges of other watersheds in the LEF
can be estimated by comparing areas with the
area of the Shanping no. 2 watershed because
discharges of different watersheds in the same
region have a linear relationship with the wa-
tershed area.
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CONCLUSIONS

Climatic conditions of the LEF can be
classified as a cool climate with plenty of
rainfall and sunshine. However, the temporal
distribution of rainfall is extremely uneven
with more than 90% of annual rainfall con-
centrated in the period from April to October.
The cool climate is attributed to the high el-
evation and abundant rainfall which is mostly
brought by typhoons and the plum rains. The
concentrated rainfall also affects the distri-
bution of stream discharge. Characteristics
of discharge of creeks in the LEF can be
inferred from those of the Shanping no. 2
gauged watershed. Discharges of creeks in
the LEF quickly respond to rainfall, and most
of the creeks contain direct runoff in wet sea-
sons and baseflow in dry periods. Tempera-
tures of air, streamflow, and topsoil layers in
riparian zones of the LEF exhibited a special
circumstance of the lowest annual average
temperatures of the monitored items occur-
ring in the top soil layer 5 cm deep instead of
in streamflow as occurs in central and north-
ern regions of Taiwan. This phenomenon is
related to the soil type and thermal exchange
between the soil and raindrops and needs fur-
ther investigation.

ACKNOWLEDGEMENTS

Complete and reliable records are crucial
for describing the hydrological and climatic
conditions and are also the foundation of any
research. The personnel in the LRC who are
responsible for meteorological observations
and recording since the establishment of
weather stations include Shin-fa Lin, Chin-fa
Peng, Chi-ching Huang, Chia-yuan Lin, Chin-
rong Lin, Yung-cheng Wu, Kuo-chi Chao,
Wen-show Lin, Rong-chun Huang, Cheng-
chi Chou, and many other gentlemen, while

Ms. Yu-fen Tseng is responsible for data stor-
age and initial checking. In addition, Mr. Ho-
chiao Fu and Fu-ming Lee of the Division of
Watershed Management are responsible for
data transmission and maintenance of weather
stations. Ms. Hui-hsueh Huang is responsible
for database management and maintenance.
These staff members, who often have to en-
dure road collapses, bad weather, and hard
work with all-out effort, are the greatest con-
tributors behind the scenes. We would like
to express our sincere appreciations and pay
them the highest respect. We would also like
to express our appreciation for the financial
support from grant 107 PW-11.1-F-01 (11)
from the TFRI.

LITERATURE CITED

Abdul RN, Baharuddin K, Azman H. 1986.
Soil temperature regimes under mixed diptero-
carp forests of peninsular Malaysia. Pertanika
9(3):277-84.

Bethalhmy N. 1972. Hydrograph analysis: a
computerized separation technique. city?, ST?:
USDA Forest Service Research Paper INT-
122.

Chen CS, Chen YL. 2003. The rainfall
characteristics of Taiwan. Am Meteor Soc
131:1323-41.

Chow VT, Maidment DR, Mays LR. 1988.
Applied hydrology. New York: McGraw-Hill.
572 p.

Greening HR. 1995. Field measurement of
soil physical properties. Aust Soc Soil Sci
[55]:187-215.

Koh CC, Yang BY, Lin YL, Yang CC, Chi
SC. 1978. A preliminary report of the forest
watershed management research in Taiwan.
Taiwan For Res Inst Bull 304:50. [in Chinese
with English summary].

Lu SY, Hsieh HC, Chen CH, Heang LS.
2009. Physiological factors measured using



Taiwan J For Sci 34(2): 71-87, 2019

digital elevation model data for experimental
watersheds of the Taiwan Forestry [Research
Institute??]. Taiwan J For Sci 24(3):191-7.

Lu SY, Hwang LS, Fu HC. 2010. Investiga-
tion of temperature regimes for air, streamflow
and topsoil layers in a riparian area of Harpen
Creek. Taiwan J For Sci 25(4):303-13.

Lu SY, Hwang LS, Fu HC. 2014. Investiga-
tion on temperature regimes of the air, stream-
flow and top soil layers in the riparian area of
the Lienhuachih No. 3 experimental watershed.
J Chin Soil Water Conserv 45(4):266-72. [in
Chinese with English summary].

87

Lu SY, Hwang LS, Wey SS. 1995. A com-
puter program for hydrograph, hyetograph and
rainfall-runoff analysis. Bull Taiwan For Res
Inst New Series 10(1):51-8. [in Chinese with
English summary].

Lu SY, Tang KJ, Ku HY, Huang HH. 2000.
Climatic conditions of forested lands of Tai-
wan Forestry Research Institute. Taiwan J For
Sci 15(3):429-40.

Yeh HF, Lee CH, Chen JW, Chang KL.
2008. Evaluation of pan coefficients for esti-
mating reference evapotranspiration in south-
ern Taiwan. J Taiwan Agric Eng 54(3):27-35.



88



