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Abstract River water temperature affects nearly every

physical property related to water quality management.

Therefore, anthropogenic change of water temperature is

often undesirable. The objectives of this study were to

develop an analytical model describing the thermal regime

of a river–dam system. The model will be tested in a

second manuscript using data from the Nam Song Basin in

East Asia. The model incorporates three stages: (a) short

time water heating process, (b) longer time water heating

and (c) water cooling. Unified and continuous presentation

of the above three solutions describes the complete thermal

cycle. It showed that the longer the travel time from a dam

(the Nam Song dam in this study) to the measuring point

(slow flow rate), the larger the amount of energy absorbed

and the higher its associated water temperature. According

to the model the temperature of a water volume increases at

a rate of *1.2 �C/km downstream when water flow rate is

1 km/h. When water flows at a rate of 4 km/h, temperature

increases at a rate of *0.25 �C/km downstream. The

model turns out to be a simple case of the kinematic wave

theory, which is much easier to solve than large-scale

computer simulation. For successful test of the model the

specific parameters of the Nam Song River were used.

Naturally, these parameters are changed from one river to

another. Thus, to use the model for prediction of thermal

regime in other rivers, their local specific parameters

should be taken.

Keywords Energy balance � Air temperature � Water flow

velocity � Kinematic wave equation

Introduction

Water temperature has always been considered one of the

most important factors determining the geographic distri-

bution of fish and other aquatic organisms (Bartholow

1989; Chen et al. 1998; Bashar and Stefan 1993). Most

aquatic organisms are cold blooded, so their body tem-

peratures are the same as the temperature of the sur-

rounding water. Human activity affect stream-water

temperature due to impoundments, industrial use, irriga-

tion, and global warming (LeBlanc et al. 1997). Water

temperature affects nearly every physical property related

to water quality management, and unfortunately change of

water temperature is often undesirable.

Water withdrawal for irrigation purposes often reduces

stream flow, when flows are already at minimum levels.

Slow water flow creates problems with daily temperature

fluctuation. Thus, one of our objectives was to develop an

analytical model that can help to evaluate the relationships

between water flow velocity in a river and its temperature.

Oxygen is a major water quality parameter that needs to be

controlled. It is strongly affected by temperature as warm

water contains less oxygen than cold water. At standard

barometric pressure (101.3 kPa = 1 Atmosphere) and

fresh water oxygen depletion is about 0.23 ppm/1 �C
(Kondo 1995) starting from oxygen saturation of 14.6 ppm

at 0 �C and decreasing to 7.5 ppm at 30 �C. The height of
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the dam is about 200 m ASL which is associated with a

barometric pressure of 99 kPa. Under these conditions at

temperature of 30 �C oxygen solubility is reduced to less

than 7 ppm. Solubility of oxygen in saline water, decreases

with increasing salinity, but in the Nam Song Dam that

collects rain water salinity effect can be neglected. As the

temperature rises, animals use oxygen at a faster rate—the

metabolic rate doubles with each 10 �C increase (Nemerow

1985). Contrarily, with increased temperature, green water

plants and algae grow faster and release more oxygen into

the water, but their decomposition consumes more oxygen.

Thus, there are several processes within a stream that are

affected by its temperature and provide the rationale for

this study.

Various models have been developed for calculating

water temperature. They were classified into statistic

regression models and physically based models.

Regression models have been developed to quantify and

predict stream temperature at various time scales (Mohseni

et al. 1998; Caissie et al. 2001).

Analytical deterministic models attempt to simulate the

process that affect stream temperature such as channel

geometry, conduction, radiation, advection, and dispersion

(Chen et al. 1998). Although the models could calculate

very accurate the actual fluctuations of temperatures in a

river water, they required many detailed input data.

The analytical model which is used here is based on the

law of energy conservation that resulted in unique depen-

dence of the thermal regime on the water flow velocity, a

distance downstream and temperature differences between

the surface of the water and the atmosphere. The time-de-

pendent solution is useful for describing heating and cooling

processes. This occurs when the rate of energy gain starts at

sunrise and loss start in the afternoon. Data of thermal

variations are often collected at a single point along rivers

during several days or even longer period. The data are

helpful to formulate the dependence of water temperature on

time and position and to study the physical characteristics of

variations in temperature. The model turn out to be a simple

case of the kinematic wave theory which is much easier to

solve than large-scale computer simulation provided that its

parameters are determined experimentally.

The objectives of this study were to develop and test a

physical model to predict the thermal dynamic processes in

a river and later to compare it with actual data of the Nam

Song River. The Nam Song has a diversion dam to divert

water from the Nam Song Basin to the Nam Ngum reser-

voir. The water release discharge from the Nam Song Dam

decreased from 10.0 m3 s-1 to a minimum of only

2.0 m3 s-1); The average flow rate during the study period

was 1800 m h-1 (Yoshida et al. 2003a, b, 2004, 2005; Roel

and Sean 2001).

Theory

General approach

Various models have been developed for calculating water

temperature. They were classified according to their time

scales (Deas and Lowney 2000), including annual monthly

daily and hourly models. Another classification was based

on the mathematical approach including statistic regression

models (Bogan et al. 2003) and physically based models on

the thermal regime of the water (Yoshida et al. 2004,

2005).

Regression models have been developed to quantify and

predict stream temperature at various time scales (Mohseni

et al. 1998; Caissie et al. 2001).

Physical process models simulated the underlying pro-

cesses that affect stream temperature such as channel

geometry, conduction, radiation, advection, and dispersion

(Chen et al. 1998; Rutherford et al. 1997). Although the

models could calculate very accurately the actual fluctua-

tions of temperature in river water, they required many

detailed input data.

From the collected data we found that modeling the

diurnal cycles of water temperature can be simplified if one

assumes that the water flow velocity and air temperature

are constant averages, independent of time and position

Table 1 Steady-state

conditions for Fig. 4 under hot

climate Ta = 40 �C

Parameter ke/h K X V X/V qCp a Tw(t0) SS Tw

Units MJ m-3h-1 h-1 m mh-1 h MJ m-3 �C-1 �C �C �C

4A 0.2 0.07 2000 1000 2 4.186 2 24 *26.0

4A 0.2 0.07 4000 1000 4 4.186 2 24 *29.0

4A 0.2 0.07 6000 1000 6 4.186 2 24 *31.0

4B 0.2 0.07 4000 1000 4 4.186 2 24 *29.0

4B 0.2 0.07 4000 2000 2 4.186 2 24 *26.0

4B 0.2 0.07 4000 4000 1 4.186 2 24 *25.0

Calculated steady-state water temperature (SSTw) for 4A = changing distance from the source and con-

stant flow rate (1 km h-1). 4B = constant distance (4 km) and changing water flow rates
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along the river channel. This simplification results in a

thermal formulation that can be solved analytically, thus

providing additional insight into the problem of thermal

behavior of river water flow. The analytical model that is

used here, based on the law of energy conservation,

resulted in unique dependence of the thermal regime on the

water flow velocity, distance downstream, and temperature

difference between the surface of the water and the atmo-

sphere. The time-dependent solution is useful for describ-

ing heating and cooling processes. This occurs when the

rate of energy gain starts at sunrise and loss starts in the

afternoon. The model incorporates the mechanisms of the

thermal variation process as described by an energy bal-

ance function and energy flow mechanisms. Data of ther-

mal variations are often collected at a single point along

rivers during several days or longer periods. The data are

helpful to formulate the dependence of the water temper-

ature on time and position and to study the physical char-

acteristics of variations in temperature flow. According to

the results, the model turns out to be a simple case of

hourly based kinematic wave theory. This was much easier

to solve than a large-scale computer simulation, provided

that its parameters can be determined experimentally.

Description of the heat flow model

A typical river system (Fig. 1a) is represented here by a

channel X m in length, the volume of which is homoge-

neous at temperature T(t) (�C), and into which a given

quantity of thermal energy is entering (or leaving) from a

controlling dam and at a constant discharge V (mh-1). A

second source of energy comes from the surrounding

atmosphere through radiation.

The dependence of the water temperature on time and

distance from the dam can be derived from considerations

of energy flow in this system and the equation of conti-

nuity. In each volume element (Fig. 1b) of length dX, the

change of energy storage in the river is through thermal

emission and heat flux to and from the surface of the water.

By conservation of energy, the rate of thermal change in

the river is equal to the difference of the rate of entry of the

water across the plane at Xi and Xi ? dX.

Approximating the behavior of this system by a one-

dimensional continuity equation with a sink/source term,

we can write:

oq

ot
þ oðVqðxÞÞ

oX
¼ DLðt; xÞ; ð1Þ

where t is time (h), q is the total quantity of energy within

the given volume of the river segment (referring to energy

density—MJ m-3), Vq is the amount of energy entering

across the plane at Xi and Xi ? dX (MJ m-2 h-1), V is the

flow velocity (m h-1), DL (x, t) is the sum of long wave

heat flux and the sensible rate of energy gain or loss from

the water surface to the atmosphere and vice versa

(MJ m-3 h-1). The rate depends on the temperature at time

and position along the river.

Using

q ¼ qCp � DTw ¼ 4:186 � DTw ð2Þ

where q is the energy storage as above (MJm-3), q is the

water density (1000 kg m-3), Cp is the heat capacity of

water (= 4.186 kJ (kg �C)-1= 4.186 MJ (1000 kg �C)-1),

and DTw is the change in water temperature (�C). Intro-

ducing Eq. (2) into Eq. (1), we obtain:

qCp

oTw

ot
þ qCpV

oTw

ox
¼ DLðx; tÞ ð3Þ

Equation (3) is a reduced form of the continuity equa-

tion (Benyahya et al. 2010) for the following assumptions:

1. The contribution of dispersion relative to energy flow

with the stream flow is negligible, that is,

DqCp o
2 T= oX2 ¼ 0

because the relatively high velocity of flow and the low

longitudinal temperature gradient along the modeled

stream, indicating that the system was advection domi-

nant. Therefore, DL was set equal to zero in the model.

2. The volumetric water flux density along the river is

constant, namely: qCpToV=oX ¼ 0;

B 

Vqi
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Fig. 1 a Schematic description of the model. b A sub-unit of the

river model. qi and q(i ? 1) are the energy fluxes into and out of a

river unit. V is a constant water flow velocity, q(x, t) is the total energy

storage in that unit. It depends on time (t) and location along the river

(x). R is the input and output of radiation on the unit
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Based on observations made by Yoshida et al. (2004)

the above assumptions are experimentally satisfied.

Note that Eq. (3) is a kinematic wave equation in terms

of volumetric heat flux units (MJ m-3 h-1). The

relationships between DL and T will be clarified

hereafter.

The heating process

For the solution of Eq. (3) we used a well-known technique

of parameters transformation (Zarmi et al. 1983) with the

transformation:

f ¼ x� v t � t0ð Þ; ð4Þ

where t0 is an arbitrary reference time that we choose to be

the starting time of the heating process. Water temperature

is now described as a function of t and f rather than t and

X. Note that f is constant for the volume element which at

t = t0 starts at X = f and is followed as it moves

downstream.

Equation (3) now becomes:

oTðt; nÞ
ot

¼ DL�ðtÞ ð5Þ

DL* is the net rate of energy input after conversion to

thermal units (�C h-1). The net thermal inflow DL* is

independent of position since neither the net radiation nor

the air temperature depends on X. According to Eq. (5), the

change in water temperature is only a function of time. It

reflects the change in temperature as felt by an observer

moving along the X direction through the time dependence

of hDL*. For such an observer, moving at the flow velocity

of the river (V), a change in time implies a change in

position (X) as well.

With f the transformed variable, the general solution of

Eq. (5) becomes:

Tðt; fÞ ¼
Z t

t0

DL�ðt0Þdt0 þ Zðt0; fÞ; ð6Þ

where Z(t0,f) is a constant of integration depending

explicitly on the reference time t0 and f but not on time t.

In order to express DL in terms of temperature, we first

analyze the thermal balance of the water in the river.

Microclimatological approximation of the time-

dependent heating process

The net rate of exchange of heat across the air–water

interface is the sum of rates of heat exchange processes.

A thorough analysis of this process was presented long

ago by Edinger et al. (1968). They concluded that the net

rate of heat exchange processes can be evaluated in terms

of thermal exchange coefficients, the air–water

temperature, and its variations with time. In our research,

the thermal exchange between water and air was first

studied through analytical analysis of observations of the

Nam Ngum River energy balance in the heating stage

(Yoshida et al. 2004).

We assume that for homogenous thermal distribution in

the water profile the effective energy for heating is com-

posed from the sum of four sources: (a) long wave radia-

tion to the water (L;); (b) long wave radiation from the

water (L:); (c) the sensible heat flux into the system (H)

and (d) a residual short wave input (A). The term A may

include the contribution of changes of heat storage and

evaporation. Thus, after Brutsaert (1982) total energy input

(DL) is:

DL ¼ H þ L # � L " þA ð7Þ

In Eq. (7), DL is the available energy for water heating

and its meaning is now clarified. It is convenient to employ

the widely used unit system, which in this case means that

all units are in Wm-2 but later we will change it to

MJ m-2 h-1. We employed the following sign convention:

positive sign for DL is towards the water surface and

negative sign is for heat leaving the water surface. Thus A,

for example, is negative when potential evaporation is the

dominant factor (Zhou et al. 2006) and positive when rain

or high humidity is the dominant factor of the residual

terms.

The relationship between sensible heat flux and tem-

perature is given by:

H ¼ qaCpaðTa � TwÞ
ra

¼ bðTa � TwÞ; ð8Þ

where qa is air density (1.2 kg m3), Cpa is the specific heat

of air (1010 J kg-1 K-1), ra is an exchange coefficient for

sensible heat flux, which is represented here as an aero-

dynamic resistance (sm-1), Tw and Ta are water surface and

air temperatures (K).

Long wave radiation input/output is related to temper-

ature through the Stephan–Boltzmann law (Brutsaert

1982):

DLw ¼ La� Lw ¼ er T4
a� T4

w

� �
; ð9Þ

where DLw is net long wave radiation from (or to) the water

surface, r is the Stefan–Boltzmann constant (5.67 9 10--

8 J s-1 m-2 K-4 or on hourly basis: K-4 = 2.04 9 10--

4 J h-1 m-2 K-4), and e is the emissivity (taken to be an

average of 0.95).

An approximation to Eq. (9) can be obtained using

average air temperature (Ta) and the derivative of L with

respect to T:

DLw ¼ 4erT
3

aDT ¼ 4erT
3

aðT � TwÞ ¼ cðTa � TwÞ ð10Þ
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Thus, the sum of Eqs. (8) and (10), with ke = c ? b
represents the available energy for heating during day time

hours:

H þ DLw þ A ¼ ke½Ta � TwðtÞ� þ A ð11Þ

Note that ke is an energy term coefficient of propor-

tionality. In that case ke becomes an integrating coefficient

that includes the sum of the missing energy balance

coefficients.

Replacing the energy term (ke) with thermal term k by

dividing both sides by qCp/rs and determining:

DTw ¼ ½TwðtÞ � Ta�; ð12Þ

Eq. (11) is reorganized to obtain:

dDT
dt

¼ �kDTwðtÞ þ a; ð13Þ

where k is the cooling rate parameter, often called the

thermal time constant, that has dimensions of t-1 and a is

the thermal expression of the residual short wave radiation

(a method to determine them will be discussed in the next

paper of this analysis).

Integration of Eq. (13) with the conditions that at

t0 = 0, DT(t0) = DT0, provides an explicit expression for

the rising of water temperature with time:

Tw ¼ Ta þ a

k
þ DTw0 �

a

k

� �
e�kt: ð14Þ

Equation (14) shows that the rate of heat gain or loss is

proportional to the difference DT0 = Tw0 - Ta. Heat is

gained by the water when Tw\Ta and is lost when

Tw[Ta. The initial condition requires that at t = 0 when

the heating process starts: DT0 = Tw0 - Ta, which is the

largest difference between air and water temperature.

An example of the change of water temperature [Tw(t)]

with time as given by Eq. (14) is displayed in Fig. 2.

The figure demonstrates the heating properties of the

system. In cold weather it started with a low temperature

Tw0 = 5 �C at t0 = 0. The upper limit of river water

after a long time approached 17 �C, some two degrees

above the onset value of Ta = 15 �C The higher water

temperature resulted from the positive input of short

wave radiation ‘‘a/k’’. Under cold and humid conditions,

the effect of evaporative cooling is small compared to

the energy input, and hence the water temperature can be

above the air temperature. In hot weather at t0 = 0

minimum temperature was set at 10 �C and it asymp-

totically approached 28 �C (=Ta - a/k), two degrees

below the onset temperature (30 �C). In this case hot

weather was simulated not only by its high Ta, but also

by the effect of evaporative cooling that kept the water

temperature below Ta.

Equation (14) applies only for time-dependent heating,

not for the effect of position along the river or for the cooling

phase which is typical to afternoon conditions. These two

aspects will be discussed in the following section.

Heating process (sunrise) as a function of time

and position along the river

Basic storage of energy in water is reflected by its tem-

perature and follows the daily sunrise and sunset. The

fluctuations of energy during the heating and cooling

cycles and the basic energy storage in the water means that

at any time reference initial conditions cannot be specified.

However, an important feature of Eq. (14) is that it is

totally insensitive to the choice of the time reference

t0 = 0. Thus, this uncertainty in time origin can be avoided

by taking the initial conditions at: (t - t0) = 0 at which

Tw0(t0) B Tw(t). This means that at the selected time

t - t0 = 0, Tw0(t0) is the minimal storage of thermal

energy. The stored thermal energy increases, and conse-

quently Tw in Eq. (14) also increases. The selected initial

conditions also require that the constant of integration at

(t = t0, X) : Tw0 everywhere along the river channel. In

order to have some insight into Eq. (6) and obtain a solu-

tion, we multiplied both sides of Eq. (14) by the energy

constant ke and divided it by the depth of the river ‘‘h’’

obtaining an expression ‘‘Q’’ for the energy density inflow

through the water surface (units MJ m-3 h-1 �C-1).

QðtÞ ¼ ke

h
TwðtÞ ¼

ke

h
Ta þ

a

k
þ DTw0 �

a

k

� �
e�kt

h i
ð15Þ

Thus, Q(t) is the total energy input into the water of the

river (MJ m-3) at any time t. It is the energy used to
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ELAPSED TIME (hrs)

Fig. 2 The heating process of water in a river as a function of time

for two climatic conditions: cold climate with Ta = 15 �C and

Tw0 = 5 �C and hot climate Ta = 30 �C and Tw0 = 10 �C (k = 0.5/

h)
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increase the temperature of the water above a given ini-

tially low temperature at sunrise.

With these conditions, combining Eqs. (15) and (6) and

integrating, the solution to Eq. (6) can be taken from Zarmi

et al. (1983) to yield two continuous solutions (Eqs. 16a,

16b), which satisfy the boundary and the initial conditions:

QðtÞ ¼ ke

h
Ta �

a

k

� �
ðt � t0Þ � 1 � e�kðt�t0Þ

k

� �

þ Q0; t � ðt0 þ X=VÞ ð16aÞ

QðtÞ ¼ ke

h
Ta �

a

k

� �
x=v� ekðx=vÞ �1

k
e�kðt�t0Þ

� �� �

þ Q0; ðt0 þ X=VÞ� t ð16bÞ

Equation (16a) satisfies the conditions that at t = t0 at

any position X, Q(t) = Q0 (=qCp Tw0), which is the

minimal amount of energy storage in the river water.

Beyond t = t0, Q(t) increases with time. Both equations

are identical at t = X/V (Eq. 16b : 16a), which satisfies

the condition of continuity of the heating–cooling pro-

cess. Equation (16b) also shows that at t � t0, the

amount of energy in the water is asymptotically

approaching a constant (Eq. 17) representing maximal

water temperature.

QðtÞ 	 ke

h
Ta �

a

k

� �
x=vþ Q0: ð17Þ

This constant is also the starting point for the cooling

process

Cooling process (sunset) as a function of time

and position along the river

The cooling process results in a decreasing difference

between maximum and initial (minimum) water tempera-

ture or the equivalent stored energy in the water. This

decreased difference between the two temperature

extremes can be written as:

Tw tð Þ � Tw0 ¼ DTw

¼ ke

qCph

ZT

tr

�DTwmdt ¼ ke

qCph
DTwðt � trÞ

þ Zðtr; fÞ;
ð18Þ

where DTwm is the difference between maximum and

initial (minimum) water temperature, tr marks the end of

the heating process and the start of the cooling process,

when the water temperature is at its daily maximum, and

T marks the end of the thermal cycle (heating and cooling

process).

In order to have the steady-state temperature,
ke
h

Ta � a
k

� �
x=v, at t = tr we must have

Zðtr; fÞ ¼
ke

qCph

n
V
¼ ke

qCph
Ta �

a

k

� � X � Vðt � trÞ
V

� 	

ð19Þ

then

DTwðt;XÞ ¼
ke

qCph
DTwm t � trð Þ þ ke

qCph
TKa �

a

k

� � X

V

� ke

qCph
Ta �

a

k

� �
ðt � trÞ:

ð20Þ

We have measured data only at L = 4000 m, thus for

X = L

DTwðt; LÞ ¼
ke

qCph
Ta �

a

k

� � L

V

� ke

qCph
Ta

a

k

� �
þ DTwm

h i
t � trð Þ: ð21Þ

It follows from Eq. (21) that the thermal depletion is a

linear function of time and its rate is given by the slope:

- ke
qCph

Ta � a
k

� �
þ DTwm

� �
:

ELAPSED TIME (hrs)

0 5 10 15 20

TE
M

PE
R

A
TU

R
E 

(C
)

24

26

28

30

30

28

26

24

1

2

3

A

B

Fig. 3 Theoretical presentation of the thermal cycle. a Line 1 is the

solution for a short time t B t0 ? X/V (Eq. 16a), line 2 is the solution

for a long time t C t0 ? X/V (Eq. 16b), and line 3 is the cooling

process Eq. 17 for the steady state at t = tr and Eq. (21) for the falling

limb. b Unified and continuous presentation of the above three

solutions to describe a complete thermal cycle
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At t = tr, Eq. (21), which describes the cooling process,

coincides with Eq. (17), which describes the steady state of

the heating process in Eq. (16b).

Now we have a consistent solution for the whole thermal

cycle. The heating stage is given by Eqs. (16a, 16b) and the

cooling stage by Eq. (21), such that the continuity of the

process is maintained.

The combined solution is presented in Fig. 3.

Figure 3a contains separate presentations of each of

the layers of the solution. It can be seen that the solution

for short time (line 1) starts at t = 0 and increases

exponentially shortly afterward, but it is diverted by the

second solution (line 2). This line starts at a very,

unrealistically, low temperature. As discussed above in

Eqs. (16a, 16b), it crosses line 1 at t = x/v and

approaches a maximum that is crossed by the cooling

solution (line 3) at Tw(t) = Tw (t = tr) =
ke

qCph
Ta þ a

k

� �
X
V
þ Tw0. The full heating and cooling cycle is displayed

in Fig. 3b as a continuous line that lasts (in this case)

some 16 h.

Concluding discussion

Because of a continued interest in water temperature as a

critical parameter for aquatic health, temperature modeling

remains an important issue in planning and management of

any aquatic systems. The purpose of this water temperature

model was to provide the major parameters for reservoirs

and stream flow measurements.

Analytic simplification of the more complicated kine-

matic wave equation can be obtained when a constant

river flow rate is assumed and average air temperature is

used.

The model incorporates an analytical analysis of the

energy exchange process as described by Eqs. (16a, 16b)

and (19) and energy flow mechanisms. It is given for both

steady-state and time-dependent cases. Our primary aim

was to generalize the factors that are involved in the rate of

thermal exchange between the atmosphere and water in a

river in which stored energy is flowing downstream. An

interesting aspect of system characteristics is demonstrated

in Fig. 4.

In this figure, we examined the effect of combinations

between the main river constants, Ta, V and the distance

along the channel length (X). The indicating river was the

Nam Song River/Mekong and a comparison with actual

data measured in this river is given in the next paper

(Yoshida et al. this issue). At the gate of the dam X = 0,

the temperature is Tw0 (24 �C), and V is controlled by

changing it from 1 to 4 km h-1 (Table 1)

The sensitivity of the water temperature to water flux

density can be seen in Fig. 4b. For V = 4 km h-1

Tw * 25 �C (Fig. 4) and at the same distance from the

dam (L = 4 km), when V is only 1 km h-1 Tw * 29 �C
because the water element has a longer time to absorb heat.

This means that increasing V at the dam can be used to

compensate for problems of high temperatures down-

stream. Figure 4a demonstrates that the water temperature

increases at a rate of *1.2 �C/km when the stream flow

rate is 1 km/h. When water flows at a rate of 4 km/h,

temperature increases at a rate of *0.25 �C/km

downstream.

The test of the model has indicated that in terms of the

volumetric water flux density (or the discharge) V is one of

the most important variables that can be used to control the

proper distribution of temperature downstream. For suc-

cessful test of the model the specific parameters of the Nam

Song River were used in the next paper (Yoshida et al.

2016 this issue). Naturally, these parameters are site

specific and are changed from one river to another. Thus, to

use the model for prediction of thermal regime in other

rivers their local specific parameters should be taken, but

the model developed here determines the variables that can
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Fig. 4 a The effect of observation distance on the steady-state water

temperature, and b the effect of water flow rate on the steady-state

water temperature. Both a and b are presented as a function of elapsed

time (the parameters selected for the steady-state solution are given in

Table 1)
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be approximate and help to obtain a realistic approximation

of the thermal regime of many other streams.
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