9. Impacts on Stream Temperature

Chapter 9
Modeling Climate Change Impacts on Stream Temperature of Formosan
Landlocked Salmon Habitat

Ching-Pin Tung?, Tsung-Yu Lee?, and Yi-Chen Yang®

Abstract

This research provides a physics-based model for predicting the impact of climate
change on stream temperature and in turn on Formosan Landlocked Salmon (Oncorhynchus
masou formosanus) habitat. Because upstream watersheds in Taiwan Island are surrounded
with high and steep mountains, the influence of mountain shading on solar radiation and
longwave radiation is taken into account by using a Digital Elevation Model (DEM).
Projections using CGCM2 and HADCM3 models and CCCM and GISS models provided
information on future climatic conditions. The results indicate that annual average stream
temperatures may rise by 0.5°C (HADCM3 Short-term) to 2.9°C (CGCM2 Long-term) due
to climate change. The simulation results also indicate an average suitable habitat for
Formosan Landlocked Salmon may decline by 333m (HADCMS3 Short-term) to 1633m
(CGCM2 Long-term) and 166m (HADCM3 Short-term) to 1833m (CGCM2 Long-term)
depending on which thermal criterion of 17 °C or 18 °C, respectively, is applied. The results
of this study draw attention to the tasks of Formosan Landlocked Salmon conservation
agencies, which not only restoration plans of local environment but also mitigation strategies
to global climate change are necessary and desire further research.
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9.1 INTRODUCTION

Formosan Landlocked Salmon (Oncorhynchus masou formosanus) is a land-locked
species and currently only exists in upstream tributaries of the TaChia creek (Figure 9.1). It
is the salmon that can be found in the lowest latitude in the world, but it is becoming
endangered due to development of hydraulic structures and land conversion from forest to
agriculture. Many efforts have been undertaken to restore the habitat of Formosan
Landlocked Salmon. Formosan Landlocked Salmon is very sensitive to stream temperature.
The suitable stream temperature is between 9~17 °C (Tseng, 1999), and 12 °C is the threshold
during the spawning period. According to recent surveys (during 1985~1997), the isotherm
of 12 °C has moved upstream by 1.56 km (Tseng, 1997). On the other hand, stream
temperature higher than 17 °C has been observed in some locations during the summer.
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9. Impacts on Stream Temperature

Global warming due to increases in greenhouse gas concentrations has attracted much
attention. IPCC (2001) suggested that air temperature could increase by 1.4~5.8 °C. Stream
temperature is strongly related to air temperature, and thus global warming may also threaten
the habitat of Formosan Landlocked Salmon.
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Figure 9.1 Taiwan Salmon’s Habitat — upstream of the TaChia creek.

Many studies of stream temperature have been undertaken. Brown (1969, 1970a, b)
estimated hourly stream temperature based on energy balance, and concluded that solar
radiation is a major component and tree cover along riversides may significantly influence
the amount of incident radiation. Leblanc et al. (1997) proposed a physics-based model to
evaluate the effects of land use on stream temperature. Their study identified three key
factors, including transmissivity and shadow area of tree cover along riversides, groundwater,
and width of the river surface. Stefan and Preud’homme (1993) developed a relationship
between air temperature and stream temperature, which concluded that hourly or daily water
temperatures will respond to the change of air temperature. Mohseni et al. (1999) also
developed a model to describe the relationships between air and stream temperatures. Stefan
and Sinokrot (1993) projected stream temperature increases, given a doubling of CO,
concentration. The results showed how stream temperature would rise under four future
climate scenarios. Sinokrot and Stefan (1995) applied the stream temperature model to
assess the impacts of climate change on suitable stream habitats. According to the critical
stream temperature for different fish species, changes of stream length with suitable fish
habitat were estimated. The study concluded that suitable habitat would be lost and the
impact would be more serious for cool-water species.

The purpose of this study is to develop a physics-based model to evaluate the impacts
of climate change on stream temperature in Formosan Landlocked Salmon habitat. Steep
mountains are found in the upstream portion of most drainage basins in Taiwan. The shading
by mountains may also play an important role. Besides, the local study by Yang (1997)
indicates that Formosan Landlocked Salmon is very sensitive to diurnal maximum stream
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9. Impacts on Stream Temperature

temperature. Thus, the model is designed to consider the effects of mountain shading and to
simulate diurnal stream temperature in this study, and then is applied to the ChiChiaWan
creek, an important habitat of Formosan Landlocked Salmon.

9.2 MODEL DEVELOPMENT

The proposed stream temperature simulation model takes into account not only solar
radiation, longwave radiation, latent heat, sensible heat, but also the effect of shading by
surrounding mountains. Thus, a stream network is derived from a DEM first, and then
applied to a stream temperature model to evaluate the effect of mountain shading.

Determination of Stream Network

A Digital Elevation Model (DEM) can be applied to determine the stream network. The
DEM for Taiwan can be obtained from the Council of Agriculture in Taiwan. There are three
major steps to determine the stream network: (1) Adjusting DEM data; (2) Determining flow
direction for each grid; (3) Identifying stream network (Pan, 2001).

Adjusting DEM Data

The DEM data may have unreasonable sinks, and often cause problems in determining
the stream network. Thus, the first step is to adjust the data. If the height of a grid is lower
than the heights of all grids surrounding it, the height of the grid is reassigned as the same as
the closest height.

Determining Flow Direction

According to the heights of grids, flow directions for all grids can be determined. By
comparing heights of the central grid and surrounding grids, flow direction can be
determined and a number is assigned to represent flow directions in computer program. The
numbers for eight directions are given as Figure 9.2. Flowing to more than two directions is
allowed in this study.

32 | 64 |128
16 1
8|14 2

Figure 9.2 Numbering of flow direction.
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9. Impacts on Stream Temperature

Establishment of Stream Network

A unit of uniform overland flow is applied, and then accumulated flow of each grid is
estimated to determine the stream network. The flow of a grid runs to the surrounding grid
with the lowest height. If there are n grids having the same lowest height, the n grids equally
receive 1/n flow. A grid is marked as a stream channel, if its accumulated flow is more than a
given threshold.

Stream Temperature Model

Applying the principle of conservation of thermal energy to a one-dimensional
vertically well-mixed open channel or stream, the conservative form of the transport
equation is shown as equation (1) (Kim and Chapra, 1997).

or  oT _ 0
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where T = cross-sectional average stream temperature (°C); u = mean velocity of stream flow;
D = longitudinal dispersion coefficient (m%s); T. = groundwater temperature (°C); q =
groundwater discharge (m?/s); Hr = surface flux of thermal energy (J/m?s); w = top width of
the channel (m); p = wetted perimeter (m); A = cross sectional area (m?); Hg = stream bed
flux of thermal energy or bed conduction; c,, = specific heat of water (J/kg°C); pw = density
of water (kg/m®).

Several studies of the dispersion coefficient have been undertaken. A variety of
theoretical and empirical relationships have been proposed. In this paper, the dispersion
coefficient is computed from equation (2) (Bowie et al., 1985; Brown and Barnwell, 1987;
Jobson and Keefer, 1979; Fischer et al., 1979; Kim and Chapra, 1997).

D=C,Ru* 2
where Cq = dispersion constant, u” = shear velocity (m/s), and R = hydraulic radius (m).

The dispersion constant generally ranges from about 6 for straight smooth channels to
about 500 for some natural channels (Kim and Chapra, 1997). The appropriate value of the
dispersion constant can be calibrated by trial and error. The shear velocity is expressed

gRS, (3)

where g = gravity acceleration (m/s?) and S, = slope of river bed. Since the depth of a stream
(h) is less than the channel width (w), R can be approximated by h at large width to depth
ratios. Substituting (3) into (2) and assuming R = h one obtains:

D =C,(gS,)"*h** (4)
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9. Impacts on Stream Temperature

The wetted perimeter (p) can also be approximated using channel width (w) at large
width to depth ratios. Equation (1) can now be expressed as

q H, +Hg
< T e S WILLL )] 5
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The components of thermal affecting the stream include shortwave radiation (Rs),
longwave radiation from atmosphere (La), stream (Ly), and surroundings (Ly), and latent
heat (Hg), sensible heat (Hy), friction heat (H¢), and streambed conduction (Hg). The energy
that causes changes of stream temperature is the sum of the thermal fluxes entering stream,
and may be expressed as (6).

H,+H;,=(R,+L,-L,+L —H.-H,+H,)+H; (6)

The second term of right hand side of equation (5) is to consider the thermal brought in
by groundwater. In this study, the area-ratio method is used to decide the quantity of
groundwater along the simulation reach, which groundwater discharge reaching one point at
reach is proportion to its upstream basin area. Then, the mixture of groundwater and the
streamflow is considered as in equation (24).

Shortwave Radiation (Rs)

Solar radiation is a major energy source for the ecological systems. The received
shortwave radiation was described as

Ry =(1—-ap)1-ay)-1,-sin 5-(1- M) ()

where op is planet albedo, asy is water albedo, lyis a solar constant (1362 W/m?), Ms is an
index for mountain shading, and £ is the elevation of sun in degrees. The value of g is equal
to 90° - &, where & is the zenith angle. The value of oy depends on 3, and can be estimated
as in Anderson (1954). The position of the sun, described by the zenith (&) and azimuth ()
angles, depends on time in a day, date in a year, and latitude. The values of & and &, were
determined using the method described by Jansen (1985).

Mountain shading, as shown in Figure 9.3, is considered as a dichotomous variable.
Direct shortwave radiation is assumed to be zero when incoming solar radiation is blocked
by mountain. In this case, the value of Ms in equation (7) is assigned to be 1. Otherwise Ms=0.
The value of M depends on the elevation of sun (/) and the maximum angle (&) determined
by stream channel and mountain in the direction to sun.

Msz{l if 0, >p ®)

0 otherwise
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9. Impacts on Stream Temperature

Line to have the largest angle.

N
A
o ey R \
| \
L~ \ \
|
= \ \

I \ ﬁ \ 95
] \
| \

Stream channel

Figure 9.3 Determination of mountain shading.

Longwave Radiation

Longwave radiation includes downward (Lp) and upward radiation (Ly). The upward
longwave radiation is emitted by the water body, while downward longwave radiation is
emitted by the atmosphere (La) and surrounding trees and mountains (Lt).

Radiation emission can be described by Stefan’s Law. Water is a gray radiation body
and its emitting radiation is given as:

L, =—¢-0oT," 9)

where the negative sign on the right hand side of the equation is to represent outgoing energy;,
¢ is effective emissivity and a value of 0.98 (Leblanc et al., 1997) was used in this study,
Twis water temperature (K), and o is the Stefan-Botzman Constant (5.67x10°W/m? K*).

The received atmospheric longwave radiation is modified by the sky visible fraction
(SVF). By considering SVF, La can be determined as equation (10):

L, =SVF -oT/ (10)
A A

The value of SVF can be estimated based on the DEM as SVF :Lzﬂjo¢sin¢d¢d9(Hesieh,
1997; Pan, 2001). Figure 9.4 shows a conceptual diagram to estimate SVF for a grid point.

surrounding

A} mountain

Figure 9.4 A conceptual diagram to estimate SVF.
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9. Impacts on Stream Temperature

Surrounding mountains are considered as a grey body; which emit radiation (Ly)
calculated as:

L, =SF-¢&oT,* (11)

where SF is a shape factor and can be determined as equation (12). (Lin and Lee, 1989)

SF = J'coseW -C0S &, LdAT (12)
zor?

where dAr is the surrounding area, and &y, &r, and r are shown in Figure 9.5.

r
O /
Figure 9.5 The relationships between &y, 6 and r.

Latent Heat (Hg)

Latent heat is used to vaporize water from the liquid phase to the gas phase, and can be
estimated from the equation of evaporation (Edinger et al., 1974).

H, =(25.3+1.27.U,°) (e, —¢,) (13)

where e; is saturated vapor pressure, e, is air vapor pressure, Uy is wind speed.

Sensible Heat (Hy)

Sensible heat can be determined from the latent heat and the Bowen Ratio (B), i.e. Hy =
BxHe. The value of B can be estimated as (Bowen, 1926; Webb and Zhang, 1999)

.
B =061 ( W

1000 ) (14)

where P is air pressure (mb), Ty is water temperature (°C) and Ta is air temperature (°C).

Friction Heat (Hs)

Heat caused by friction between flowing water and streambed can be expressed as
(Webb and Zhang, 1999):
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9. Impacts on Stream Temperature

H, =9805-(F/W)-S, (15)

where Hy is the friction heat (W/m?), F is the discharge entering the stream reach (m%/s), W
is the average width of the stream reach (m), and Sy is the slope of stream reach.

Streambed Conductive Heat (Hg)

This study used the method of computing bed conduction proposed by Jobson (1977).
This method considered the streambed as a homogeneous medium insulated on the lower
face and with the upper face always having a temperature equal to that of the overlying water.
The heat flux into or out of the streambed can then be determined as a function of the past
history of the water temperature. Only the thermal diffusivity, heat-storage capacity, and
thickness of the medium need to be known. The thickness is arbitrary and can be assumed to
be infinity at a considerable cost in computation time.

Carslaw and Jaeger (1959) presented an expression for the temperature distribution
within a slab initially at constant temperature for which the upper surface is subjected to a
unit increase in temperature at time zero. Analyzing the streambed as a slab insulated on the
bottom and of finite thickness L is equivalent to making the assumption that the heat flux
through the soil at depths greater than L is insignificant (Jobson, 1977).

, 43E ()" | —x(2n+1) 7 -iAt [(2n+1)7zy}
AT, (y,iAt) =1-— Ll 4 16
o (Y141 ﬂ§2n+lexp|: 412 €% oL (16)

where AT, (y,iAt) = temperature rise within the slab (°C), k = thermal diffusivity
(=6.81x107 m?s), L = thickness of the slab (=6m), and y = distance above the insulated
bottom of the slab. The increase in the heat content of the slab can be evaluated at any time
by multiplying (16) by the heat-storage capacity, then integrating over the total thickness
(Jobson, 1977).

¢(iAt)=psCsL{l—i2i [ K(ZnZlL);”Z'iAt}sin[(anl)”}} (17)

4 nzo n+1

where ¢(iAt) = increase in heat content of the slab between time 0 and t resulting from the
unit increase in surface temperature at time 0; and p, = the density of the slab (steam bed);
Cs = the specific heat of the slab. The heat flux to the water, Ag(i), during any time step
iIAt to (i+1)At which results from a unit increase in temperature at time 0, can be

computed as (18)
Ag(i) = gliat) - g[li +2)at] (18)

The Ag¢(i) values describe the time variation of the response of the system to a unit change
in water temperature.
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9. Impacts on Stream Temperature

Equation (18) is linear with respect to temperature, and since water temperature
fluctuation can be represented by a series of step changes, the convolution principle is used
to determine the heat flux from the bed to the water for any temperature history by use of
(19).

Hg(iat) = 3 AT, (jat)- Ag(i - j) (19)
j=s
where H;(iAt) = heat flux to the water from the bed during time iAt to (i +1)At,
AT,, (jAt) = changes in water temperature that occurred at jAt (j<i), A¢ is given by

(18), and the water temperature is assumed to have been constant for time before t=-sAt.
Equation (19) can be solved for each grid point and each time step in a temperature model
(Jobson, 1977).

Numerical Method

The Crank-Nicholson method (Yogeh and Kenneth, 1986) is used to solve equation (5).
The partial derivative in time and the first and second derivative in space can be shown
below.

81: fjn+1 _ fjn
ot At (20)
ﬂ zi( fJ'n:ll _ finjll n fjn+1 - fjn—l)
ox 2 2AX 2AX (21)
0% f zl[fiTll_ZfJnﬂJr fj”fll N fj”ﬂ—2fj” + fj'll]
ox> 2 (AX)? (Ax)? 22)
1
f z—(f.n+l+ fn)
2 ] ] (23)

where n is the number of time period and j is a spatial grid number. Substituting equation (20)
to (23) into equation (5), the following expression for a segment from X;.; to X;+1 is obtained.

n+1

1 na D?jlllz 1 AX ?:11/2+DF-+11/2 q; R S D?:ll/z 1
—=uit - TV +(Q2—+ + AX T +(=zul™ - T
( 2 X T +( At AX AJ.””)J (2 J AX Tia
1, Dnfl/z n AX Dr]+l/2+DJrLl/2 QT n 1. D?+1/2 n
QU T O e T g T
]
; o H.+H.)" (H,+H,)"
e By e | x| (e He); | (s o),
Al A C..P0 h! h"*
(24)
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9. Impacts on Stream Temperature

Equation (24) for all grids can be written in the matrix form as equation (25).
CeT=K (25)

where matrix C represents the coefficients of the left hand side of equation (24), and matrix
K represents the constants of the right hand side of equation (24). Matrix T stands for
unknown water temperatures in the next time step. Because emission radiation from

river, (Lu)’}+1 is a function of Tj”*land unknown, an iterative method is used to solve water

temperatures of all grids in the next time step. Besides, matrix C is a tridiagonal matrix.
Thomas algorithm which provides more calculating efficiency and less error (Yogeh and
Kenneth, 1986) and is used to solve equation (25). Moreover, two sets of boundary
conditions and one set of initial condition are also needed.

9.3 Study Site

Site Description

The ChiChiaWan Creek is a major Formosan Landlocked Salmon habitat and thus was
selected as a study site in this investigation. The watershed is located between 24°20’ and
24°25’ north and between 121°10” and 121°20’ east, and the river length and catchment area
are 15.3 km and 56 km?, respectively. The average annual streamflow is 5.4 m*/s measured at
the ChiChiaWan gauge station. Streamflow is significantly different in wet (May through
October) and dry seasons (November through April), with 70% of annual stream flow
occurring during the wet season. The land uses of the ChiChiaWan watershed include natural
forest, reforested areas, meadow, fallow areas, tea croplands, and orchards. Forest occupies
88.4% of the watershed. Meadow and fallow areas cover 10%, while orchards and tea
gardens encompass 1.5% of land use (Tung and Lee, 2001). The average elevation is about
1700m and the average slope is about 25 to 30%. Because the cliffs are very close to the
river in the ChiChiaWan Creek, the shading effect of terrain is very important when compute
the solar radiation

This study focuses on assessing the impact of climate change on stream temperature of
Formosan Landlocked Salmon habitats. The reach between Daml and Dam3 in the
ChiChiaWan Creek (Figure 9.1) is one of the main habitats of Formosan Landlocked Salmon
and is selected as a study case. The distances between Daml and Dam3 are 4349 m. The
stream temperature in this reach is simulated and compared with observations at Dam2 to
verify the stream temperature model.

Data

The inputs of the stream temperature model include meteorological data and
hydrological data, which were recorded in the SungMao and HuanShan weather station and
ChiChiawWan streamflow gauge station, respectively.
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9. Impacts on Stream Temperature

Meteorological Data

The meteorological data, including air temperature, relative humidity, atmospheric
pressure and wind speed, are used to calculate the energy balance. Three days with clear sky;,
1997/8/3, 1997/8/4, 1996/10/6, are chosen. The meteorological data of chosen dates are
shown in Table 9.1.

Table 9.1 Weather data for model calibration and validation.

Calibration Validation
Date 1997/8/3 i 1997/8/4 1996/10/6
Maximum air temperature (°C) 27.0 27.0 25.2
Minimum air temperature (°C) 15.8 15.1 10
Relative humidity (%) 81 78 77
Atmospheric pressure (mb) 639 640 642
Wind speed (m/s) 0.7 1.6 0.9
Stream flow (cms) 2.65 i 2.53 3.55

Hydrological Data

Hydrological data include stream width, depth and flow velocity. There have been many
researches showing the functional relations between stream width (w), depth (h) and stream
flow (Q) shown as equation (26) and (27). The parameters are determined by regression
analysis with observed data and listed in the Table 9.2.

w=aQ’ (26)
h=cQ" (27)

Table 9.2 Hydrological parameters for the two reaches

Parameter
a b Cc d
Dam3 to Dam?2 9.3646 0.0125 0.3823 0.2105
Dam2 to Daml 6.8690 0.2702 0.3613 0.1331

Reach

Q

Stream average velocity (u) within a grid is calculated by u = The discharge
W -

flowing through a grid is estimated as recorded streamflow multiplied by an area ratio which
is the subcatchment area of the grid to the area of the gauge station. The subcatchment area
for each grid can be estimated based on the DEM.

Since groundwater temperature is 1~2 °C higher than annual average air temperature
(Collins, 1925; Heath, 1964; Todd, 1980), groundwater temperature is assumed to be annual
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9. Impacts on Stream Temperature

average air temperature plus 1°C. The annual average air temperature in the study site is
15°C, and thus the groundwater temperature is set to be 16 °C for current climate condition.

9.4 Climate Change Impacts Assessment

A procedure to assess the climate change impact is described in this section. First,
future climate change scenarios are derived from GCM predictions, and a weather generation
model (Pickering et al., 1988) is applied to produce daily weather data based on climate
scenarios. Secondly, generated daily air temperature and simulated streamflow in different
climate conditions must be done before evaluating the climate change impacts.

Climate Change Scenarios

Climate scenarios are derived from different GCMs and different experiments,
including equilibrium experiments and transition experiments based on SRES (Special
Report on Emissions Scenarios), respectively. The change of future temperature in the study
area is assumed to be the same as the difference between the temperatures simulated by
GCMs for future and current conditions in the nearest grid point. Thus, future climate
scenarios can be estimated as

/ur’nT = Moy + (:umT,Future - /umT,Current) (28)

where syt and 7 are current and future mean monthly temperature (°C), respectively,
LinTcurrent @Nd zimT Fure @re simulated mean monthly temperatures (°C) under current and
future climate conditions, respectively. The change in precipitation is assumed to be the ratio
of the precipitation for future conditions to that for current conditions:

Hyp = Hyp X (/umP,Future //umP,Current) (29)

where ump and zmp are current and future mean monthly precipitation (cm), respectively,
Umpcurrent N zimpruuture @re Simulated mean monthly precipitation (cm) under current and
future climate conditions, respectively.

The predictions of the GCM equilibrium experiments (1995 version) are downloaded
from US Country Studies Program in the NCAR ftp site (ftp://ncardata.ucar.edu/pub).
Outputs from two models are used, namely the CCCM (Canadian Centre for Climate
Modelling and Analysis) and GISS (Goddard Institute for Space Studies) models. The
change of mean monthly temperature and the ratio of precipitation between 1xCO2 and
2xCO2 conditions are listed in Table 9.3.

The climate simulations of the transition experiment by CGCM2 (Canadian Centre for
Climate Modelling and Analysis) and HADCM3 (Hadley Centre for Climate Prediction and
Research) based on A2 scenario of SRES are also used to setup other future climate
scenarios. Three future periods are considered, including the short-term (2010~2039),
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9. Impacts on Stream Temperature

mid-term (2040~2069), and long-term (2070~2099) scenarios. The future climate scenarios
are also determined by equations (28) and (29), in which zar,current aNd timp,curent are averaged
from GCM predictions for the period of 1961~1990 and the values of s rFuture aNA Limp Future
are average values for the appropriate future periods. The GCM output data can be obtained
from the IPCC Data Distribution Centre (http://ipcc-ddc.cru.uea.ac.uk/dkrz/dkrz_index.html).
The climate changes estimated based on the A2 scenario for the study site are given in Table

9.4.

Table 9.3 Changes of mean monthly temperature (AT, °C) and ratios of mean monthly

precipitation (Rp, cm/cm) — equilibrium experiments.

CCCM GISS
Month AT Rp AT Rp
1 2.71 0.81 2.74 1.13
2 3.66 1.05 2.59 0.68
3 4.73 0.67 3.31 1.03
4 4.16 1.11 3.75 1.33
5 421 1.13 3.58 0.91
6 2.52 1.39 4.69 1.51
7 2.09 1.00 4.52 1.30
8 1.75 1.19 4.18 1.23
9 2.62 1.40 3.52 1.30
10 2.45 1.01 2.92 0.98
11 2.39 0.86 3.72 1.15
12 3.42 0.66 2.42 0.94
Average 3.02 1.02 3.50 1.12

Table 9.4 Changes of temperature and ratios of precipitation predicted by the CGCM2 and
HADCM3 models based on SRES-A2 scenario.

CGCM2 HADCM3
Month AT Rp AT Rp
S M L S M L S M L S M L
1 094 162 276 122 112 1.02 084 182 311 113 0.8 0.95
2 1.81 257 3.27 135 101 089 046 155 24 0.95 0.68 1
3 125 264 3.78 1.3 1.03 088 052 144 245 095 1.07 0.92
4 06 182 4.64 1.13 0.8 076 061 152 249 113 131 1.28
5 -0.46 2.78 4.54 1.1 082 054 029 135 22 1.08 13 1.38
6 1.09 3.62 5.62 1.03 079 0.7 063 135 2.33 1.3 121 101
7 1.18 2.26 4.52 092 0.93 0.7 053 132 228 114 11 137
8 052 205 345 119 1.03 1.23 04 137 223 121 127 139
9 045 19 3.12 1.18 0.97 1.29 06 146 304 127 098 1.25
10 043 181 2.68 092 099 109 091 15 299 107 153 147
11 047 21 253 1.1 1.24 0.8 075 147 259 085 0.8 091
12 141 243 281 096 0.88 0.69 09 175 31 1.08 1 0.88
average 081 230 3.64 1.12 097 088 062 149 260 110 1.09 1.15

S : Short-term 2010~2039; M : Mid-term 2040~2069; L : Long-term 2070~2099
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9. Impacts on Stream Temperature

Impact Assessment

The stream temperature for different climate scenarios is estimated based on the related
meteorological and hydrological data. Thus, all the input data under different climate
scenarios need to be evaluated first. In addition, the climate change impacts on upper
boundary stream temperature and groundwater need also to be determined.

Daily weather data are required for the stream temperature model and to simulate future
streamflows. Thus, the weather generation model (Pickering, et al. 1988; Tung and Haith,
1995) is applied to generate daily air temperature and precipitation for different climate
scenarios. A sequence of 100-years of daily precipitation and air temperature is generated for
each current or future climate scenario.

The daily stream temperature is simulated based on shortwave radiation on 15" day of
each month, average air temperature, and average streamflow. The monthly average
streamflows are obtained from averaging streamflows simulated by the streamflow
component of the Generalized Watershed Loading Functions (GWLF) (Haith and Shoemaker,
1987; Haith et al., 1992) (Lee, 2003). The streamflow model is a conceptual water balance
model and has been verified to provide reasonable streamflow predictions for the
ChiChaWan creek by Tung and Lee (2001). The streamflow model needs daily temperature
and precipitation as inputs.

The upper boundary condition in the stream temperature model under different climate
scenarios are estimated according to the monthly changes of air temperature. Stefan and
Preud’homme (1993) suggested that the increase of 1 °C in air temperature may cause
increase of 0.75 °C in stream temperature. The observed stream temperatures of Dam3 on
15™ day of each month in 1998 are taken as current stream temperature. The future upper
boundary stream temperatures are assumed to be current stream temperature plus the change
of air temperature multiplied by 0.75.

There is no further information for groundwater from the study site, which limits further
study on the climate change impacts on groundwater temperature. Because groundwater
temperature is 1~2 °C higher than annual average air temperature (Collins, 1925; Heath,
1964; Todd, 1980), 1°C is added to annual average air temperatures of different climate
conditions to represent their groundwater temperatures.

9.5 Results and Discussions

The verification results of the proposed model are addressed first. Then, the climate
change impacts of different climate scenarios are given.
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9. Impacts on Stream Temperature

Verification

The procedure to determine the stream network is applied to the ChiChiaWan creek
based on DEM with a resolution of 40mx40m. Comparing with map and other digitized
stream network by other independent studies, the determined major stream networks are
alike. However, quantification analysis is not done, which may bring uncertainty for stream
temperature simulation.

Most of parameters in the proposed stream temperature model can be estimated based
on watershed and river channel characteristics directly. Only dispersion constant (C4) and
thickness of the slab (L) in equation (17) are required further calibrated by trial and error.
The input data and observed stream temperature on 1997/8/3 are used to calibrate the
parameters for the stream temperature model. The results indicate that the model is not
sensitive to the two parameters in the study reach. The calibrated and observed stream
temperature is shown in Figure 6. The values of 500m?%s for Cq as suggested by Kim and
Chapra (1997) and 6 m for L as used in Jobson (1977) are further applied to validate the
model for 1997/8/4 and 1996/10/6, and results are shown in Figures 7 and 8, respectively.
The results of calibration and validation are summarized in Table 9.5. According to the
results, the stream temperature model developed in this study could reasonably simulate
diurnal stream temperature. The root mean square errors (RMSE) are all below 1 °C, and the
differences between observed and simulated maximum stream temperature are below 0.4 °C.

The larger RSME is due to the time lag between observed and simulated stream temperatures.

The time lag may be caused by the simplification of hydrological data, such as the
assumption of rectangular channel and continuity equation while estimating stream velocity.
However, the simulated results are reasonable, especially the daily maximum stream
temperature, and thus the stream temperature model is further applied to assess the impacts
of climate change.

Table 9.5 The results of calibration and validation studies.

Dam?2 Daml
Tmax,obs 17.02 17.88
- . Tmaxysim 16.99 18.25
Calibration 1997/8/3 AT 003 0.37
RMSE 0.74 0.92
Tmax,obs 17.49 18.85
Tmax,sim 1732 1852
1997/8/4 AT max 0.17 0.33
_— RMSE 0.76 0.80
Validation Trcone 1462 16.12
Tmax,sim 14.80 16.14
1996/10/6 AT 0.16 0.02
RMSE 0.41 0.54
Tmax.obs @Nd Tmax sim : Observed and simulated maximum stream temperature
AT max : Difference between Tax obs @Nd Tmax.sim
RMSE : Root mean square error of diurnal stream temperature
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Figure 9.8 The observed and simulated stream temperature on 1996/10/6 at (a) Dam2; (b)
Dam1 — validation study.

Climate Change Impacts

The simulated stream temperature for Dam2 is taken as an example. The simulated
daily mean and maximum stream temperatures for different climate conditions for each
month are summarized in Table 6. An uncertainty analysis is also done to verify whether the
changes of daily mean and maximal water temperature are significant at 90% confidence
level. The results indicate that most of changes are significant, except of changes of both
daily mean and maximum water temperatures in May under CGCM2 short-term scenario and
changes of daily maximal temperatures in May, July, and August under HADCM3 short-term
scenario.

According to Table 9.6, stream temperatures in some months have exceeded 17 °C even
under current climatic condition and the identical trend of increasing stream temperature can
be found for all future climate scenarios. The differences of stream temperature between
current and future climate scenarios are shown in Table 9.7 and in Figures 9.9 and 9.10.
Annual average stream temperatures are predicted to rise by 0.5°C (HADCM3 Short-term)
to 2.9°C (CGCM2 Long-term), and annual maximum stream temperatures are predicted to
rise by 0.5°C (HADCM3 Short-term) to 3.2 °C (CGCM2 Long-term). Moreover, the greatest
future increase of stream temperature would occur in summer and will cause most danger to
Formosan Landlocked Salmon.

The suitable habitats for Formosan Landlocked Salmon between Daml and Dam3 are
further surveyed here. A recent research (Tseng, 1999) has shown that suitable stream
temperature is between 9~17 °C and no Formosan Landlocked Salmon can be found in the
river when water temperature exceeds over 18 °C (Lee and Lee, 1996). Thus, two critical
stream temperatures of 17 °C and 18 °C are applied to determine the stream length of suitable
habitats. Figure 9.11 shows the monthly lengths of suitable stream habitats in the current
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9. Impacts on Stream Temperature

climate condition. The x-axis stands for the downward distance from Dam3, therefore the
right side of the x-axis is the location of Daml. The black and white bars in Figure 9.11
represent the available habitats with the criterion of 18 °C and 17 °C, respectively. According
to Figure 9.11, it is found that during the periods of January to June and October to
December the reaches between Dam3 to Daml are suitable habitats with mean stream
temperature below 17 °C in the current climate condition. However, some segments are
unavailable for habitats. Taking July as an example, the stream temperature is over 17 °C for
400m below Dam3 and even more than 18 °C in downward distance of 3000m from Dam3.

Figures 9.12, 9.13 and 9.14 show the distribution of available stream habitats in the
different future climate conditions. In Figures 9.12 and 9.13, the simulations show the
sequential impact of climate change according to the magnitude of decreasing available
habitats are long-term, mid-term and short-term in whatever future climate conditions.
Figure 14 shows the results based on two GCM equilibrium experiments with doubling
atmospheric CO,, and the changes of available habitats are similar to the results of long-term
effects. The simulation results show that on average suitable stream habitat would decline by
333m (HADCMS3 Short-term) to 1633m (CGCM2 Long-term) using a criterion of 17°C, and
by 166m (HADCMS3 Short-term) to 1833m (CGCM2 Long-term) using a criterion of 18 °C,
respectively. The most increase of stream temperature and the most loss of available habitat
will be in summer in the future climatic conditions.

Table 9.6 Simulated daily mean and maximum stream temperature at Dam2 under
different climate conditions.

Scenarios Daily Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

NOW LT 9.1 95 11.0 115 134 134 153 157 147 12.7 119 104

Tmax 11.3 11.3 12.6 135 155 154 17.6 17.6 169 14.8 14.0 12.7

cGCM2s AT 9.8 10.8 11.9 12.0 13.2" 151 16.2 16.1 151 13.0 12.3 11.4
Tmax 119 124 134 139 152 17.0 185 179 17.2 152 14.4 1338

w104 11.4 130 13.0 156 17.0 17.2 174 163 14.1 135 122
Tmax 126 13.2 147 152 17.9 19.2 19.7 19.2 185 16.3 157 14.6
cGCMpL A 112 120 140 150 17.0 186 190 184 17.3 149 139 123
Tmax 135 14.0 158 17.5 20.1 21.3 22.0 20.3 19.3 17.0 16.2 14.8

Lt 9.7 9.8 115 119 13.7 14.7 157 16.0 152 13.3 12.4 11.0

HADCM3S Tmax 11.8 11.7 13.1 14.0 15.7° 16.6 17.9° 17.8° 17.3 15.4 146 134
w104 106 12.2 12.6 145 153 164 16.8 159 13.8 13.0 116

HADCM3M Tmax 12,7 12.8 139 146 16.4 17.2 18.6 185 18.0 158 15.1 14.0
w112 11.3 13.0 134 152 161 17.1 175 17.1 149 139 12.6

Tmax 13.7 13.3 14.8 153 17.0 18.0 193 19.2 19.1 16.9 159 151

CGCM2M

HADCM3L

CCCM L 109 12.2 145 14.6 16.6 16.3 17.1 17.2 169 14.7 13.8 12.7
Tmax 134 141 16.5 16.8 18.6 18.1 19.3 19.0 189 16.7 16.0 15.2
GISS L 11.3 116 13.6 144 16.2 17.7 18.7 189 175 15.0 14.7 123

Tmax 13.5 13.6 154 16.3 18.3 19.6 20.8 20.6 19.6 17.1 16.9 14.7

LT : Daily mean stream temperature
Tmax : Daily Maximal stream temperature
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9. Impacts on Stream Temperature

Table 9.7 The changes of daily mean and maximum stream temperature (°C) at
Dam?2.

Scenarios Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Ay 08 1.3 09 05 02" 1.6 09 04 04 04 04 10
CGEM2S ATmax 07 1.1 07 04 -03 16 09 04 03 04 04 1.0
Ay 13 20 20 15 22 35 18 16 15 15 1.7 18
ATmax 1.3 20 20 17 24 38 21 17 16 15 16 1.9
Ay 21 26 29 35 36 51 36 27 25 22 21 19
ATmax 2.3 27 31 40 46 59 44 27 24 22 21 20

Ay 07 04 04 05 03 13 04 03 05 0.7 06 0.6
HADCM3S ATmax 06 04 05 04 02° 1.2 03 02" 04 06 06 0.7

A 13 12 11 12 10 19 10 11 11 12 12 1.2
HADCM3M ATnax 14 15 12 10 09 18 10 10 11 10 11 13

Awr 22 19 19 20 17 27 18 18 23 23 20 22

CGCM2ZM

CGCM2L

HADCM3L ATmax 24 21 21 18 15 26 17 16 22 21 19 23
CCCM Ay 19 28 35 31 31 28 17 15 21 20 19 23
ATmax 2.2 29 39 33 31 27 17 15 20 19 20 24
GISS Ay 22 21 26 29 28 43 34 32 28 24 29 19
ATmax 2.2 24 27 28 29 42 32 31 27 23 29 19

*  :Insignificant change at 90 significant level

9.6 Conclusions

A stream temperature model is developed to simulate stream temperature and applied to
assess the impacts of climate change on stream temperature and available habitats of the
ChiChiawan Creek. This model is designed to include the effect of surrounding topography
based on a DEM. The results indicate annual average and maximum stream temperatures are
predicted to rise by 0.5~2.9 °C and 0.5~3.2 °C, respectively. In addition, monthly average
available habitats would decline by 333m~1633m with the 17°C criterion and 166m~1833m
with the 18 °C criterion, respectively. Similar trends of increasing stream temperature and
decreasing available habitats are noticed for all climate change scenarios. Since the impacts
are caused by global changes, not only local conservation measures but also mitigation
strategies for climate change impacts are necessary. The most important mitigation strategy
for Formosan Landlocked Salmon might include finding new habitats which are the least
sensitive to climate change. The stream temperature model developed in this study will be
further applied to different creeks in Taiwan to assess the sensitivity of stream temperature to
provide suggestions for Formosan Landlocked Salmon conservation.

Some thermal components or parameters, such as streambed heat flux and dispersion
constant, in the proposed model may play insignificant role for some study areas. A
sensitivity analysis is suggested, which can simplify estimation of model parameters. Further
studies are also proposed to improve the accuracy of the stream temperature model. First, the
effects of dams and the morphology of river can be modeled in greater detail future studies,
including the use of field information on parameters, such as river depth, flow velocity, etc..
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9. Impacts on Stream Temperature

Second, climate change may influence shallow groundwater temperature and cause further
impacts on surface water temperature. Since groundwater is the major water source to stream
channel during dry periods, which often have the most critical stream temperatures, it will be
important to improve the accuracy of estimating the climate change impacts on groundwater
temperature. Third, the uncertainty in the setting of upper boundary conditions of stream
temperature in solving equation (25) for future climate conditions requires further study.
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Figure 9.14 Monthly available stream habitats under (a) CCCM; (b) GISS scenarios.
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