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SYNOPSIS

An analytical work is performed to examine the effects of lake depth and
meteorological factors upon thermal regimes in lakes. Stratified temperature
field is analytically described by means of a one-dimensional mixed-layer
model. Surface heat flux is expressed by a simplified heat exchange
relationship, where an equilibrium temperature with a sinuous function of
time is introduced to describe the seasonal variation of meteorological
conditions. In this case, we need not specify time-dependent functional form
of surface heat flux, which is given as a solution of the analysis. Vertical
mixing process is analytically described by the entrainment laws which are
proposed in the author's previous experimental study. Computed seasonal
development of temperature field and surface heat exchanges are in satisfac-
tory agreement with field data. Normalization of basic equations leads to two
governing parameters, with which a parametric analysis is performed. Based on
the analysis, lakes are classified into three categories; (a) stratified lakes
{or thermo-dynamically deep lakes), (b) moderately-mixed lakes and (c) well-
mixed lakes (or thermo-dynamically shallow lakes).

INTRODUCTION

The thermal cycle in lakes 1is strongly affected by meteorological
conditions as well as by lakes' dimensions such as water depth. This is
definitely a different point from situations in oceans or atmospheric boundary
layers which are semi-infinite systems bounded solely by the air-water
interface or ground surfaces. In lakes, the bottom boundary inhibits thermal
stratification development, which modifies temperature profiles and surface
heat exchange. For instance, in shallow lakes, turbulent patches generated by
wind shear and/or by natural convection are easily transported to the lake
bottom, which promotes full scale mixing and then produces a homogeneous
temperature field; on the other hand, in deep lakes, penetration of turbulence
kinetic energy is confined within a surface layer of finite thickness below
which a stable stratification develops. Hydrodynamic differences between
shallow and deep lakes can be found not only in thermal structure but also in
surface heat exchange process; total amount of surface heat exchange through-
out a year in a shallow lake is generally less than that in a 1large lake
because of their heat capacity difference, even if both are under the same
meteorological conditions.

In this paper, we examine how lake water ‘depth, wind intensity and
thermo-dynamic factors of meteorology affect seasonal variation of water
temperature, stratification and destratification processes, heat transfer
across the air-water interface and so on. Main factors considered here are
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(a) meteorological conditions governing surface _heat flux, (b) _mechanical

stirring due to wind shear stress and (c) depth of lakes. The focus 1is on
seasonal temperature variation whose time scale is longer than that of hourly
or daily variation. In this case, heat and mass transfer in the vertical
direction plays more dominant roles on lake thermo-dynamics than the
horizontal component. The system 1is considered to be vertically one-
dimensional. An integral mixed-layer model is employed to describe thermal
processes in lakes. Vertical mixing is formulated by means of entrainment
relationships. Heat exchange across the water surface 1is given by a
linearized heat exchange relationship in which heat flux is in proportion to
temperature deviation of surface water from an equilibrium temperature.
Temperature analysis is performed under a fairly simplified situation, 1i.e.
seasonal variation of an equilibrium temperature 1is approximated to be single
harmonic and wind stress imposed on water surface is assumed to be constant.
Basic equations are normalized with characteristic scales to get dimensionless
parameters. Performing a parametric analysis, we found functional relation-
ships between the thermal regimes in lakes and the two parameters defined by
lake depth, wind shear stress and heat flux magnitude. From a thermo-dynamic
point of view, lakes are <classified into three categories, i.e., (a)
stratified lakes (or thermo-dynamically deep lakes), (b) moderately mixed
lakes and (c) well mixed lakes (or thermo-dynamically shallow lakes}),
respectively. '

HEAT EXCHANGE AT THE WATER SURFACE

Heat flux across the water surface is a function of meteorological
conditions and water surface temperature. Although the functional relation-
ship is more or less non-linear and complicated, heat transfer process is
approximated by the following bulk formula

G = -K(T:-Ts) (1)

where, @u (cal/cm®/day) : surface heat flux, T. : equilibrium temperature, and
Ts : surface water temperature. Eq. 1, where all of meteoroclogical factors
governing heat transfer processes are included in 7., is a linearized heat
flux relationship developed by Tetzlaff (1979} (1). The heat exchange coeffi-
cient K is given by

K=4ecA®+h+sP (2)

where, & : emissivity of the water surface (=0.97), o : Stephan-Boltzmann's
coefficient (11.7x10-% (cal/cm®day’C*}), 4=273 (‘C), h, s : exchange coeffi-
cients for sensitive and latent heat transfer, respectively and fB=de/dT
gradient of "saturation vapor pressure" curve. Detail procedures to obtain
Egs. 1 and 2 may be referred to (1).

To obtain higher resolution in water temperature prediction, meteorolo-
gical data in-situ should be used. The purpose of the present study is,
however, not to, make a case study but to obtain general features of lake
thermo-dynamics. Therefore, X in Eq. 1 will be treated to be constant to
make the analysis simple. Numerical values for XK will be discussed later.

OUTLINE OF TEMPERATURE ANALYSIS

Three Phases of Thermo-dynamic Process in Lakes and Their Entrainment
Relationships (2)

It is shown <that annual development of lake thermal structure is
classified into the three phases in our previous paper (2), which are briefly
summarized as follows.
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(1) The first phase of heating season : "Hi"

In earlier heating season, mechanical turbulence produced by wind shear
seldom penetrates into thermocline interface, because, in this stage, the
thermocline is deep. Meanwhile, heat flux supplies stable buoyancy which
increases dynamic stability of density field. In such a situation, the mixed-
layer depth hs is determined from the following relationship

Cotr 3 = Cour® = 0 (3)

where, Cu, Cv : empirical coefficients denoting efficiency of wind-induced
mechanical turbulence and heating buoyancy flux on mixing, respectively, u-
friction velocity of wind shear. A velocity scale for buoyancy flux due to
hating, us, is defined by utr = (-agF(#)hn )%, where a : a thermal expansion
coefficient, ¢ : gravity acceleration, F(#) (°Ccm/sec) = &uv/pc : heat flux per
unit area divided by density, p, and specific heat of water, ¢. Note that a
negative value of F({) means that heat is transferred from atmosphere to
water body and wvice versa. ‘

Eq. 3 gives a solution of thermocline depth hs, for which mechanical
turbulence kinetic energy, Cwu.®, is just in balance with stabilizing effect
of buoyancy flux, Chrus®. With increasing heat flux magnitude |F(t)|, the
mixed-layer gradually becomes thinner.

(1L ) The second phase of heating season : Hz

As the mixed-layer thickness &k decreases, relative contribution of
buoyancy flux, uv°, to stratification process becomes less important. In-
stead, the wind-induced mechanical turbulence, u- %, becomes more dominant on
mixed-layer development. After the mixed-layer thickness reaches a certain
minimum value hns, the two terms of Eq. 3 no longer remain in balance. In
this stage, the mechanical stirring overcomes the stabilizing buoyancy flux,
which promotes weak vertical mixing. According to the author's previous
experimental work (3), the mixing velocity or the thermocline deepenning rate,
(dhn/dt), was found to be

dhu u*a_ up®
at = Tgm T C eohm

(4)

where, €=aAT : specific density difference across the thermocline and AT
temperature jump there.

(Il } Cooling season : C
In the cooling season, heat flux F(t) becomes positive, which contributes
to turbulence energy production through thermal convection. 1In this case, the
vertical mixing is induced by combined action of mechanical and thermal
stirring. In our experimental work (4), it was found that the mixing rate may
be described by
dhn ®
dt

u- T : ‘
cotn * U Cohm (5)

= Cu

where, ur={agF(t)ha )% : convection velocity, Ci : an empirical coefficient
measuring efficiency of natural convection on vertical mixing.
The coefficients in Eqs. 3 to 5 were determined as follows (2)

Cu=11.0, Cr=0.45, C+=0.356 (6)
Coupling the entrainment relationships given by Eqs. 3 to 5 with a heat

conservation equation given later, time development behaviors of thermal
structure can be analyzed.
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Fig. 1 Schematic of temperature profiles in the present model
{(a) Initial stage of heating season
(b) Formation of stratified structure
(c) Vertical mixing and destratification processes
{(d) Uniformly overturned regime

Mixed-Layer Model and Its Heat Conservation

Temperature analysis in the present work is based on an integral mixed-
layer model which was originally developed by Kraus & Turner (5). However,
this can not be applied directly to the present system, since it is applicable
only to infinitely deep bodies such as oceans and atmosphere. The original
model should then be modified so that it could be applied to a finite depth
lake system. A schematic concept of modified model is shown in Fig. 1. The
analytical procedure is as follows.

In the beginning, temperature is considered to be uniformly distributed.
Water temperature is defined as the deviation from the initial temperature.
Thus, the initial temperature is set to zero in the analysis.

In the earlier heating period, heating is so weak that temperature field
1s uniformly mixed by wind-induced disturbance. In this stage, the mixed-
layer thickness hkns given by Eq. 3 is larger than the total lake depth H, i.e.
hune=Cotts °/{~Co agF(t)} 2 H. The corresponding water temperature, 7Tn, can be
easily computed from the heat conservation relationship, dT«/dt=-F(t)/H. Tn
monotonically increases until hne becoming smaller than H. The water
temperature corresponding to the stage of hue=H is defined as T (see Fig.
1(a)).

: In the second stage, temperature field begins to stratify and to develop
a two-layer system. This is composed of a uniformly mixed-layer 1in the
surface region and a continuously stratified 1layer in the deeper region.
Solutions for hn and Ta are obtained by using Eq. 3 and the following heat
conservation equation. :

j;-}?(t)df: Tu () -ha (1) + j:mT;(z)dz -5 (7)

where, 5 : heat storage or heat content of water column with unit horlzontal
area. Temperature profile in the deep region, Ti(z), is assumed to have a
permanent form which is equivalent to the functional relationship between
z=ha (t) and T (z)=Tn(t), where ks (#) and Tu (t) are a set of solutions for the
~period of Hi and ¢ is treated to be a dummy variable between them. In other
words, the profile of Ti{z) is equivalent to a trajectory of the mixed-layer
bottom boundary during the heating process in the (T,z) plane. Fluid at z in
the deep region is considered to keep its temperature T: (z) until it would be
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Fig. 2 Schematic diagram for annual variation of heat flux,
F(t), equilibrium temperature, 7., and mixed-layer
temperature, Ta

mixed again due to entrainment. The functional form of 7T:i(z) is given as
follows (2).

Ti(z) = Talho Y (2)) ) (8)

Due to detraining process, the mixed-layer thickness decreases and surface
temperature increases until ks reaches the minimum value hes (see Fig. 1(b}).

The thermal regime then turns to H:; the thermocline begins to deepen due
to vertical mixing (Fig. 1(c)). The mixing rate for the period of H: and C
are computed from Egs. 4 and 5, respectively. Solutions for these two regimes
are obtained from Eq. 4, Eq. 5 and heat conservation relationship Eq. 7.

Finally, the mixed-layer deepens to the bottom and the system is
completely overturned (see Fig. 1(d)). Computation of water temperature in
this case is exactly the same as that of Fig.1l(a}.

External Conditions

External factors imposed on water surface are meteorological conditions
such as atmospheric temperature, solar radiation, air humidity, cloud mass,
etc. and wind stress. These are given as follows.

It is assumed that seasonal variation of meteorological factors could be
described in terms of an equilibrium temperature whose time dependency is
sinusoidal as

Te = AT: Sin(ﬁ)t‘@) + Taa (9)

where, AT. : annual amplitude of T., ©=27/365 (day !) : angular frequency, f :
time, ¢ : phase lag and T.s : annual average of T..

Replacing surface temperature Ts in Eq. 1 by the mixed-layer temperature
Tw, heat flux is written as follows.

F(t) = Qu/pc = ~k(Te~Tn) ’ (10)
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- Fig. 3 Computation flow chart in the analysis

where, k=K/pc : a newly defined heat exchange coefficient.
Time dependency of F(t), Te and T» are schematically shown in Fig. 2.
The other external component, i.e. the wind stress, is not periodical and
its time variation is irregular as well as intermittent. To simplify the
analysis, however, a constant wind shear velocity, u., is assumed, which may
be equivalent to the annual average of ‘mechanical stirring (schematically
shown in a chain line in Fig. 2).
. Once a set of AT and u. are given, seasonal variation of thermal
structure could be analyzed. The phase lag ¢ in Eq. 9 1is iteratively
determined so that annual integration of heat gain and loss become zero, i.e.,

j;F(udt -0 (11)

where, the origin of time coordinate, =0, 1is taken so that F({=0)=0 or
Te=Tw=0 at {=0. For given ¢ and AT., the average equilibrium temperature Te.
which satisfies Eqs. 11 is determined to be T.: = AT.sin(o).

A set of solutions for T{z,t), F(t{) and ¢ are solved according to the
flow chart shown in Fig. 3. )

Neither ice formation nor inverse temperature stratification below 4°C 1is
considered in this analysis.

NORMALIZATION OF BASIC EQUATIONS TO OBTAIN GOVERNING PARAMETERS
Normalization of Basic Equations

In order to perform a parametric analysis, three independent wvariables,
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AT., u- and 1/0, are chosen as scaling factors, which express the thermal
meteorological factors, the wind-induced stirring and time, respectively.

Performing a dimensional analysis based on the entrainment relationships, Egs.

9 to 5 and the heat conservation equation, Egq. 7, the following characteris-
tic scales are found.

Length scale : hs=Cou+°/Ch agkaTs
Time scale  te=1l/0 (12)
Temperature scale : Te =0Cu U= 2 /Cy agk?

Governing equations are normalized in terms of these characteristic
scales as follows (""" is capped on each normalized variables).

(a) Heat conservation equation, Eq. 7 :
The surface heat flux, F(t), is normalized as

F(t) = F(1)/0heTs

~(k/ohs ) (Te-Tn) = -AT- [ATs {sin(#-¢)+sine}-Tu ] (13)

]

Then, normalized heat conservation relationship is given by

d5/dt = -F(1) (14)
or

n
[}

1 H H W o~ ~ ~ ~ ~
S/(Tc hc) = J- T(z)dz = [ T(z)dz = Tohn + j"’ T (z)dz
c fle @ a h

it

OO,
JB—F(t)dt (15)
(b) Entrainment relationship :

- Eq. 4

dhn Cp AT 2 . « Tn
= = 25— [1-hn {si - 16
Py AT [1-hn{sin(t-¢) + sing AT y] (16)
- Egq. 5
dhn  CoAT.? Cr =~ - Ta
Ao _ Codle” o L in(i- LI 17
dt athe b (sin(i-0) + sino ARL (a7

In these equations, the dimensionless variables are defined as
(Tm, AT T(Z), T (Z), Te, Tea, ATe)
= (Tm, AT T(Z), Ti (Z), Te, Tpa, ﬂTe)/Tc (18)
(z, H, ha) = (2, H, ho)/ho and =0t (19)

Dimensionless Governing Parameters

As seen in the normalized equations, Egs. 15 to 17 , the solutionms for
(hm(t), To (1), T (z), F(#)) are governed by the following two parameters.

Aie = AT:/Te = (Coagk®AT:)/(aCuu.?) (20)
H=H/he = (CoagkdTeH)/(Cuu-?) - (21)
AT. denotes the ratio of surface heat flux magnitude to mechanical turbu-

lence intensity. With increasing AT., surface heat exchange becones more
dominant on thermo-dynamic processes than wind shear stress.
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Fig. 4 Time dependency of surface heat flux assumed
. in the author's previous analysis (Ref.(2))

H is a dimensionless depth denoting the ratio of depth scale to me-
chanical energy flux. Larger values of #H means "thermo-dynamically deeper
lakes". ) .

These two dimensionless parameters are composed of the three independent
factors, 1.e., (a) thermal meteorological factor, AT., (b)mechanical stirring
intensity, u-., and (c) depth scale H.

TEMPERATURE ANALYSIS

Analysis for Infinitely Deep System

In our previous study (2), infinitely deep water bodies were considered.
Seasonal variation of heat flux was assumed as a saw-tooth function as
reproduced in Fig. 4. In order to compare the present analysis with the
previous one, a computation for the case of H — o« is carried out.

In Ref.(2), variables were normalized as follows.

(hm+,2+) = (hm,l)/hc'

(Tn+ ,Ti+ (2+),A8T+) = (T ,Ti{(2),AT)/Tc" (22)
t“ = t/tc'

F+(f+) = F(t)/Hs

where, subscript "+" . denotes normalized variables wused 1in the author's
previous paper. The characteristic scales in Eq. 22 are chosen to be
te '=365/4(day), he'=Cuus’/CoagHs, and To'=Hsio'/he', respectively. Hs is the
magnitude of peak surface heat flux (see Fig. 4).

These variables are transformed into the present dimensionless system as

follows.

(hn,2z) = (KATs/Hs) (kv ,2+) = (4Tc2/Hs ) (ha+ 2+ )
(Tn,Ti (2),AT) = {(CoagHs k)2n/(202Cu2u. ®)} (Tn+ ,Ti+ (2+),AT+)
=(Hs 2/8Te2) (n/2) (Tu+ ,Ti+ (2:) ,AT) (23)
i = (w/2)t.
F(#) = [{Cv?(ag)®k®ATeHs }/(02Ch2u- ®)1Fs (t+) = HsFu (#0)

where, ﬁs=Hstc/thc is a dimensionless form of H: based on the present
system.
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sis, Chain lines : the previous analysis)

The heat flux scale Hs is determined to be Hs=0.4 for which computed
heat flux gives the best fitting to heat flux curve shown in Fig. 4. The
result is shown in Fig. 5. Computed mixed-layer thickness h» as well as
surface temperature Tn shows good agreement with the former solutions
{chain lines in Fig. 5). It confirms that the present analysis gives a
reasonable solution without specifying a functional form of heat flux. This
is more advantageous than the previous analysis.

Comparison with Field Measurements

In order to verify the present analysis, case studies for several lakes
are performed. Since our analysis is restricted to lakes located in tempera-
ture zones, extreme meteorological conditions are not considered here. In
this zone, AT. and k do not vary much and they are assumed to be constant.
Based on studies by Mihara et al. (8), they are determined to be AT =12(°C ),
k=45(cm/day), respectively. Details are shown in Appendix.

On the other hand, there is little available information on u- which is
friction velocity scale equivalent to annual mean of wind stirring. General-
1y, u- depends not only on local wind velocity but also on horizontal
dimensions of lakes and geographical features of surrounding areas. In
addition, it isiquite difficult to determine a reasonable value for u. from
wind velocity time series because its time dependent behaviors are irregular
and intermittent. In this computation, u- is estimated so that computed heat
content shows best agreement with the observed one.

Computed heat fluxes and thermal structure development are compared with
field measurements for several lakes in Figs. 6 to 9. These data are referred
to Refs.(7) to (9). In these figures, the agreement between the theory and
field data is satisfactory. In addition, u. determined by the present method
shows reasonable values for all lakes. We conclude that the proposed analysis
can reproduce temperature fields with satisfactory agreement, although some of
processes are roughly formulated.
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CLASSIFICATION OF LAKES THERMAL STRUCTURE
Sensitivity of Thermal Processes to Governing Parameters

A parametric analysis is carried out to examine sensitivity of the
‘solugions of temperature and heat flux to the two ggverging parameters, AT.
and #. Some results for different combinations of (#, 4T-) are exemplified in
Fig. 10. Temperature isopleths are shown in depth-time coordinates in the
upper parts of every diagrams. The corregponding time development of heat
flux, F(#), and mixed-layer temperature, 7n, are shown in the 1lower parts.
Since temperature field in the lower layer of stratification is assumed to be
unchanged, every temperature contour lines below the thermocline are Kept
horizontal. In a real situation, however, the temperature slightly changes
even in this region.

The following conclusions can be drawn from the figure.
a) Larger the depth scale H, stronger the temperature stratification becomes,

i.e., life span of thermocline becomes longer with increasing H.

b) With increasing AT., seasonal variation of surface heat flux and surface
water temperature becomes larger. )
¢) Three types of thermal structure behaviors are found;
(A) Completely mixed type lake [M-typel )
No thermal stratification is found throughout a year.
(B) Partially mixed type lake [MS-typel
Weak stratification develops in the beginning of heating period. But it
is destroyed by wind stirring after decrease in the heating rate. The
system is completely overturned before cooling season begins.

(C) Stratified type lake [S-typel

Strong thermal stratification develops, which 1s kept throughout the
heating period. Then, in the cooling season, it begins to be destroyed
under the combined action of thermal convection and mechanical turbu-
lence. Finally, the system is uniformly mixed.

Hysteresis of Heat Content, Surface Temperature and Potential Energy

Time hystereses of "$-T»" and "Ta-P" are useful for understanding
relative phase relationships among these quantities. They are also useful to
examine how accurately the theoretical model reproduces seasonal variations of
thermo-dynamic properties (10). .

In the normalized system, § and Tn are defined by Egs. 15 and 18,
respectively. Dimensionless potential energy P of water column are given as

- I o e e
P = % Tohn? + I; Ti(z)zdz (24)

where the potential energy is taken to be deviation from the initial wvalue.
Its dimensional form is written as

TH ) .
P = jﬁ peagT(z)zdz , : : ' (25)

The potential energy 1s composed of two components. The first one 1is
"Dynamic Potential Energy”, P1, which reflects dynamic stability of buoyancy
stratification. This is equivalent to energy being necessary to completely
destroy stratification through adiabatic process, in other words, work done by
full-scale mixing. For uniform temperature field, Pi is zero. The second
component is "Thermal {(or Internal) Potential Energy"”, Pz, which 1is the
contribution of heat energy in water column to the potential energy. This
component has no effect on dynamic process.
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Fig. 11 (a) Two kinds of temperature field,
(A) stratified system
(B) corresponding completely mixed situation
produced by adiabatic vertical mixing
(b) A schematic diagram of the (S-P) hysteresis
loop and relationship among P, P1, P2 and §
in the (S-P) plane

For better our understanding of physical meanings for P, P1 and Pz, two
regimes of temperature fields are schematically shown in Fig. 11(a). Consider
the two situations; (A): stratified system and (B): uniformly mixed system
whose heat storage is equal to (A). P corresponds to (A) and Pz to
{B),respectively. Thus, P: is defined as

H 1 2 _ 1
P2 = . paagTa zdz = 2 poagTaH® = 5 pe agHS (26)

where T» is ensemble mean temperature defined by T.=S/H.

The potential energy difference between these two situations, say {P:-P),
is equal to the work done by vertical mixing. We define it to be the dynamic
potential energy as

H
Pi= Pp-P = Ia peagT(z)(z- g Ydz (27)

P> reflects the thermal energy transfer process and P: the dynamic energy
transfer process, respectively. Dimensionless forms for P: and P: are written
as follows, respectively.

SH (28)

)d;, 132 = i‘ai}z =

Boame
B =
D |

By - j: F(3) (z-

Definition of P, Pi1 and P> are schematically shown in a hysteresis loop
diagram of (S-P) in Fig. 11(b).

Sensitivity of hysteresis loops of (fm-§), (?—5) and (?a-§)~ to the two
" parameters H and AT. are seen in Fig. 12. The hystereses of {P2-5) are not
shown, because they have no loop; P: is just in proportion to S as seen in
Eq. 28-2. In the (T»n-S) diagrams, it can be seen that relative phase lag
between Tn and S becomes larger with increasing H but it is not so sensitive
to AT-. A similar tendency is seen in the relationships between P and S. The
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Fig. 12 Time hysteresis loops of S-T, {right hand sidg),~ﬁ—§
(thin solid lines in the left hand side) and P:1-$
(thick solid lines in_the left hand side) for various

combinations of (H#, AT:)

loop curves of (%m*é} and (?-5) for the case of large H are qualitatively in
good agreement with the results of Gill and Turner (10) which were obtained
for infinitely deep water bodies. .

We postulate that the conventional potential energy P is not an
appropriate index for examining dynamic aspects of temperature field because
it includes_the component due to heat storage, P2, in addition to the dynamic
component, P1. Pz is determined solely by heat storage. This 1s independent
on temperature profiles, in other words, independent on dynamic energy
transfer process due to stratification and destratification. On . the other
hand, P1 is physically more meaningful in the examination of dynamic
energy transfer process from external systems into lakes. The hystereses of
(P1-§) are shown in thick solid curves in Fig. 12. In better mixed situations
such as M-type or MS-type lakes, less dynamic potential energy Pi1  is stored.
For thermo-dynamically deeper lakes, in other words, for lakes of larger depth
scale H, more amount of P is stored and the stratification system is
gravitationally more stable. P: becomes zero when the system 1is completely
mixed, which means that no dynamic energy is stored and the system 1is
gravitationall& neutral. Although the conventional potential energy P cannot
describe these dynamic behaviors, the proposed dynamic potential energy P
well documents the thermo-dynamic aspects of lakes.

Classification of Lake Thermal Structure

A parametric analysis with respect to the two parameters, (H, AT.), leads
to a classification diagram of lake thermal structure as shown in Fig. 13,
where the three types of annual thermal structures are shown in the (#,
AT.) coordinate system. Thin solid curves in the figure denote contour curves
of the "thermocline 1life span" during which thermocline exists. Numerical
values are dimensionless life span of thermocline which are in the range of
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Fig. 13 Classification diagram of lake thermal structure

(thin solid lines show contour curves of thermo-
cline life span)
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Fig. 14 Functional dependency of maximum surface
temperature, Tns, on AT and #.

0<i<2w. Also shown in black circles are field data from several lakes,
where numerical values correspond to observed thermocline life span. .

In Fig. 14, the maximum surface water temperature in a year, Tns, is
shown as a function of AT. and H.

In both Figs. 13 and 14, agreement between the analysis and field data is
satisfactory. Fig. 13 shows that thermocline life span is more sensitive to H
than to aT-. On the other hand, in Fig. 14, it is seen that Tn- 1is more
dominantly affected by the amplitude of equilibrium temperature, 4T., than by
H. :

From the results, it 1is concluded that the proposed analysis 1is
practically useful to classify lakes from a thermo-dynamic point of view. It
also enables us to examine lake properties without requiring detail in-situ
meteorclogical data.

CONCLUDING REMARKS
We examine how thermal structure and heat flux in lakes are affected by

relating factors. The heat flux formula using an equilibrium temperature has
an advantage that we need not specify a time-dependent functional form of heat
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flux. The seasonal variation of heat flux is given as a solution of the
lake temperature analysis. Satisfactory agreement between the theory and
field data is recognized not only in temperature field but also in surface
heat flux, which confirms that our analysis has satisfactory resolution for
reproducing annual thermal processes.

Based on the model, we obtain two dimensionless governing parameters;
they are (a) dimensionless amplitude of an equilibrium temperature, AT., and
(b) dimensionless depth of water body, H. From a thermo-dynamic point of
view, lakes are classified into three categories: they are (a) mixed type
lake, (b) partially mixed type lake and (c) stratified type lake. We proposed
a classification diagram, where the three categories as well as thermocline
life span are shown as functions of AT. and H. The present analysis enables
estimation of thermal regimes of lakes without specifying meteorology and heat
exchange processes. ‘

We hope that this research work could contribute to, for instance, a
preliminary investigations of water resources development project, improve-
ment and protection works of hydrospheric environment and so on.

In lakes, however, there must be some additional important processes not
included in the present analysis, such as horizontal heat advection of
through-flows, wind-induced currents, temperature stratification below 4°%C,
ice formation, etc.. It is necessary to extend the analysis to more realistic
situations by examining these processes .
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APPENDIX

Appendix-1 k : HEAT EXCHANGE COEFFICIENT

Numerical value of %k 1is uncertain. Strictly speaking, it is not
constant, and might weakly depend on meteorological conditions such as
horizontal fetch of lakes, geography of surrounded area and so on. In the
present study, however, k is approximated to be constant and estimated as
follows. .

The following two proposals were given for k and S.
{(a) Mihara et al. (6);
 h=17.0 (cal/cm®day’C) or h=2.0x10"*(cal/cm?secC) ; (A.1)
S=34.5 (cal/cm?daymmHg) or S=4.0x10- *(cal/cm’secmmig) (A.2)
These are obtained from field data in small impoundments whose horizontal
dimensions are less than 100(m).
{b) Timofeev proposal(see Ref.(6));
h=4.8(U2/x% 1) (cal/cm®day’C) (A.3)
$=11.6(U2/x% ) (cal/cm®daymmlig) (A.4)
where, Uz : wind velocity at 2{(m) above the water surface (m/sec) and x :
fetch (m). These formulas are for 1larger water areas with horizontal
scales of 1(km)s$xs100(km). Taking Uz=2{m/s) and x=1000{(m} for an
example, Egs. A.3 and A.4 reduce to .
h=4.8 {cal/cm?day°’C) (A.5)
§=11.6 (cal/cm’daymmHg) (A.6)

g varies between 0.5(mmHg/°C )~ 2.2(mmHg/°C ) for normal water temperature
condition and we take $=1.2(mmHg/°C ). Then, Eqs. A.1 and A.2 give

K=68(cal/cm?day’C ) or k=K/pc=68(cm/day) (A.7)
and Egs. A.5 and A.6 give

K=24(cal/cm®day’C ) or k=K/pc=24(cm/day) : (A.8)
Taking the ensemble mean of Egs. A.7 and A.8, we used '

k=45(cm/day).

Appendix-2 AT. : MAGNITUDE OF EQUILIBRIUM TEMPERATURE VARIATION
Based on data given by Uchijima (7), we take AT.=12(°C).

Appendix-3 u. : FRICTION VELOCITY
Considering that u. varies between 0.1~ 0.8(cm/s), we use u-=0.4{(cm/s)
for the parametric analysis.

Appendix-4 NOTATION

The following symbols are are used in this paper.

c = gpecific heat of water;

Cu, Cov, C¢ = proportional coefficients in entrainment relationships;
ke = characteristic scale of depth;

hn = mixed-layer thickness;

F(t) = heat flux per horizontal unit area at water surface;
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g
H

k(=K/pc), K
P, Py and P2

te

7o

Te

Ti{z)

Tn

AT

ATs, Tea

Up

w=21/365

gravity acceleration;
total depth of water body;
heat exchange coefficients at water surface;

conventional potential energy, dynamic potential energy
and thermal potential energy in density stratification

‘system, respectively;

heat storage of water column with unit horizontal area;
time coordinate; ‘

characteristic scale of time;

characteristic scale of temperature;

equilibrium temperature; k

water temperature at lower stratified layer;

water temperature in the mixed-layer;

temperature jump at thermocline interface;

amplitude and average in seasonal variation of equilibrium
temperature, respectively;

velocity scale for heating buoyancy flux;

velocity scale for natural convection;

friction velocity of wind shear stress at water surface:;
vertical coordinate measured downwards from water surface;
coefficient of thermal expansion;

specific density differences of temperature jump, AT, at
thermocline interface:

phase lag in sinusoidal variation curve of equilibrium
temperature;

- density of water;

angular frequency;
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