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(ii) 

SYNOPSIS 

Mixing of the surface waters of a reservoir, 

induced by meteorological forces, is a major factor deter

mining the quality of the water throughout the full depth. 

The aim of the project described herein was to study the 

air-water interaction over the Wellington Reservoir and 

develop a theoretical description of the important observed 

features. 

The epilimnion, or seasonal well mixed layer, 

was observed to undergo a diurnal cycle of heating and 

mixing, which in turn governed the seasonal cycle, including 

the formation and subsequent erosion of a seasonal thermo� 

cline. The diurnal cycle has been successfully simulated by 

a numerical model of integral well mixed layer energetics. 

The model has direct application in the study of biological 

production in reservoir surface waters. In addition, it is 

shown that the theory of well mixed layer energetics may be 

applied to a study of the seasonal cycle in reservoirs, and 

also to oceanic and atmospheric problems. 
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CHAPTE R 1 

INTRODUCTION 

1 

In July 1974, a Study funded by the Australian 

Water Resources C otmcil and entitled "Management of Water 

Quality in Reservoirs" was commenced within the Engineering 

School at the University of Western Australia. The Study 

concentrated on the Wellington Reservoir, situated some 160 km 

south of Perth, where increas�d salinity levels had resulted 

from clearing of the reservoir catchment's native forest for 

agricultural purposes. In addition to alleviating this specific 

problem, the objective of the Study was to develop management 

procedures applicable to a variety of water quality problems 

occurring in medium sized reservoirs. The Study was completed 

in 1980 with the publication of the final report by Imberger 

and Hebbert (1980). 

The Project described in the present report was 

initiated, as part of the above Study, to investigate the 

interaction between meteorological processes and the reservoir 

surface layer. In particular, it was considered necessary to 

tmderstand the heating and mixing cycles which lead to the 

formation of the seasonal thermocline, which itself has a 

profotmd effect on internal water movements and on the vertical 

transport of water constituents. The aims of the Project were: 

(a) to experimentally observe and measure meteorological

and water properties which modify the reservoir

surface density structure,



(b) 

(c) 

2 

to develop theoretical and numerical descriptions 

of those observed processes considered to be 

important, and so attempt to simulate the observed 

surface density structure, 

to recommend procedures applicable to simulation o 

the seasonal reservoir surface density structure. 

Over the summer months of 1975-76, a series of 

intensive field investigations were conducted aboard a raft 

anchored near the centre of the main water body. The raft 

provided a platform for a permanent, continuously recording 

weather station and was also used during the field work to 

mount sensitive meteorological sensors. Profiles of temper

ature and salinity, measured hourly over four separate days, 

revealed a striking diurnal cycle of morning heating followed 

by afternoon and evening mixing, occurring within the epilimni 

which is normally considered to be well mixed. Integral 

descriptions of turbulent kinetic energy, heat, mass, momentum 

and salinity were developed and incorporated into a numerical 

model of the diurnal cycte. The model's description of 

turbulent transfers at the surface includes the effect of 

atmospheric stability, which is very important over a medium 

sized reservoir. The model has successfully simulated the 

diurnal cycle for the four field days, so meeting the above 

aims. 

A brief guide to the contents of this report is as 

follows. Chapters 2 and 3 provide the methods for computing 

turbulent and radiative transfers at the reservoir surface; 

these are boundary conditions for the model. Chapter 4 detaiJ 



3 

the measurement of temperature and salinity profiles which 

revealed the diurnal cycle. The integral formulation of well 

mixed layer energetics is presented in Chapter 5 and is 

incorporated into the framework of a numerical model in Chapter 

6. Chapter 7 contains an analysis of the model results, with

conclusions and recommendations for future work appearing in 

Chapter 8. 



C H A P T E R 2 

THEORY OF ATMOSPHERIC SURFACE TRANSFERS 

4 

Over recent years, considerable research has focused 

on the physics of turbulent and radiative transfers in the atmos· 

pheric surface layer. In this chapter, a few established relati, 

ships are presented, providing a basis for experimental methods 

and computations described in Chapter 3. 

2.1 

2. 1. 1 

TURBULENT TRANSFERS IN THE SURFACE LAYER 

Surface Layer Scaling and Parameterization 

The Navier-Stokes equation for meteorological consid· 

erations is conventionally written in the form 

dU 

dt 

with u

k 

f 

p 

Vp 

T 

1 1 
ch 

+ f k X u = -V p + 
' 

p p az (2. 1) 

horizontal mean velocity, with x and y components, 

unit vertical vec-tor, 
,'\ 

Coriolis parameter, 

density of air, 

horizontal pressure gradient 1-E_ + 1-E_ ax ay '

Reynolds stress vector. 

In deriving eq. 2.1 and other relations, properties of the flow 

are split into mean and fluctuating components, as follows: 

horizontal velocity u = u + �
1

' u' = 0

vertical velocity w = W + w', w' = 0 

temperature T = T+ 6 
I > 8' = 0 

q I
> 

q' 0specific humidity q = q + = 
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The overbar denotes a time average (assuming stationarity of the 

turbulence). It will be retained in the following equations only 

for products of fluctuating quantities, e.g. the Reynolds stress 

is defined as 

I 

p 
= -u'w' = 

friction velocity. 

(2. 2)

Kraus (1972) shows, by a scaling argument applied to 

eq. 2.1, that the Reynolds stress is effectively constant in the 

atmospheric surface layer up to a height of several tens of metres. 

In this layer, rotational effects are negligible and so the mean 

flow is considered in two dimens:!,ons only. 

The heat equation may be written as 

dT 
dt.

with Q 

1 (clH + clQJ pC clz clz '
p 

radiation flux, 

C specific heat of air, p 

H turbulent heat flux = pC e'w'.p 

(2. 3) 

Finally, the equation for vertical momentum, neglecting 

frictional 

aw 

dt 

with p' 

6T 

and Coriolis effects, 

- l lic + _g L\T
p clz T ' 

dynamic pressure 

temperature difference 

its surroundings. 

Monin-Obukhov Length 

is 

between the parcel of air 

Manin and Obukhov (1954) examined the physical 

quantities 

H u
*

, 
pC 

p 
and _g_

T 

and 

from the above equations and by dimensional analysis defined a 

length scale 

(2. 4) 



with k 

u 3
* 

L= -----

_g_ H '
kTC 

p p 

van Karman constant (defined later). 

6 

(2.5) 

On the basis of dynamic similarity they proposed that 

any mean property of the turbulent flow may be described in terms 

of the dimensionless variable z/L. The Monin-Obukhov length, L, 

may be evaluated for a given set of meteorological conditions and 

is a measure of the height of the dynamic sublayer within which 

thermally induced effects are unimportant. 

Moisture Correction 

Air containing water vapour has a lower molecular wei 

than dry air and hence a higher gas contant Ras it appears in the 

Ideal Gas Law 

p = p R T. (2. 6) 

It is common meteorological practice, when dealing 

with mixtures of air and water vapour, to retain a constant value 

of Rand include moisture correction in the temperature, giving 

virtual temperature 

T = T(l + 0.61q) in degrees Kelvin. 
V 

(2. 7) 

Eq. 2.7 is derived simply from Dalton's Law. 

When investigating turbulent flow over water bodies, 

the buoyancy induced by water vapour excess close to the surface 

should be considered. Busch (1973) incorporates this effect into 

the Monin-Obukhov length 

L = 
u 3T

* V 

kg0 'w' 
V 

(2. 8) 

where 0 '  is the fluctuating component of virtual potential tempe1 
V 

ature. The buoyancy flux term e 'w' may be expanded using eq. 2.� 
V 

"' ':\ 



0 'w' = 0'w' (l+o.6lq) + 0.61T q'w' + 0.61 0'q'w', 
V 

7 

e'w' + 0.61T q'w' , (neglecting minor terms) 

_l_ H + 0. 61 _'!_ E 
pC p 

p 

where Eis the turbulent mass flux of water vapour. 

So, L = 

2. 1. 2

- pu 3 T * V

kg[� + 0.61TE]
p 

Flux - Profile Relationships 

(2.9) 

The theory of flux - profile relationships in the 

surface layer has been well documented by Dyer (1974), Businger 

(1973) and others. Although no profile measurements were conducted 

during this project, the theory covering such work will be utilized 

and is therefore SUITU11arised below. 

Similarity Hypothesis 

Monin and Obukhov (1954) parameterised the non-dimen-

sional gradients of wind, potential temperature and specific 

humidity in terms of the stability parameter z/L: 

kz dU 
¢M(f], -- = 

u* dz 
(2.10) 

kz de 
¢H(i)' 

-- = 

8* dz 
(2.11) 

kz dq 
= 

¢w(f)' q* dz 
(2.12) 

where u* = (;)
½

. (2. 13) 

e*u* H
= - --

pC p 
(2. 14) 

E 
q*ui< 

= 

p 
(2.15). - - . 
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k is the von Karman constant defined such that cpM,H,W = 1 for

z/L = 0. 

Over the last decade, the development of instrumentatic 

to directly measure turbulent fluxes of momentum, heat and moisture 

has permitted precise evaluation of the cp functions. Dyer (1974) 

sunnnarises the various proposed forms and concludes that the 

following are most acceptable. 

Unstable: 

[z] -¼
cpM 

= ( l - y L )

where y ::e 16. 

Stable: 

where a - 5. 

(2.16) 

(2.17) 

(2. 18) 

Hicks (1976), in a re-analysis of the Wangara data 

(Clarke ex cu'..(1971)), found that eq. 2.18 holds only for slightly 

stable conditions (0 < z/L < 'o�s). For higher stabilities he found 

that velocity profiles depart from the log-linear form of eq. 2.18 

toward a purely logarithmic form (cpM 
constant), but that this state 

is never reached. He further observed that in very stable conditio 

the profile above a few metres becomes linear with height, indic

ating a decoupling of this air from that near the surface, i.e. : 

dU cu* z 
= > 10 , (2. 19) dz kL L 

so cp = 
M 

c(z/L) (2.20) 

where c is a constant (c ::e 0.8). 
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Carsons and Richards (1978) lend their support to 

Hicks' (1976) findings and provide an empirical· formula for the 

transition between eq. 2.18 and eq. 2.20: 

<PM
= (8 - 4.2S(z/L)-1 + (z/L)-2), (0.5 < (z/L)<lO) (2. 21) 

While it is well established that <PM
= <P

H
= <f>w for 

(0<(z/L)<0.S) there is currently no information on the relationship 

between the <P's at higher stabilities. It is assumed here that 

they are equal. 

Profile Descriptions 

Following Paulson (1970) eqs. 2.10 to 2.12 may be 

integrated to the form: 

(2.22) 

(2.23) 

q* [ [z ) 7 q-qo =kin zw - 1/JwJ'
(2.24) 

where z
0

, zH and zW are roughness lengths. The ijJ functions have

the form 

= 

where l,; = z/L. 

1-<P (l,;) 
l,; 

dl,;, (2.25) 

In neutral conditions (<P = 1), ijJ = 0 and the .eqs. 2. 22 

to 2.24 reduce to the familiar logarithmic profile. 

Paulson (1970) gives analytical solutions to eq. 2.25. 

For the <P function of eq. 2.16 and eq. 2.17 integration yields 

1/JM = 22n[(l+x)/2] + 2n[(l+x2 )/2] - 2Tan-1x + f, (2. 26) 

8-8 = 8* r9.,n(~J - tjJ 7 
0 k L ZH HJ' 



1/JH = 1/Jw = 22n[(l+x2)/2],

where x = (1 - y (�) /•. For� given by eq. 2.18, 

1/JM = 1/JH = 1/Jw = - a(�] · 

10 

(2. 27) 

(2.28) 

Carson and Richards (1978) evaluated 1/J numerically for 

the two regimes where (z/L) > 0.5, given by eq. 2.20 and eq. 2.21. 

Alternatively, to obtain an analytical solution, 1/J may be evaluate<

separately for each regime. 

For (0.5 < r; � 10) 

1/J = J
0.5 1-p(r;)

r; r; 
0 

dr; 
+ r 

1-p (r;) dr;
0.5 r; 

= 0.Sr;
-2 - 4.25r;

-1 - 72n(r;) - 0.852.

For r; > 10 

J
0.5 1-p (r;)

r
o 1-p (r;) dr;

+ r 1/J = dr; 
+r; 0.5 r; 10 r;o 

= .Q.nr; - 0.76r, - 12.093 . 

(2.29) 

1-p (r;) dr;r; 

(2. 30) 

In obtaining the above results the lower limit of 

integration, r; ,  has been taken as equal to zero. This approxim-o ·,\ 

ation holds only for very small values of the roughness lengths 

z
0

, zH and zW such as those found over water.

2.1. 3 Bulk Aerodynamic Formulae 

Utilising the theory presented in the previous section 

it is feasible to make precise estimates of turbulent fluxes from 

measurements of the vertical profiles of wind, temperature and 

humidity over water. However, conducting such a measurement 

programme is a major undertaking and was considered beyond the 

scope of this project. For this and similar projects, where 
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surface turbulent fluxes represent only part of the dynamics of 

the system under investigation, it is desirable to have a method 

of calculating these fluxes using only routinely available single 

height observations. The bulk aerodynamic formulae provide such 

a method. 

Bulk aerodynamic formulae for stress, heat and moisture 

fluxes are written as follows: 

-r 
u'w' cDuz. - = = - u*u* = -

p 
(2.31) 

H
e'w' u*e* CHU(8-Ss).= = - = 

pC p
(2.32) 

E q'w' CWU(q-qs).= = - u*q* = -

p 
(2. 33) 

CD' CH and CW are the respective bulk transfer coeffic

ients., U, 8 and q are measured at some reference height (usually 

10 metres) and subscript s refers to surface measurement. 

Considering the theory discussed in preceding sections 

it is obvious that the bulk transfer coefficients will not be 

constants, but will be strongly dependent on stability. Several 

authors (Deardorff (1968), Carson and Richards (1978)) have invest-

igated this dependency. A similar analysis is presented here. 

Neutral Conditions 

For neutral conditions, eqs. 2.31 to 2.33 may be 

written in the general form 

(2. 34) 

where the subscript N refers to neutral stability and a is one of 

the variables U, 8 or q. 

A generalised form of eqs. 2. 21 to 2. 24 for neutral 

conditions is 
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(2. 35) 

and specifically 

(2.36) 

Substitution of eq. 2.35 and eq. 2.36 into eq. 2.34 

yields 

(2.37) 

and specifically 

= (2.38) 

Non-Neutral Conditions 

Generalised forms of eq. 2.34 and eqs.2.22 to 2.24 are 

and 

and 

F = - u a = - C U 6a 
a * * a ' 

6a = 
a

.,.tin(�J - l/J ].
k z a 

(2. 39) 

(2. 40) 

Substitution into eq. 2.39 of eqs. 2.40, 2.22, 2.37 

2.38 leads to the expres9ion 

C a 
CaN 

= [! + CaN(,j ,j 
k2 Ma 

specifically 

= 

., \ 
·.\ 

kl/! a 
----

✓cDN

k,j�a�CDN]r (2. 41) 

(2.42) 

Eqs. 2.41 and 2.42 give the ratio of the transfer coefficients to 

their neutral value as a function of stability. For a given 

stability (z/L), 1/Ja and l/JM may be evaluated from eqs. 2. 26 to 2. 30. 

/J.a = a*[.e.n fa_)] 
k [z ' a 

where .. z is z , zH or z 
a o w 

CDN k2/ 0-n(: ) /. 
0 

a 
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Roughness lengths do not appear explicitly in eqs. 

2.41 and 2.42, but they are implicitly specified by the selected 

neutral transfer coefficients. 

Bulk Richardson Number 

The stability length L, as defined by eq. 2.8, is 

difficult to estimate directly unless actual measurements of heat 

and moisture fluxes are available. From the established relations 

of Section 2.1.2 however, it is possible to obtain an expression 

for L in terms of a measurable bulk stability parameter called the 

Bulk Richardson Number, defined as 

(M+0.61T liq) 
= � V 

T U2 
V 

(2.43) 

The Monin-Obukhov similarity functions for temperature 

and moisture profiles are identical (see eq. 2 .17 and eq. 2. 18), 

indicating similar transfer mechanisms for heat and moisture. From 

now on the two will be considered together, assuming equality of 

bulk transfer coefficients and roughness lengths. Subscript HW 

will be used. 

Substituting for M, liq and U in eq. 2.43 from eq. 2.22, 

eq. 2.23 and eq. 2.24 gives 

r:• + 0.6!Tv :•] [tn(:
HW

) - $HW] 
= Q-,.-.-------......... -------

Tv 

[:• [,n (�) - $'1] r 
Substituting eqs. 2.37 

zkg(8*u* + 0.61Tv q*u*)

u 3 T* V 

and 2.38 and rearranging gives 

(krc; 

- ip ]lcHWN 
HW 

[�cDN - $Ml 

Ri = 
B 
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and the first term,by definition, is z/L, so 

�(�) (2.44: 

[k�CHWN 
=--------

[�"nN - �M]
The relationship of Ca/C

aN 
to RiB has not been

formally derived but is presented in graphical form in Figures 

2.1 and 2.2. These are composite plots for the stable and 

unstable cases showing the relations: 

(b) 

(�) 

z 
- "\., 

L 

In view of the uncertainty of the recent formulations 

of Hicks (1976) for ¢M H W at higher stability �qs. 2.20 and 2.21),
' ' 

the log-linear form eq. 2.18 has been plotted over the whole range 

of (z/L) in Figure 2.1 for reference. Also plotted is the curve 

for CD/ CDN resulting from th�\ use of eq. 2. 18 only; it can be seeIJ 

that CD (and hence stress) vanishes for low values of RiB("\., 0.2). 

The curves for CHW/CHWN and ¢HW have not been plotted in Figure 2. 

since they are very similar to CD/CDN and ¢M respectively.

Neutral Transfer Coefficients at 10 m

Several authors provide estimates of the 10 m neutral 

transfer coefficients CDN' CHN and CWN arising from extensive fiel

measurements of profiles and eddy fluxes over water bodies .. These 

authors invariably warn against the use of neutral coefficients in 

non-neutral conditions. 

- ,;HW] 
2 
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Figure 2.3 shows four differing descriptions of c0N.

The slight increase of CDN with velocity is commonly observed. At

low wind speeds the situation is unclear, however Hicks (1972) 

reports aerodynamically smooth behaviour with CDN � 1.0 x 10-3.

Values for CHN 
and C

WN 
between 1.3 x 10-3 and

1.5 x 10-3 appear suitable for the range of wind speeds of 

interest (Hicks (1975), Hicks (1972), Pond, Fissel and Paulson 

(1974)). Francey and Garratt (1978) found a smaller value of CHN

exhibiting wind speed dependence. Even if this is the case, 

sensible heat transfer at the reservoir surface is insignificant 

when compared to latent heat transfer. 

2.1.4 Internal Boundary Layers 

When air from the land flows over a body of water, 

the flow is modified due to the change in surface roughness, 

temperature and humidity. An internal boundary layer develops 

over the water surface and equilibrium conditions are set up in 

the lower portion of this layer. Hence,in the bottom portion of 

the internal boundary layer, advective effects are small and the 

constant flux layer relations of the previous section are applicable 

A number of models of internal boundary layer develop

ment and subsequent spatial distribution of fluxes have appeared in 

the atmospheric sciences literature. These models employ either 

a mixing length hypothesis (Taylor (1970), Weisman (1975)) or a 

turbulent energy closure scheme (Peterson (1969)). Both methods 

suffer limitations. Weisman asstnnes the similarity functions 

(eq. 2.10 to eq. 2.12) hold throughout the layer, thereby forcing 

the solution of layer development. He finds his solution to be 

strongly dependent on the mixing length scale height and although 
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he presents some justification for the "correct choice" of scale 

height, the results must be considered tentatively. 

No solution to boundary layer development will be 

attempted here. However, it is necessary to recognise the exist

ence of this layer in the reservoir situation and to ensure that 

measurements are conducted in the equilibrium sublayer where the 

established bulk transfer equations hold. Petersen (1969) indic

ates that the fetch must be 100 times the observation level for 

equilibrium to be assured. Hicks (1975) suggests a cautious 

fetch/height ratio of 1000 to ensure that the effect of upwind 

non-uniformities are minimised. On the basis of these and other 

guidelines, meteorological sensors described in the next chapter 

were mounted so as to have a mini�um fetch/height ratio of 200. 

Lower_ measurement levels were precluded due to the possibility of 

the raft superstructure modifying the airflow. 

2.2 RADIATION TRANSFERS BETWEEN AIR AND WATER 

To enable an investigation of the diurnal cycle of 

heating and mixing in the reservoir surface layer, information 

on the diurnal cycle of radiative transfers between the air and 

the water is required. This contrasts with long term (seasonal) 

reservoir models which generally require only daily integrals of 

radiation. 

Some simple expressions for radiation calculation are set 

out below. These are taken directly from the T.V.A. (1972) report 

to which the reader is referred for further detail. While there 
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are more accurate formulations of radiation transfer available, 
.,_ 

the added complexity is not warranted here in view of the good 

results presented in the next chapter. 

2.2.1 Solar Radiation 

The T.V.A. (1972) report sets out in detail the formulae 

for computing solar radiation at the surface, incorporating atmos

pheric attenuation, reflection and cloud effects. A sununary of these 

appears below, for use in subsequent chapters. 

Extra-terrestrial Solar Radiation 

The radiation Q impinging on a horizontal plane at so 

the top of the atmosphere is 

I 

Qso 
0 sinet, =-

r 

with I solar constant = 1353W/m2
, 

0 

r radius vector, defined below, 

Ct solar altitude (radians). 

The solar altitude is determined from the expression 

sinet = sin</> sine + cos</> coso cosh, 

with <I> 

0 

h 

�-i.\� 

latitude (radians), 

declination of sun (radians), 

local hour angle of sun (radians). 

(2.45) 

(2. 46) 

The variables r and o may be considered constant over 

a day and are given by: 

r = (2TI 1 + 0.017cos 365(186 d)] (2. 4 7) 

0 
TI (2TI - D)) (2. 48) = 23. 45 ( 180) cos 365 (172 

Computation of the local hour angle, h, requires a 

two part formula: 



(a) for the sun east of the local meridian

h =ST+ 12 - DTSL + ET,

(b) for the sun west of the local meridian

with ST 

DTSL 

ET 

h = ST - 12 - DTSL + ET

standard time of time zone, 

difference between local and standard time, 

the equation of time. 
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(2. 49) 

(2.50) 

ET, accounting for the apparent irregular angular motion of the 

sun, is given by: 

ET= - 60(0.123570sind - 0.004289cosd + 0.153809sin2d 

+ 0.060783cos2d),

where d 
21r = 
365. 242

(D- l) 

and D is the day number of the year. h must be converted to 

radians for use in eq. 2.46. 

Methods to compute atmospheric absorption and 

scattering are also provided in the T.V.A. (1972) report. An 

(2. 51) 

alternative approach, detailed in the next chapter, uses the 

geometric relationships above together with known daily maximum 

global radiation figures to compute approximately the global 

radiation throughout a day. 

2.2.2 Water Surface Radiation 

A water surface emits radiation in the wavelength 

range 6.8 µ to 100 µ for normal temperatures around 300K. Plancks' 

Law may be applied to determine the total emission (integrated 

over all wavelengths), i.e. 

(2.52). 

withe: emissivity (::< 0.96) 

cr Stephan-Boltzrnan constant (cr = 2.0411 x l0
-7kJ/m2 hr K4),
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T the absolute temperature of the water surface. 

Water is practically opaque for wavelengths greater 

than 2.65 µ, so all long-wave transfers, including emissions, must 

come from a very thin surface layer. In this respect, long-wave 

radiation transfer is similar to turbulent, sensible and latent 

heat transfers which must also come from a surface conductive 

layer. In other words, their effects on the heat distribution 

in the water body will be similar. 

2.2.3 Atmospheric Radiation 

While some of the surface emitted long-wave radiation 

passes through the atmosphere into space, much is absorbed by 

atmospheric constituents (water vapour, carbon dioxide, ozone) 

and re-emitted back to earth. The T.V.A. (1972) report summarises 

a number of empirical formulae for calculating this atmospheric 

radiation for clear skies, based on surface vapour pressure and 

air temperature measurements. Swinbank's (1963) formula is. 

preferred: 

air temperature at 2 m height, 

water surface reflectivity (= 0.3). 

Field tests show this formula to be accurate to ±12Wm
-2

•

(2.53) 

Clouds emit long-wave radiation and are accounted for 

by a factor in eq. 2.53: 

(2.54) 

where C is the part of the sky covered with clouds, measured-in 

tenths of the total sky. 

The atmospheric radiation spectrmn has its maxima near 

QLA = 0.937 x 10-sar26(1-R,~), 

with T2 

Ra 
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14 µ, compared to the solar spectrum maxima at about 0.7 µ. The two 

spectra are almost completely separate, and hence solar and atmospheric 

radiation may be treated quite independently. Atmospheric radiation 

may be treated identically to water surface radiation, as described in 

the previous section. 

2.2.4 Absorption of Solar Radiation in Water 

Solar radiation penetrating the surface is absorbed 

within the water body, thereby heating it. Absorption of longer 

wavelengths occurs more rapidly so only the visible part of the 

solar spectrum (0.36 to 0.76 µ) penetrates below one metre. For 

depths greater than one metre the attentuation profile is well 

described by Beer's Law: 

q(z) 

with Q s

z 

b 

-bz
= Q e 

s 

solar radiation at the surface, 

depth, 

(2.55) 

bulk extinction coefficient dependent on the turbidity 

of the water. 

To describe attenuation over the full depth of water, 

account must be taken of the wavelength dependency. The T.V.A. 

(1972) report recommends use of three extinction coefficients, 

i.e.:

(2.56) 

where the a and b coefficients vary depending on water turbidity. 

q(z) 
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As discussed in Chapter 1, the overall aim of the 

Wellington Reservoir Study was to develop a numerical model incor

porating all important mechanisms, including meteorological forcing. 

An initial task of this Project was to install a meteorological 

station on the reservoir to service the Study as a whole. A set 

of RIMCO meteorological sensors and a RIHCO Event Recorder were 

purchased for this purpose. These were installed with the assistance 

of staff from the CSIRO Division of Land Resources �,.anagement, on 

a raft constructed in the Civil Engineering workshop at the Uni

versity of Western Australia (U.W.A.). Plate 3.l(a) shows the 

raft with event recorder, and Plate 3.l(b) shows a jarrah tree used 

as an anchor point and meteorological platform. A brief description 

' '  

of this system is given below. ',,,\ 

The RIMCO Event Recorder is a data logging system 

designed to have very low power requirements, making it suitable 

for unattended operations at remote sites. Data are punched as 

ASCII characters onto paper tape and are readable at most computer 

installations. The normal mode of operation is to record events 

as they occur on any one of the 14 channels. The appearance of 

a particular channel code on the tape indicates that an event has 

occurred on that channel. One such event is the lapse of a time 

interval (5 or 6 minutes) as measured by a mechanical clock. Time 



PLATE 3. 1 (a) 
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Raft and RIMCO sys~em: Event Recorder, sensors 
for air temperature, water temperature and 
relative humidity, plus a solar charger for 
the recorder battery 

Tree platfonn with RINGO sensors for wind 
speed, wind direction and solar radiation 
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channel marks are thus interspersed with other channel marks on the 

tape. The Event Recorder is housed in a sealed cylinder and can 

be seen in the centre of the raft (Plate 3.l(a)) protected by a 

bullet-proof shield. A bank of solar cells, seen at the top of 

the 2 metre post, provides a charging current for the Recorder's 

Ni-Cad battery. 

Whilst attractive in concept the Event Recorder system 

has some fundamental problems. Meteorological sensors designed to 

provide events for recording are generally deficient in both 

resolution and accuracy. Temperature and humidity sensors on the 

two metre post (Plate 3.l(a)) and wind speed, wind direction and 

solar radiation sensors (Plate 3.l(b)) all rely on mechanical 

movement to actuate reed relay closures. Understandably, these 

are not capable of achieving the accuracies attained by electronic 

sensors. If system failure occurs between visits, data recovery 

is often very difficult, since the time base must be inferred 

from an analysis of time marks. 

Whilst the Event Recorder system was capable of 

providing useful data for the Study, requirements of high accuracy 

and resolution in this Project led to the assembling of a second 

complete set of instruments for use during the intensive field

work. This included construction of some of the sensors and most 

of the signal handling circuits. These instruments are described 

in detail in Sections 3.2 and 3.3. Sections 3.4 and 3.5 describe 

the processing of field data and subsequent computation of meteor

ological fluxes. 

3.2 GENERAL EQUIPMENT FOR FIELDWORK 

A brief description of the data recording equipment 

\••· ;_, ·, 
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and the power source used throughout the fieldwork is given below. 

3. 2. 1 Data Recording 

During the fieldwork phase of this Project, no sophist

icated digital data acquisition system was available for recording 

meteorological or other data. The author was fortunate to procure 

on loan, from the CSIRO Division of Atmospheric Physics, a set of 

six :Messmotors. A Messmotor is a precision DC motor which drives 

a six digit decade counter. The increment of the counter over a 

set interval (say one hour) is a measure of the integral of the 

input voltage. The box of Messmotors is shown in Plate 3.2 (No. 1). 

A set of six high stability amplifiers was included 

(No. 2 in Plate 3.2) to provide buffering for meteorological sensor 

outputs and to amplify these outputs to the required 0-5 Volt range. 

Multiple-point calibrations were conducted on each 

Messmotor-amplifier pair, giving operating expressions of the form: 

Input voltage= a x (counts/minute) + b. 

Linearity was excellent. Subsequent calibrations and 

single-point checks throughout the fieldwork revealed high stability. 

An overall accuracy of ±1% can be assumed for the Messmotor system. 

In the field, the counters were read and recorded 

manually once every hour. Readings were staggered by 30 seconds 

to ensure a precise hourly integral for each input. Errors intro

duced by this method of reading are negligible. 

3.2.2 Power 

Where possible instruments were purchased or constructe.d 

to run off batteries. Two heavy duty 12 volt lead accumulator 
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Raft - based instruments: 
1. Messmotors
2. Amplifiers
3:�\ Anemometer pulse counter
4. VAISALA relative humidity meter
5. A.L.E. conductivity meter
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batteries supplied ±12 volts to the amplifiers and also 24 volts 

to an inverter which, as required, supplied 240 VAC to a Digital 

Voltmeter (DVM) and other equipment. Other dry cells were used 

to power meteorological sensors, avoiding earth loops in the 

recording system. 

3.3 METEOROLOGICAL INSTRUMENTATION FOR FIELDWORK 

The meteorological instruments and associated data 

recording methods are described below for each of the parameters 

measured. 

3. 3. 1 Wind Speed 

A 3 3/4" RIMCO cup anemometer was installed at a height

of four metres on an aluminium mast, as seen in Plate 3.3 (No. 1). 

This instrument operates on the light-chopper principle with the 

output pulse train being integrated on a decade counter supplied 

with the anemometer (see Plate 3.2 No. 3). The counter readings 

were recorded and reset hourly. Relevant instrument specifications 

are: 

(a) starting speed - 0.1 m/sec,

(b) flow coefficient - 1. 74 m/rev.

The counter readings for the RIHCO Event Recorder 

anemometer mounted on the tree were also recorded manually for 

checking. The two units were in good agreement throughout the 

fieldwork. No independent calibrations were performed on either 

instrument. 

3.3.2 Air Temperature 

Air temperature was measured by a nominal SkQ thermistor 
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Meteorological sensors: 
1. RIMCO sensitive cup anemometer
2. Air temperature probe and shield
3. VAISALA relative humidity probe aud shield
4. Net radiometer
5. Dry nitrogen supply
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mounted at a height of three metres on the mast cross arm. The 

radiation shield seen in Plate 3.3 (No. 2) consisted of four hori

zontal discs separated by PVC spacers and painted black and white 

on inside and outside surfaces respectively. Disc size and spacing 

was determined in order to give radiation protection for sun 

angles > 5
°

, while causing no interference to natural ventilation. 

This thermistor, like all thermistors in the system, 

was incorporated in a Wheatstone Bridge circuit. The output voltage 

was linearised by placing a Skn shunt resistance across the thermistor 

arm of the bridge and balancing the bridge at the bottom of the 

temperature range. 

Extensive multiple-point calibrations were performed 

prior to field days to determine the operating expression for the 

Two-point (hot and 

also performed on the raft at the start and end of field days. 

Over the full period, accuracy was maintained within ±0.2°C. 

3.3.3 Water Surface Temperature 

Water surface temperature was measured with circuitry 

similar to that used for air temperature. 

The water temperature probe mounting seen in Plate 3.4 

(No. 1) was carefully designed to ensure that the probe remained 

just beneath the surface. The radiation shield was connected 

via hinged arms to the raft, giving the shield vertical and 

rotational freedom. Three buoys supported the shield at its corners. 

These in turn were weighted by a single submerged lead sinker attached 

with three nylon cords. The weight ensured that the buoys (and hence the 

rhoYni-i C!tl"\"l'"' circuit. cold) ~~1ihr~~innc were 
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-Water temperature sensor:
1. Probe and radiation shield
2. Extension ann anci pulley for conductivity/

temperature ��obe
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probe) always followed wave troughs, but provided no upward 

inertia which would have caused the probe to surface. 

Calibration of the water temperature probe was conducted 

simultaneously with that for air temperature. On only one occasion 

0 
did observed errors fall outside the range ±0.1 C. 

3.3.4 Relative Humidity 

A VAISALA HMII humidity meter was purchased for the 

Project. It uses a thin film capacitive sensor which responds 

rapidly to relative humidity over the full Oto 100% range. The 

manufacturer gives the following specifications: 

(a) 

�) 

(c) 

(d) 

humidity range 

temperature range 

response time -

temperature coeff. 

0 to 100% RH, 

0 0 
- -40 C to 80 C,

I sec for 90% response, 

0 
- 0.05% per IC,

(e) overall accuracy - ±2%.

The humidity probe was mounted adjacent to the air 

temperature probe in an identical radiation shield (see Plate 3.3 

No. 3). No signal conditioning was required prior to amplification 

and recording by a Messmotor. 

Instrument calibration was performed prior to field

work by adjusting the meter output at known humidities over 

saturated salt solutions, namely Lithium Chloride and Potassium 

Sulphate. Overall, the instrument functioned very well and within 

the manufacturer's specifications, except for a tendency to drift 

slowly upward when humidity was high. The meter is seen in Plate 

3.2 (No. 4). 
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3.3.5 Net Radiation 

A SOLAR RADIATION INSTRUMENTS LTD. Net Radiometer (seen 

in Plate 3.3 No. 4) was obtained on loan from the CSIRO Division 

of Land Resources Management for the duration of the fieldwork. 

The operating principles of this type of instrument are given by 

Funk (1959). The CSIRO calibration certificate details are: 

(a) sensitivity at 20°c -

short-wave: 0.332 mV/mWcm2 

long-wave: 0.331 mV/mWcm2
,

(b) accuracy of calibration - ±2.5%

The thin polythene hemispheres which act as a wind

shield for the upper and lower thermopiles were inflated with dry 

·nitrogen gas. The nitrogen bottle and gas lines are seen in Plate

3.3 (No. 5). A slow flow of gas was regulated by a needle valve,

adjusted to give several bubbles of exhaust gas per minute through

a jar filled with water.

The net radiometer functioned well over the experimental 

period. No direct calibration was carried out and the CSIRO 

calibration data were used. c�feulations detailed in the next 

section show that the net radiation data agree with available 

formulae for both short-wave and long-wave radiation. No signi

ficant absolute errors are apparent, however, a small relative 

(percentage) error, in the range +O to -4%, has been estimated 

from the calculations. This is quite acceptable and may be due 

to instrument aging or slight opacity of the polythene caused by 

photo-oxidation by ultra-violet light (see Funk (1959)). 
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3.3.6 Solar Radiation Absorption 

Results from the January and February field days indic

ated that the form of solar radiation absorption in the reservoir 

was a major factor in the subsequent behaviour of the surface layer. 

As it was not possible to purchase or borrow an underwater solar

imeter at that stage, a unit was designed and manufactured. This 

is shown in Plate 3.5. 

The thermopile, originally from a solarimeter, was 

obtained from the CSIRO. It was seated on a PVC base and encased 

in a brass cylinder. The glass faceplate was sealed with an O ring. 

The unit was held horizon�ally by three arms suspended 

from a point on the signal cable which was also used to lower the 

probe. To avoid noise and signal loss in the cable, an operational 

amplifier was incorporated in the cylinder. 

A test was performed on two faceplates of different 

thickness to determine their transmittance characteristics and 

hence whether they might modify the solar spectrum being measured 

beneath the water. Figure 3.1 shows copies of the plots produced 

by a Grating Spectrophotometer. They show the transmittance or 

absorbance of the two faceplates over the wavelength ranges 

0.8 - 2.5 µ and 2.5 to 3.4 µ. Also shown is the true 100% line of 

the instrument. Absolute values are of little interest but the 

important points are: 

i) the transmittance is high and varies little over the

range 0.8 to 2.7 µ. It is obviously also high in the

visible range, 0.3 to 0.8 µ,

ii) the transmittance falls sharply after 2.7 µ.

Comparing these results with Table 3.1, taken from

Irvin and Pollack (1968), it can be seen that the glass faceplates 
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Underwater solarimeter showing: 
(a) signal cable, suspension arm and wire
(b) thermopile, amplifier circuit card
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WATER: ABSORPTION COEFFICIENT k AND REAL (n.) AND lM.AGINAllT (n,) PARTS

,.. 

(p) n, 

0.20 1.424 
0.2.5 1.377 
0.30 l .3fi9
0.3.5 1.349
0.40 1.343
0.45 1.3:rn
0.50 1.33/j
0.,5.5 1.334
0.60 1.332
0.65 1.3:31
0.70 1.330
0.75 1.32!)
0.70 1.329
0.80 1.328
0.8C6 l.32S
0.8fi 1.327
0.90 1.328
0.!15 1.327
0.9i 1 n.,-_,:,_,

1.00 1.32G 
l.0fi 1.32.", 
l.OG 1.325 
I. 10 1.324 
1.15 1.3225 
1. J!) 1.323 
1.20 1.32:l 
1.25 1 ?•)•) _..,_ .... 

l .2:i8 1.322 
1.30 1.321 
l.3i) 1.320 
1.40 1.320 
1.45 1.31!) 
1.50 1.318 
1.5:i 1.317 
1.60 1.316 
l .G.5 1.316 
I. 6G 1.31.'i 
I. 70 l.:3Li 
l.7fi 1.31-l 
l .80 1.312 
I .Sri 1.311 
1.00 1.300 
1. 94 1.307 
1.95 1.307 
2.00 1.304 
2.05 1.302 
2.10 1.300 
2.15 1.29G 
2.20 1.203 
2.21 1. 203

---·------·· 

TABLE 3.1 

OF INDEX OF REFR.�CTION 

le 

8 X 10-2 
3 X 10-2 

1.,i X 1n-� 
;{ X 10-, 
l X 10-•
2 X 10-•

2.;i X rn-• 
3.;i X 10-• 
1.;i X 10-3 

2.5 X 10-, 
0.006 
0.025 
0.026 
0.021 
0.0:20 
0.041 
0.067 
0.3ii:j 
o.4n

(). ;3;i,'j 

o. 1:n
0.128
0.1\10
O.RtlO
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will transmit all wavelengths of interest below the water. The 

absorption coefficient in water increases rapidly for wavelengths 

> 2.6 µ, just before the corresponding increase for glass. Further

more, almost all the power in the solar spectrum is contained at 

wavelengths below this level. 

Unfortunately, due to failure of the thermopile, it 

was possible to obtain only one data set for the absorption profile 

and then not without complication. The thermopile was not temper

ature compensated and consequently, due to solar heating of the 

sealed cylinder prior to use, the output showed a large negative 

offset at a depth of three metres as seen in Figure 3. 2. Ne·-..,erthe

less, the offset was constant over the period of investigation 

(checked by consistency of successive profiles) and so some useful 

analy$iS is still possible. 

Because only a small amount of radiation reaches the 

three metre level (5% to 12% from the T.V.A. (1972) report) the 

overall shape of the attenuation curve is relatively insensitive 

to even large percentage errors at that depth. Therefore, for 

the purposes of analysing Figure 3. 2 it can be reasonably assumed 

that 10% of the solar flux penetrates to three metres. This allows 

definition of a new origin and re-scaling of the data, taking the 

surface reading as 100%.

A simple procedure may now be used to determine an 

attenuation profile of the form given by eq. 2.56: 

(a) plot the data q(z)/Qs vs. z on a log-linear graph,

(b) determine the values of a1 and b1 for the lowest linear

portion of the plot,

( ) b h -bl z f h . . 1 d c su tract t e curve a1e __rom t e or1g1na ata. Replot

the remaining flux values to determine a2 and b2 etc.
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The resultant expression for the data collected is 

q(z)/Q = 0.54e-0·5612 
+ 0.30e-6·892 

+ 0.16e-692
s (3. 1) 

The value of b
3 

is tentative; it indicates that 16% 

of radiation is absorbed essentially in the first 2 cm. 

Whilst the expression has been determined with reason

able confidence, this aspect of field measurement should receive 

close attention in any future studies. 

3.4 DATA PROCESSING 

The fieldwork associated with this Project was conducted 

in the early months of 1976. Reliable data sets were obtained for 

four separate days during this period, namely January 15 (15 01 76), 

Februa�y 3 (03 02 76), February 5 (05 02 76) and April 5 (05 04 76). 

The methods employed to process these data are described below. 

3.4.1 Data Storage 

In the field, the meteorological data in the form of 

hourly Messmotor counter readings were entered onto coded data 

sheets. Also recorded were hourly spot readings of meteorological 

sensor outputs to provide a check for, and supplement to, the 

Messmotor recordings. Periodically, observations of wave height, 

cloud cover and wind direction was also recorded. 

Data from coded sheets were punched onto cards and then 

transferred to disc on a large mainframe computer, where some minor 

editing was performed. 

3.4.2 Data Reduction 

From the calibration information obtained, as described 
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in Section 3.3, calibration expressions were determined for each 

instrument for individual field days. Checks were performed where 

redundant calibration information was available, resulting in 

estimates of measurement accuracy summarised below: 

Parameter 

Wind speed 

Air temperature 

Water temperature 

Relative Humidity 

Net Radiation 

Accuracy 

±0.2 m/sec 

±0.2°C 

±o.1s
0
c

±3% 

+o, -3 mW/ cm2 

Processed meteorological data for the four field days 

appear in Appendix Al. Included in the data are readings from the 

Event Recorder anemometer, pyranometer and a Kipp Solarimeter which 

was used in the April fieldwork. 

To facilitate examination of the data, computer plots 

of individual parameters were produced. Examples of these plots 

for the day 050276 are displayed in Figure 3. J(a) and (b). The 

timebase on all plots was in hours, starting either from midnight 

or 0400 hours. Varying verti"�al scales and zeros were used to 

enhance the plots. Points to note when viewing them are as follows 

1. The stepped plots indicate that data were averaged over the

various periods (usually hourly). Crosses represent the spot

readings taken. The accuracy of the spot readings varies

depending on the parameter fluctuations and the instruments

response. In particular, readings taken from the humidity

meter may be quite unrepresentative of the mean humidity.

2. The dashed stepped line on the wind speed plots indicates data

from the Event Recorder anemometer.
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3. Errors in the data averages become obvious when viewing the

plots. Identification of these errors was the fundamental

reason for plotting the data. These errors may be due to

instrument failure or reading error. They have been corrected

as far as possible, as described in the next section.

4. Inspection of the short-wave radiation plots reveals that,

as expected, the Event Recorder pyranometer resolution is

too coarse for the present application.

3.4.3 Time Series Synthesis 

Monin and Kolesnikova (1968) indicate that micrometeor

ological fluctuations tend to have a spectral gap at a period of 

about 10 minutes: turbulent eddies have timescales somewhat shorter 

than 10 minutes and large scale circulations have timescales some

what larger than 10 minutes. On this basis it may be considered 

optimal to measure 10 minute averages of meteorological variables. 

This was unfortunately not practical during the labour-intensive 

field experiments of this Project. 

From inspection of the data (hourly averages and spot 

readings) plus additional processed data from the Event Recorder 

system, it proved possible to synthesise time series of the meteor

ological variables. The latter source of data is of doubtful 

quality and so was used primarily to provide time base information 

for wind speed, the most variable parameter. 

The method of time series synthesis was as follows. 

Large transparent copies of individual plots (as displayed in 

Figure 3 .. 3) were overlaid with transparent graph paper and, where 

applicable, underlaid with plots of the Event Recorder data. Any 
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available supplementary data were marked on the overlay (e.g. 

profiling probe surface temperature data). Conserving the integral 

of verified Messmotor averages and giving appropriate attention to 

all the additional information, a smooth sequence of line segments 

was then drawn to fit the data. Points from these new represent

ations were subsequently fed back into the computer. The resultant 

data set contained mostly half hourly values but in a few cases 

this interval was decreased to 15 minutes in order to describe 

changes observed on the Event Recorder plots. Copies of these data 

files appear in Appendix A2. 

To a small degree this double handling of data may have 

degraded overall accuracy. However, the procedure provided a

reasonably accurate representation of the daily cycle of meteor

ologi�al variables, making it possible to compute the corresponding 

cycles of fluxes. Step changes, which may possibly cause problems 

in numerical simulation models, have been removed. Importantly, 

the resolutions of wind speed changes in the data has been improved 

In following chapters, terms dependent on the third power of the 

wind speed are computed; neglect of short term peak values would 

introduce large errors. 

3.5 FLUX COMPUTATIONS 

From the processed meteorological data the various 

radiative and turbulent fluxes may be computed, as described in 

Chapter 2. Although a numerical model of a reservoir will incor

porate its own flux computation, it is instructive to calculate 

these here in order to examine the importance of atmospheric 

stability effects in the reservoir situation. 
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3.5.1 Radiative Fluxes 

From an inspection of the data it is evident that net 

radiation is the only radiation measurement with sufficient resol

ution to describe diurnal variability. In view of this the following 

computations were performed in order to predict the various radiation 

components plotted in Figures 3.4(a) to (d). 

Net radiation may be expressed in terms of its various 

components as defined in Section 2.2: 

(3. 2) 

The short-wave reflectance, R, is defined below . 

(1-R)Q is the main term in the balance; it is thats 

part of the incoming short-wave radiation which penetrates the 

water surface and is absorbed below. This term was evaluated from 

eq. 3. 2 using measured QN' with QLAC and QLR calculated from eq.

2.54 and eq. 2.52. It is plotted in Figures 3.4(a) to (d) as a 

diamond symbol. Also plotted as dotted lines are Q
LAC and QLR'

Note that downward radiation fluxes are considered here as being 

positive. 

As a check on the estimate of the short-wave component, 

a simplified independent calculation was performed. Values for 

the normal and diffuse components of short-wave (QsN and QsD

respectively) were obtained from Spencer (1976). These were used 

in the formulae of eq. 2.46 to eq. 2.51 to produce a diurnal cycle 

of short-wave at Wellington Reservoir. After subtracting the 

reflected component,given in the T.V.A. (1972) report as R Q where 
s 

R = l.l8a-0.7? (3.3) 

for clear skys, the results were plotted in Figures 3.4(a) to (d) 

as the dashed line. Agreement between this curve and the values 
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from eq. 3.2 is good for clear days (eg. 05 02 76). The curve 

also serves as a reference for days when cloud or smoke were present 

An encouraging feature of the plots is the behaviour of 

the two long-wave radiation formulae. It was not necessary to 

force the night-time zero for short-wave; it resulted from the 

balance of eq. 3.2. The method slightly under predicts the short

wave during daytime hours, however for this Project the accuracy 

is acceptable. 

The Event Recorder pyranometer was designed to give 

one count per 14. 8 mW Hr cm-2
• This resolution was too coarse to

provide a time representation similar to those of Figure 3.4(a) 

to (d ). It was decided however to check the integrated values of 

this instrument against the integral of the calculated and predicte< 

curve�. For the day 05 02 76 between the times 0800 and 1300 the 

pyranometer, predicted �q. 3.2), and calculated integrals were 

respectively 

414 433 

Other comparisons confirmed the 4% difference between values, 

although the pyranometer exhihited poor cosine response for low . 

solar altitudes. 

3.5.2 Turbulent Fluxes 

Bulk aerodynamic formulae described in Section 2.1.3 

are suitable for computing turbulent fluxes of heat, water vapour 

and momentum from the meteorological data. As there are a number 

of interesting aspects to this computation, a flow diagram of the 

program has been included in Appendix Bl and a copy of the program 

appears in Appendix Cl. 
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Neutral Transfer Coefficients 

Following the discussion in Section 2.1.3, the choice 

of neutral transfer coefficients applicable to a measurement height 

of ten metres was as follows: 

C
DNlO 

= 1.0 x 10-3

= (1.0 -
0.07(U-5)) x 10-3

- -3 C
HWN lO 

- 1.35 x 10

U � Sm/sec 

U > Sm/sec 

The relatively low wind speeds experience on the four 

field days have been taken into account in the above choice 

Effect of Measurement Height 

The transfer coefficients must be altered if measurements 

are made at other than the standard ten metre height. In view of 

the discussion in Section 2.1.4 regarding the internal boundary 

layer problem, measurement heights for wind speeds and air temperature/ 

humidity were chosen to be four and three metres respectively. 

The neutral drag coefficient for four metres is given 

by 

(3. 4) 

with z0 computed from eq. 2.38. Similarly 

(3. 5) 

with z
HW from eq. 2.37.

pressure e
s 

Vapour Pressure and Specific Humidity Calculations 

Wigley (1974) gives a formula for the saturation vapour 

... 
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e = 1013.25 exp[13.3185t - l.9760t2 - 0.6445t 3 - 0.1299t4 ] 
s 

where t = 1 
T 

s 

(3.6) 

T and T are the air temperature and steampoint temper
s 

ature respectively (both in °K). He shows this formula to be 

accurate to within 0.1% over the wide range (- 50°c < T < 140°c). 

The vapour pressure of unsaturated air is then 

<I> e

e = lQQS (3.7) 

where cj> is relative humidity(%). Specific humidity is given by 

q = 
0.662e 

p 

where p is atmospheric pressure. 

Stability Correction to Transfer Coefficients 

(3. 8) 

Figures 2.1 and 2.2 show the correction to the drag 

coefficient as RiB varies. These graphs (corrected for measurement

height) are useful for manual flux calculations; RiB may be calcul

ated from field observations via eq. 2.43. The graphs are not 

useful for computing purposes however unless empirical expressions 

for the relations C
8
JC

aN 
"-' f(RiB) are obtained.

Hicks (1975) suggests an alternative method of stability 

correction which is attractive from a computing viewpoint. The 

fluxes may be calculated using an estimate of the transfer coeffic-

ients CD and CHW' A provisional estimate of z/L may then be

obtained from eq. 2.9 and using this, CD and C
HW 

may be corrected 

with eq. 2.41 and eq. 2.42. The process is repeated iteratively 

until z/L converges to a constant value. 

This procedure (see Appendices Bl and Cl) was found to 

perform very well. After starting the coefficients at their neutral 

T 
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values, satisfactory convergence usually occurred within five steps. 

For sequential calculations, it would be more efficient to use the 

previously determined coefficients as commencement values for a new 

iteration. 

Results of Calculations 

Figure 3.S(a) to (d) are plots presenting the results 

of calculations for the four field days. 

Examining first the plots of transfer coefficient and 

stabilities it can be seen that both of these vary markedly over 

any day. The horizontal lines on the plots represent (from 

bottom up) the level of CDN4, CHWN3 �nd RiB = z/L = 0. During

early and mid-morning the atmospheric layer is very unstable in 

some cases (see Figure 3.5(b)). This is due to the combined effect 

of light winds, a negative air-water temperature differential and 

the buoyancy of water vapour. During calm hot afternoon the stability 

is reversed, with a positive temperature differential dominating 

the vapour buoyancy. Corresponding to the stability variations, 

the transfer coefficients vary by a factor of three or more, leading 

to enhanced transfers (eg. evaporation) in the morning and suppressed 

transfers on hot afternoons. If the calculations are correct there 

are serious implications regarding the practice of using constant 

transfer coefficients for all calculations. Hicks (1975), discussing 

unstable oceanic conditions, concludes that, 

" •.• in winds of less than about 2 m s-1, greatly enhanced
transfer coefficients should be common. In such light winds, 
it is quite probable that the atmospheric stability exceeds 
the lill,l;LtS imposed by our present knowledge of the flux
gradient relationships. This, in itself, is sufficient 
reason to argue against the blind adoption of the conventional 
10 m reference level for the deduction of eddy fluxes from 
bulk aerodynamic data; the use of lower elevations when the 
magnitude of Lis small might be more advisable". (1975, 522) 
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In considering the applicability of the foregoing 

method of calculation, two observations can be made. Firstly, in 

the reservoir case it is of paramount importance that measurements 

be made within the equilibrium sublayer of the internal boundary 

layer. In retrospect, lower measurement heights would have been 

preferable, although proximity to the raft may have caused problems 

Secondly and of importance, the water surface temperature measured 

and used in the stability calculation may not represent the actual 

'skin temperature' of the surface in light wind conditions. This 

skin temperature will be closer to the air temperature for all 

stabilities, reducing the temperature differential and hence also tl 

stability effect. The only tangible means of obtaining the skin 

temperature would be by direct measurement of the emitted long-wave 

radiation with a Barnes Radiometer or a similar instrument. For 

the purpose of this Project it must be accepted that stability 

effects may be over-estimated. 

In view of the latter point, one modification to the 

flux computations was considered necessary. Little is known about 

the surface layer similarity functions (<f,M H W from eq. 2.16 and
, , 

eq. 2.17) for instabilities beyond z/L � -1. Considering the 

uncertainly of stability determination beyond this point and the 

likelihood of obtaining unrealistically high results, fluxes were 

re-computed with values of the transfer coefficients held below 

the value appropriate to z/L = -1. Hence the fluxes plotted in 

the early mornings and some evenings have been slightly suppressed. 

As a check on the.iteration procedure and on all_of 

the surface layer relations stated or derived in Section 2.1, 

RiB was calculated by two methods:



i) from the meteorological data via eq. 2.43.

ii) from the derived relation eq. 2.44.
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The agreement between the two was excellent for the

unstable and slightly stable regimes (within 3%) and reasonable 

for higher stabilities (within 10%). The high stabilities involve 

use of the similarity function eq. 2.21 which may be inaccurate. 



C H A P T E R 4 

RESERVOIR SURFACE LAYER OBSERVATIONS 
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In this chapter, surface layer temperature and 

salinity profiles measured at the Wellington raft station are 

presented, together with a general description of the diurnal cycle 

apparent in these profiles. This chapter should therefore provide 

a qualitative understanding of reservoir surface behaviour prior 

to the theoretical treatment in Chapter 5. 

On each of the four field days selected for analysis, 

the reservoir surface layer observations consisted of hourly profil 

of temperature and salinity. These profiles and the meteorological 

recordings were staggered by 30 minutes for operational reasons. 

No fixed point velocity measurements within the surface 

layer were conducted as no instrumentation with the required 

resolution was available. 

4. 1 WATER TEMPERATURE PROFILES 

Plate 4.1 is a photograph of the probe used for most 

of the fieldwork. The thermistor is located at the bottom of the 

probe stem where it is well exposed but sheltered from solar 

radiation. On the raft, the probe cable was threaded over the 

pulley on the hinged wooden arm (shown in Plate 3.4, No. 2) thus 

keeping the measurements free from raft interference. Depth_ of 

the probe was measured by matching cable markings to a base mark 

on the arm. 
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· PLATE 4.1 Conductivity/temperature profiling probe 
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The circuitry for the thermistor was as for other 

thermistors; a stable linearised Wheatstone Bridge. The bridge 

output was fed directly to a DW-1. A fast response thermistor was 

chosen (T < one second) to allow rapid profiles to be taken. This 

introduced the problem of correctly reading the DVM when the probe 

was not held perfectly still in a region of marked temperature 

gradient (the readings became quite variable). Electrical or 

thermal filtering was not a satisfactory solution in view of the 

requirement to complete profiles rapidly. In retrospect, the ideal 

measurement system would be one which integrates the signal over 

a specified period (1-10 seconds say). 

Calibration of the thermistor circuit was performed 

'prior to field trips in a laboratory controlled temperature bath. 

Prior to each field day a multiple-point calibration was again 

performed and this provided the operating expressions for the 

field day. Prior to each profiling drop, the temperature of a 

bucket of surface water was measured by the thermistor and a 

thermometer. These values were recorded for subsequent analysis 

and can be seen in the processing output (Appendix A3). 

The limit of absolute accuracy of thermistor measure

ments must be taken as 0.1
°

C, corresponding to the smallest 

graduation on the thermometers used. Calibration expressions were 

determined to this accuracy and normally appear as a combination 

of two linear expressions spanning the temperature range of 

interest. The bucket checks indicate that, apart from obvious 

0 
reading errors, 0.1 C absolute accuracy was usually obtained. 

Relative accuracy of measurements within a profile 

would be as high as O.Ol
°

C if calibration drift was the only 
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consideration. However, the uncertainty introduced by the temper

ature fluctuations described above degrades this relative accuracy 

where strong temperature gradients exist. 

The data collection procedure will be described in 

Section 4.3. 

4.2 WATER SALINITY PROFILES 

Salinity was determined from a measure of water conduct

ivity as described below. The conductivity cell, being the core 

of a Philips PW 9510 cell is shown in Plate 4.1. It consists of 

two platinum coated plates separated by about 0.7 cm with electrical 

connections to each. The cell is orientated at an angle away from 

the probe stem to ensure adequate flushing as the probe is lowered. 

The probe assembly was designed to cause minimal disturbance at 

the point of measurement while being lowered. 

Conductivity was measured by one of two meters manu

factured locally by Automated Laboratory Equipment. One such 

meter is shown in Plate 3.2 (No. 5). It applies an AC potential 

across the cell and measures the resulting conductivity in µmhos/cm. 

To improve measurement precision during the fieldwork, the meter's 

analog output was also measured by the DVM. 

Early experience with the meters highlighted the need 

for great care in order to obtain meaningful results. Measurements 

tended to drift over a short period and temperature compensation 

built into the meter circuit proved to be quite inadequate. 

Described below are the calibration procedures adopted in order 

to obtain reasonably accurate salinity data. 

Standard solutions of reagent grade NaCl in distilled 
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and de-ionized water were prepared, covering the concentration 

range 200 - 700 ppm. These solutions were immersed in a controlled 

temperature bath which was cycled over a wide range of expected 

water temperatures, with solution conductivity being measured at 

specific stable temperatures. The results were then plotted as 

shown in Figure 4.1 for Meter 2. From the individual lines, the 

slopes were determined which in turn specified the temperature 

coefficients 

a.= [slope x 100] %/oc 
c2 s 

c
2 5 

is the conductivity at 25°c, the reference temperature for 

conductivity measurement. Values of a. so determined are printed 

against the plots. These values of a. were then plotted as a 

function of salinity. Two such plots are shown in Figures 4.2. 

The plot for Meter 2 shows the desirable result; a. is practically 

independent of salinity. The plot for Meter 1 shows a. strongly 

dependent on salinity, for reasons unknown. Fortunately,Meter 2 

was used for all but the January fieldwork. 

With a value of a..·determined from Figure 4.2, conduct-

ivity may be corrected to a 25°c equivalent by 

(4. 1) 

Conductivity is also a linear function of salinity. 

From Figure 4.1 we may obtain values of c
2 5 

for each solution, 

giving the required relation. Due to the tendency of the meters 

to drift however, a two point calibration (conductivity and temper

ature for two solutions) was performed on the raft immediately 

prior to each profile. This information is tabulated in the 

processing output (Appendix A3). 
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DATA ACQUISITION AND PROCESSING 

Profile Data Collection and Storage 
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The hourly profiling procedure consisted of lowering 

and holding the probe at pre-determined depths,then reading, from 

the DVM, the values of conductivity and thermistor output. These 

values were entered manually on a coded sheet and subsequently 

transferred to a computer together with the meteorological data. 

To obtain the required resolution in regions of 

possible strong gradients,the depth increments were chosen as 

follows; 0.2 m for the first metre, 0.5 m from one to five metres 

and one metre increments thereafter, stopping at some depth within 

the seasonal thermocline. 

4.3.2 Data Reduction 

When processing .the temperature profile data, the 

calibration expressions were not modified to reflect bucket cali-

brations, in view of the generally good agreement. 

To process conductivity data,a new calibration expression 

was determined from the two-point salinity/conductivity calibration 

for each profile. These expressions appear in the processing output 

(Appendix A3). The temperature coefficient a was taken as 2% for 

Meter 2 and 1.7% for Meter 1. The latter value was chosen from 

Figure 4.2 for an average value of surface layer salinity (450 ppm). 

The resultant processed profiles are presented 

as printouts in Appendix A4 and computer plots of temperature in 

Appendix AS. Several profiles appear in each plot to highlight the 

diurnal cycle. Note that the last profile on one plot appears as 
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the first on the next plot to aid comparison. 

At the commencement of this Project, it was intended 

to observe the surface salinity profile carefully in order to 

relate residual salt measurements to evaporation. Inspection of 

Appendices A3 and A4 reveals however that lack of measurement 

accuracy and resolution precludes any meaningful analysis. The 

task was simply beyond the capability of the conductivity meter 

and calibration system. As there is no structure of interest in 

the surface salinity profiles they have not been plotted. 

4.4 

4.4.1 

RESERVOIR SURFACE LAYER BEHAVIOUR 

A Qualitative Examination 

From a perusal of the temperature plots of Appendix 

A5 and of the profile listings of Appendix A4 (which contain 

information for depths below 12 metres) it is possible to gain an 

understanding of the structure of the reservoir surface during 

summer. The essential features of the structure have been included 

in the schematic in Figure 4.3. Close to the surface, the temper

ature structure varies on a diurnal timescale whereas the temperaturE 

and salinity structure below a 'depth of several metres is stable, 

varying only on a seasonal timescale. 

A qualitative examination of the plots of Appendix A5 

and the meteorological fluxes (Figure 3.5) reveals the following 

typical summer daily pattern. In the early morning there is a deep 

homogenous surface layer, sometimes as deep as the seasonal well 

mixed layer itself. Solar heating in light wind conditions (with 

small evaporative and sensible heat losses) results in the cessation 

of mixing throughout most of this layer by mid-morning. At this 
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stage there is not enough mixing energy available from wind stirrini 

or surface convection to overcome the stable buoyancy gradient 

induced by solar heating. Continued solar heating results in the 

formation of a temperature profile, the form of which is determined 

by the solar attenuation profile eq. 3.1. The diurnal well mixed 

layer may have practically disappeared. The picture changes in 

the afternoon if the wind strength increases (see Appendix A5.2) 

Wind stirring, surface convective overturn due to evaporative 

cooling, and internal shear instability now override the decreasing 

solar input and so the diurnal well mixed layer deepens for the 

remainder of the day. If stirring and/or cooling are strong 

enough (e.g. a storm or cold night) mixing may proceed to the base 

of the seasonal well mixed layer, following which, erosion of 

the seasonal therrnocline will commence. This was observed in the 

April field day (050476) (see Appendix AS.10). 

It is quite evident that the seasonal temperature 

structure represents the cumulative effect of the diurnal heating 

and mixing cycles over many successive days. In early summer, 

intensifying solar radiation _heats the upper waters, forming a 

stable density structure which· resists mixing. When significant 

mixing does occur, it penetrates only to a medium depth and serves 

only to sharpen the temperature gradient at that depth. Over 

time, this leads to the formation of the seasonal therrnocline, 

which in mid-sununer may be quite thick (e.g. three metres) and 

0 
very strong (e.g. 5 C). Evening convective mixing becomes stronger 

in autunm, causing the diurnal well mixed layer to deepen to the 

full seasonal well mixed layer depth and then encroach on the 

seasonal therrnocline which is consequently sharpened. The seasonal 
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structure is destroyed completely by mid-winter. 

4.4.2 Significance of the Reservoir Temperature Structure 

The temperature structure of a reservoir, as determined 

by its diurnal and seasonal cycles, is important for a number of 

reasons. These are discussed below. 

Biological production (phytoplankton and zooplankton) 

is dependent on the concentration of nutrients and on light 

intensity. Under favourable conditions, blooms may occur over 

periods as short as a few hours. Such conditions occur near the 

surface on hot, still days where the diurnal well mixed layer is 

very shallow and hence downward mi�ing of the biological constituents 

is limited. An investigation of these biological processes in a 

reservoir necessitates a sound understanding of the diurnal cycle. 

The seasonal thermocline acts as a strong barrier to 

mixing, impeding the movement of water and its dissolved constit

uents between the epilimnion and hypolimnion. Dissolved oxygen, 

which is replenished at the surface, may become depleted in the 

hypoliillllion due to bacterial action, with a subsequent degeneration 

of water quality. In the Wellington Reservoir it is also observed 

that cold, high salinity inflows remain in the hypolimnion, being 

prevented from mixing upward by the seasonal thermocline. A similar 

phenomenon is found in the atmosphere where pollutants may be 

trapped in a neutral layer beneath a temperature inversion. 

Reservoir flows which occur within a temperature 

stratified region are modified by the effects of buoyancy. Imberger 

�t al. (1979) summarize the theory which describes selective with

drawal and inflow of water in the stratified waters within or below 

the seasonal thermocline. 
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In order to manage the quality of water in a reservoir 

where the above effects are present, it is necessary to be able 

to predict the behaviour of the temperature and salinity structure 

on both daily and seasonal timescales. With the data presented in 

Chapters 3 and 4, an analysis of the diurnal cycle is possible. 

During any one of the field days the seasonal thermocline may be 

considered to be stationary. All the mechanisms which act together 

to fonn the seasonal thennocline and well mixed layer are present 

and active in the diurnal cycle. It is therefore proposed to 

develop, in the following chapters, a model of the diurnal cycle, 

the predictions of which will be compared against the observed 

profiles. If validated for the diurnal case, the model may then 

be used for seasonal predictions where averaged meteorological 

data are used. 

,_, 
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In recent years, well mixed layers have been modelled 

by two distinctly different methods. Mellor and Durbin (1975) and 

others have obtained solutions to the fundamental equations based 

upon simplifications of second order closure schemes. The main 

body of work, however, has concentrated on the development of 

models in which the vertical distributions of temperature, velocity 

and other constituents are specifi�d. As Niiler and Kraus (1977) 

point out, the simplicity and physical insight afforded by this 

integral approach is adequate justification for pursuing it. 

In the following sections a general well mixed layer 

model is developed. Firstly, in Section 5.1, a set of equations 

describing the energetics of a well mixed layer are derived. In 

Section 5.2, existing models and specifically the assumptions 

employed by those models are surveyed. Finally, in Section 5.3; 

a complete description of selected parameterization schemes with 

an evaluation of the various coefficients is presented. This 

section also deals with problems specific to a medium sized 

reservoir. 

5 .1 WELL MIXED LAYER INTEGRAL RELATIONS 

Figure 5.1 shows schematically a well mixed layer in 

a body of water. The various parameters shown are 

T surface wind stress 
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ii) QS = {-(1-R)Qs} from eq. 3.2

iii) w =
E 

1000 
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In Figure 5.1, two possible co-ordinate systems are 

shown. All fluxes are positive upward. Hereafter, the name well 

mixed layer will be abbreviated to W11L. 

Assumptions implicit in the fonnulation of W11L models 

are: 

1. The WHL is uniformly mixed with constituent profiles as shown

in Figure 5.1, and moves as a slab.

2. Horizontal advection of temperature or salinity differences

may be ignored; hence the model is one-dimensional.
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It is not strictly necessary to specify uniform profiles of 

temperature, salinity and velocity in order to use the integral 

approach described below. Instead it is necessary that, at every 

level within the WML, the appropriate temperature, salinity and 

velocity scales are the layer averages of each variable, so that 

the integral method will correctly describe the various physical 

mechanisms involved in WML formation. 

To obtain a solution giving the WML temperature, 

salinity, velocity and depth over time, the one-dimensional 

equations for heat, mass, salt, momentum and turbulent kinetic 

energy must be solved throughout the layer. With the assumed 

structure of Figure 5.1 it is possible to integrate these equations 

over the full depth (0 � z � H) and so include the integrated 

influence of all the relevant terms. The origin (z = 0) may be 

at the reservoir bed, or at some level in the water below which 

no surface effects penetrate. 

The following procedure is employed in the evaluation 

of integrals. The integral of a parameter f(z,t) over (0 � z � H) 

may be separately evaluated for three regions; the epilimnion 

(� < z � H), the thermocline (i�o < z ��) and the hypolimnion 

(0 � z � �-o), giving three integrals 

J
H 

f dz= f�-of dz+ J� f dz+ fH f dz 
o o �o � 

If f(z,t) is itself a time derivative and the limits of integration 

� and �-o, also vary with time, then the integration must obey 

Leibnitz's Rule. 

5. 1.1

aT -= 
at 

Heat 

The one-dimensional equation of heat may be written as 

aq (z) 
az 

(5. 1) 1 ---- L e'w' - --C-
az Po p 
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where p
0 

is a reference water density. 

As an example of the integration procedure described 

above, the three integrals are evaluated below, term by term. 

(A) Hypolimnion (0 ➔ l;-8)

I l;
-8 

11'. dz = 
L f l;-8 d (i;-o)

3t 3t T dz - T(i;-o) dt
0 O 

f 

l;-8
- L e 'w' dz = e'w' (0) - e 'w' u·-o) 

dZ 
',, 

f i;-o 1 d - --�dz = 

p C dz 0 0 p 

1 ---
p C 

0 p 

The heat balance is therefore 

[q(i;-o) - q(O)] 

f 1;-0 
:t T dz = 

0 

T(i;-
o) 

d(i;-o) + 6'w' (0) - 6'w'(i;-8)dt 

(5.2) 

The first right hand side (RHS) term represents the loss of 

heat in that fluid being entrained from the hypolinmion into the 

epilimnion. The other RHS terms are flux bolllldary conditions. 

(B) Thermocline (i;-o ➔ I;)

fl; 
3T 

3 fl; T(

l;

) � + T(i;-o) 
d(

l;
-8)

l;-8 
at dz = at 

1;

-
o 

T dz - dt dt 

(1) (2) (3) 

For the purposes of the model, use is made of the 

do observation that the thermocline is often very thin (i.e. o and dt ➔ 0). 

So, (1) vanishes and (2) and (3) together reduce to 

- �T !! , where �T = T(i;) - T(i;-o)

next, Ji; 
l;-o 

- L e'w' dz = e'w' (i;-o) - e'w' (/;) 
3z 

and f l; - _l - l9._ dz =
p C 3z 

1;-0 o P 

For the type of profile q(z) shown in Figure 5.1, 

0 

1 - pe [q(~-8) - q(O)] 
0 p 

1 - pC [q(~) - q(~-8)] 
0 p 



[q(�) - q(�-o)] + 0 as o + 0 , so

e'w' (�) - e'w' (�-o) = b.T d�
dt
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This is often called the heat flux jump condition across the 

thermocline. 

(C) Epilimnion (� + h)

I:!! dz = ;t I: T dz - T(H) :! + T{I;) :�

(1) (2) (3) 

Now T = T(H) = T(�) = T
8 

in the epilimnion so (1) becomes 

d
dt (TSH - TS�)'

Expanding via the chain rule and adding (2) and (3) gives 

dTS hdt where h = H - �.

next, J
H 

- l... e'w'dz = e'w' (0 - e'w' (H) 
� az 

and 

Combining the terms gives 

(5. 3 

(5.{ 

Eq. 5.3 and eq. 5.4 together describe the heat balance 

of the WML. Eq. 5.2, included for completeness, is not explicitly 

required in a WML model, although a solution to eq. 5.1 below the 

thermocline is required in order to evaluate b.T over time. 

5.1.2 Momentum 

The form of the momentum equation for horizontal plane 

flow follows from eq. 2.1: 

au 

-= - f k X u a u'w' 
dZ (5.5 

IH 1 d 1 - -~ = - - [q(H) - q(~)] 
1:- p C dz p C 
<,, 0 p Op 

at 
-- 1 -- --Vp 
- Po 
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Csanady (1975) gives the criterion for which internal 

waves in a two layer rectangular basin will not be affected 

substantially by rotational effects: 

with 

2L n sin<!> < 

n 

<I> 

h1

H 

t:,.p 

L 

& h2

earth's angular velocity, 

latitude, 

thickness of top and bottom layers, 

total depth, 

density jump (p2 - p1),

basin length. 

This criterion is marginally satisfied in the Wellington 

Reservoir, that is, the reservoir is small enough for rotational 

effects to be unimportant. The first RHS term will therefore be 

neglected and only the horizontal velocity u = U + u' in the direction 

of the flow will be considered. 

Eq. 5.5 may be integrated as follows: 

(a) Therrnocline (s-o ➔ s)

u'w' (0 - u'w' (s-o) = t:,.U 
ds
dt (5. 6) 

If flows beneath the thermocline are neglected, then the velocity 

difference across the thermocline t:,.U = !:-,US
= US. The term u'w'(s-o)

represents loss of momentum from the WML into the stable hypolirnnion, 

the major mechanism being radiation of internal waves which will be 

discussed in the next section. 

(B) Epilirnnion Cs ➔ H)

h 
dU

S = u'w' (0 - u'w' (H) - PGRAD 
dt

(5. 7)

Discussion on the possible effects of horizontal pressure

gradients in a finite length reservoir will be deferred until 

Section 5.3 
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5. 1.3 Mass 

A one-dimensional mass conservation equation for the 

configuration of Figure 5.1 is 

1£. = _ _£._ p I 
W

I + � aq (z)
at az C az (5. � 

where a is the thermal expansion coefficient of water. The last 

term represent density variations induced by internal absorption 

of heat from solar short-wave radiation (note that q(z) is negati, 

downward). 

For the sake of rigour it is necessary to consider the 

total depth (0 � z � H) plus an infinitesimal conductive sublayer 

(H < z � H+d) through which heat and mass transfers occur by mol

ecular processes; it is not stated a ptu..otu.. that turbulent fluxes 

are continuous across the interface. 

Integrating eq. 5.8 over (O � z � H) and neglecting 

q (0) gives 

a 

J
R 

at p dz = p (H) dH
dt p 'w' (H) + a

C p
q(H) 

0 

The LHS is the rate of change of total mass of a column which, 
-.., 

intuitively, is due only to evaporation or precipitation. In the 

case of evaporation, fresh water is removed leaving a salt residue 

so that 

a 

IR at 
0 

p dz = -

where Bis the mass coefficient for salt. 

The quantity dH/dt may be independently evaluated. 

It is the vertical expansion or contraction of the colunm due to 

net heating or cooling, minus evaporation, so that 

p 



dH 
dt 

a.H 
= ----

p(H)C p
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- w (5.9) 

With H sum of all atmospheric turbulent and radiative heat 

transfers.at the surface. 

As before, bottom transfers (z = O) are neglected. 

Combining the foregoing equations gives 

p I w' (H) = - p (H)[a (H-q (H)) + wsss]
p (H)C p

or, expressed in terms of heat and salt components, and density p , 
0 

- a.g8 'w' (H) = _£g__ (H - q(H)) 
poCp 

Sg s'w' (H) = - SgWSS 

(5. 10) 

(5. 11)

These are the jump conditions for heat and salt flux at the surface. 

The derivation above shows that p'w' is not constant 

and continuous across the interface, but is determined, below the 

conductive sublayer, by the rate at which the mass of the column 

is falling (rising) due to thermal contraction (expansion), with 

an extra contribution from salt residue. The work of some previous 

authors, who use surface based co-ordinates, is misleading as they 

are obliged to consider that p'w' is continuous across the air-water 

interface. 

5.1. 4 Salt 

Conservation of salt or any other tracer in the fluid 

can be written as 

as 

at 

With: s I 

a --

= - - s'w'az 

salinity fluctuation. 

(5. 12) 

No sources or sinks are considered. 



Integrating across the WML gives: 

(A) Thermocline (l;-o + I;)

= D.S d,;dt 

(B) Epilimnion (,; + H)

5. 1.5 

dSS h -- = s'w' (/;) - s'w' (H)
dt 

Turbulent Kinetic Ener� 
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(5. 13 

(5. 14 

Following Denman (1973), the equation for turbulent 

kinetic energy (hereafter TKE) may be written as 

t• [� + 
�]]- ;: p9" - E 

(1) (2) (3) (4) (5) 

The various numbered term are defined below: 

(1) time rate of change of TKE, ½E in the WML, where

E = (u'2 + v'2 + w'2),

(5. 15 

(2) production of TKE due to the working of the Reynolds stress

(-u'w') on the mean shear,

(3) divergence of the vertical flux of TKE induced by pressure (p.
'· 

and velocity fluctuations at the upper and lower boundaries, 

(4) TKE expended in working against buoyancy forces

(} p 'w' = - age 'w' + Sgs 'w')
0 

(5) rate of destruction of TKE by viscous dissipation.

Eq. 5.15 is also integrated across the WML as follows 

(A) Thermocline (1;-o + 1;)

f 
s 1 aE a ii; E 1 - di; 1 - d (/; o) 

-- dz = - - dz - - E(s) - + - E(s-o)
-

1;-o 2 at at s-o 2 2 dt 2 dt 

(1) (2) (3)

1 aE 
--= -
2 at 

-,-, au a uw ---az az 



95 

Denman (1973) found that m = 1 gave the best results for 

his model which essentially follows Kraus and Turner's (1967) 

formulation. Larger values for m are deduced from analysis 

of storm deepening events, however the influence of shear 

deepening may invalidate these. 

(b) Ball (1960) proposed that n = 1, arguing that large convective

eddies would be little affected by dissipation. Other workers

have provided estimates in the range O � n < 0.113.

(c) The shear energy conversion factor s, accounting for dissipation

and, to some extent, leakage via internal waves, has received

little attention from researchers. A tentative estimate is

s = o. 7.

5.2.5 Sherman Imberger & Corcos (1978), Fischer e:t af!... (1979) 

These authors have presented a generalised entrainment 

relation which includes all the various mechanisms proposed by KT, 

PRT, and ZT. Although there are some differences in approach to the 

problem, their results will be seen to be a special case of the 

analysis to follow; for this reason a separate description is not 

presented here. 
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other two, because ldH/dtl <<l d�/dtl or ldh/dtl and E(H) < ES (from 

Willis and Deardorff (1974)). 

Expanding the first term by the chain rule gives 

J
H 

.!. aE 
dz = .!. h 

dES - Es dE; + .!. E(�) d� 

� 2 at 2 dt 2 dt 2 dt 

The next integrated term is 

a.gS'w'dz = a.gh S'w' (�) + a.gh 

2 2p C 
0 p 

2 
J
R 

where H* =[p
0

Cp0'w' (H) + q(H) + q(�) -
h � 

q(z) dz]

The first RHS term, after substitution of eq. 5.3, is seen to be 

the increase of column potential energy due to entrainment of 

heavier fluid through the thermocline. The second RHS term is 

the change of colunm potential energy due to the surface heat flux 

term H*. The form of H* indicates the dependence of potential 

energy on the distribution of heating and cooling within the layer 

:f..n particular, the form of q(z) must be accurately specified. 

The remaining integrated terms are 

= K(�) - K(H) for simplicity. 

I: - u'w' !�dz = SH(H) for simplicity. 

A vertically averaged WML dissipation rate may be 

defined as Es = 1/h J� £ dz. 

r: -~z &· [~ + ½]}z . - [~· [~ + n]: 



Then 

dz = -e: h 
s 
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The terms from the thermocline and epilimnion TKE 

balances may be added to give a total WML balance: 

h dES Es ds 
2 F = 2dt 

+ SH(s) + SH(H) + K(s-o) - K(H)

(la) (lb) (2a) (2b) (3a) (3b) 

(4a) (4b) (4c) (4d) (5) 
(5. 17) 

Numbering of terms conforms to that of eq. 5.14. Eqs. 5.3, 5.4, 

5.6, 5. 7, 5.10, 5.11, 5.13, 5.14 and 5.17 form the equation set 

which must be solved in order to describe the behaviour of the WML. 

5.2 REVIEW OF EXISTING MODELS 

The above set of equations are intractable as they 

stand. In order to solve them it is necessary to make a number 

of simplifications and to parameterize some of the turbulent flux 

quantities in terms of mean flow quantities. In this section a 

review of models proposed by other authors is presented. Attention 

is drawn to the mixing/deepening mechanisms included or neglected 

and the closure hypotheses employed. 

5.2.1 Kraus and Turner (1967) (KT) 

These authors consider the following mechanisms from 

eq. 5. 17: 

i) mechanical energy input at the surface from wind
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stirring, (terms 2b, 3b), 

ii) potential energy change by entrainment plus surface

heating or cooling (terms 4a, 4b).

KT also note the possible importance of dissipation

but do not attempt to include a parameterization of this term. 

The proposed balance is therefore 

H

SH(H) - K(H) + agh (eiw'(�) + -*
-] = 0 2 p0Cp 

Without reference to the specific forms of SH(H) and K(H) they 

propose that the wind working rate must be proportional to the 

stress times a water velocity scale, 

SH(H) - K(H) oc T u* = p u 3 ;;;-r;;p /p a *a a ·

u* is the water friction velocity and subscript a refers to air. 

5.2.2 Pollard,Rhines and Thompson (1973) (PRT) 

Errors exist in the formulation of these authors'; 

model, as pointed out by Niiler (1975). For this reason their 

derivation will not be discussed here. However, the model they 

propose can be shown to repres�nt a balance of the following terms: 

i.e.

i) shear production of TKE in the entrainment zone

(term 2a),

ii) potential energy increase associated with entrainment

(term 4a).

SH(�)+ agh e'w' (�) = O2 

If, as shown in Section 5.3.1, 

C 
SH(~)= 2 6U 2 d~ 

2 S dt ' 
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the above balance after substitution of eq. 5.3 becomes 

(5. 18) 

which is these authors' Richardson No. criterion for marginal 

stability, with C
S

= 1. The WML velocity 6US is computed from

the momentum equation 5.7. This model therefore predicts that, 

following the onset of wind, the layer depth will adjust to maintain 

the balance of eq. 5.18, so that 

h = (5. 19) 

5.2.3 Tennekes (1973), Zeman and Tennekes (1977) (ZT) 

The original work of Tennekes (1973) was corrected 

and expanded by Zeman and Tennekes (1977); most of the following 

summary refers to this latter work. 

These authors attempt to solve the TKE eq. 5.15 locally 

at the inversion base rather than integrating eq. 5.15 and the 

other equations as has been done in Section 5.1. Unlike the 

integral formulations where terms are formally derived, their 

approach has necessitated a number of hypotheses and parameter

izations of surface to inversion base transfers. 

The flux convergence is parameterized in terms of 

a ,  the average standard derivation of vertical velocity fluctu
w 

ations: 

;" �· [f + �l] 
cr 3 

= - C' _]!_ 

F h 
(5.20) 

Implicit in this is the tendency of the turbulence 

towards isotropy so that at all times E a  cr 2 (recall E = cr 2+cr 2+cr 2
W U V W 

where cr 2 = �' 2 cr 2 = v'2 cr 2 = w'2).
U ' V ' W 



90 

It is assumed that energy is re-partitioned between the three 

components as fast as it is consumed through cr 2 by work againstw 

buoyancy. 

Tennekes (1973) proposes a balance between flux 

convergence and entrainment potential energy at the inversion 

base: 

(J 3 

L (e'w'). + C' � = 0 
p 1 F h 

Following Deardorff (1970), ZT set cr proportional
w 

to the convective velocity scale 

w = (_g_ (S'w') h) 1 / 3 * T o '

(5.2 

(5 .2 

consistent with their initial assumption that the turbulence is 

always in equilibrium with boundary conditions (surface fluxes). 

Substitution of eq. 5.22 into eq. 5.21 gives 

(e'w'). / (e'w') 
1 0 

= C I 

F 

This relation holds in steady-state convective conditions. 

They derive a temporal term 

cr...,/ dh .!:_ oE = 
C 

2 ot T h dt 

(5. 2 

(5.2 

by appealing to an independent argument. No such argument is 

required if the TKE equation is integrated with the use of Leibniz 

Rule at the inversion boundary (see eq. 5.17(1b)). For boundary 

layer growth in a neutral atmosphere they derive the relation 

(5. 25 

ZT attribute some (or for l�rge 6T, all) of the TKE 

flux convergence at the inversion to dissipation, identifying 

0 

= 0. 3u.J /a . 
,t vl 
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internal wave radiation as the energy sink. From the integration 

of the TKE equation it is evident that the term K(�-o)(eq. 5.17 

(3a)) accounts for this sink. ZT attempt to parameterize their 

dissipation term but with limited success. 

For the case where surface wind working is important, 

a must be a function of both w* and u*.ZT hypothesise a linear
w 

combination of convective and mechanical contributions:

i.e. (cr 2)_ � w 2 + n2u 2
W 1 * * 

This hypothesis breaks down if w* goes negative (e.g. solar heating 

of a reservoir) as the above relation still predicts a positive 

contribution of TKE from w*2• The correct hypothesis should specify

that the flux of TKE be detennined pY some combination of the 

power per unit area available from surface wind stirring and cooling, 

as proposed by Sherman, Imberger and Coreas (1978): 

(5.26) 

-Although ZT parameterize a incorrectly, the coefficients
w 

of interest here are determined correctly. Analysis of laboratory 

data by ZT yields 

C
F

' = 0.5 

n = 2.15 

C
T

= 3.55 

ZT include a mechanical production term due to shear 

at the inversion base but the argument involves their concept 

of inversion base dissipation and so will not be considered here. 

5.2.4 Niiler (1975), Niiler and Kraus (1977) (NK)

The reader is referred to the latter of these papers 

for a good up-to-date discussion of well mixed layer modelling. 

NK employ integrated forms of the WML equations 
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but use a surface based co-ordinate system which complicates the 

derivation of terms like the surface buoyancy flux g/p p'w' (H)
0 

and the entrained fluid agitation term 1/2 E5 d�/dt.

Important parameterization schemes introduced by NK 

are summarised below: 

i) the Reynolds stress at the thermocline base, u'w' (�-o) is

given the form

u'w' (�-o) = - C tiU 2 (5.27)
s

where C is a drag coefficient. The term accounts for momentum

loss via internal wave radiation and acts against the build

up of layer mean velocity. However, due to lack of information 1 

no value of C is given; it is expected to be a function of

hypolimnion stratification.

ii) They omit the leakage flux of TKE, K(�-o), representing (in

the main) the work of pressure fluctuations in the formation

of internal waves in the hypolimnion.

iii) K(H), the surface flux of TKE, is taken as proportional to

wind working in the atmospheric surface layer, that is, a

stress times a wind veloci�y, so

- K(H) cc u 3*a 

, . .  

or in terms of the water friction velocity (where u* 

- K(H) = m1u*3, where m1 is a constant.

= Ip /p u.L 
a o "

(5. 28) 

iv) SH(H), the production of TKE in the surface shear layer is

also taken as proportional to wind working and therefore

incorporated in eq. 5.28. Kraus and Turner's (1967) formulation

(stress times a water velocity scale) amounts to the same

result.

The result is derived as follows. SH(H) was defined in



Section 5. 1 as 

JH -- au SH(H) = - u'w' - dz. 
E; a z 
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Considering a thin surface shear layer superimposed over the 

mean flow, with applied surface stress, = p
0 

u*2, 

SH(H) -- u 2 fH au dz --* E; az u*2[U(H) - U(E;)]

The surface drift current U(H) - U(s) is known to be proport-

ional to u*a so 

SH(H) a: u 3 ,� 

This may be incorporated in eq. 5.28

v) Using eq. 5.6 and their drag reJ.ation of eq. 5.27, NK evaluate

the thermocline shear term

SH(s) = lim f 
s 

- u 'w' au dz = 1. tiU 2 dh - _! C tiU 3
o-+O E;-o az 2 S dt 3 S (5.29) 

vj_) NK indicate that dissipation is the most arbitrary link in 

the formulation. Dimensionally it is expected that 

he:s a: aw 
3 (5. 30) 

On intuitive grounds, they propose that dissipation acts to 

reduce the efficiency of individual TKE production mechanisms, 

and can therefore be accounted for by introducing efficiency 

. coefficients or reducing the value of existing coefficients. With 

coefficients m, n and s, the net TKE production is 

In this Project, B = �gH*/p C - Sgs'w' (H). The 0 • 0 p 

peculiar form of the second term ensures that if B is - ve (strong 
0 

solar heating) dissipation does not affect it. 

(5.31) 
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Whilst this seems logical its application ·to a WML is 

questionable. Eq. 5.31 implies that, if wind stirring dominates 

over surface heating, only that part of wind stirring energy 

remaining,after depth integrated dissipation,is available to first 

overcome the heating potential energy deficit and then deepen the 

layer further. However, most of the work to increase the potentia: 

energy (to drive the negative buoyancy flux age'w') is accomplishe< 

high in the layer. (For the simple case where solar penetration 

is absent, e'w' decreases linearly with depth in the well mixed 

model). It is reasonable to expect that the efficiency of wind 

working will be greater for this 'surface work', implying that m 

should be larger in this situation. 

The internal wave radiation loss term 1/3 C �U
S 

3

from eq. 5.29 is deduced to be small and is included in the shear 

production efficiency s. 

NK assume that steady-state conditions prevail, so 

dE
8

/dt = 0. They further assume that the fluid agitation flux 

l/2E
8

d�/dt is small compared to the entrainment working rate for 

most oceanic conditions and h�nce may be neglected. The applic

ability of these assumptions to. the reservoir case will be discus: 

in the next section. 

Determination of the coefficients m, n and s involves 

great uncertainty and is made difficult by a lack of experimental 

data. Limited evidence available indicates that the coefficients 

m and n are not constant, but are decreasing functions of the rati, 

of the energy consuming and producing terms. Evidence offered by 

NK for the possible magnitude of these terms is as follows: 

(a) Laboratory experiments of Kato and Phillips (1969) gave m = 1
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Denman (1973) found that m = 1 gave the best results for 

his model which essentially follows Kraus and Turner's (1967) 

formulation. Larger values for m are deduced from analysis 

of storm deepening events, however the influence of shear 

deepening may invalidate these. 

(b) Ball (1960) proposed that n = 1, arguing that large convective

eddies would be little affected by dissipation. Other workers

have provided estimates in the range O � n < 0.113.

(c) The shear energy conversion factor s, accounting for dissipation

and, to some extent, leakage via internal waves, has received

little attention from researchers. A tentative estimate is

s = 0.7.

5.2.5 Sherman Imberger & Coreas (1978), Fischer e.;t. M.. (1979) 

These authors have presented a generalised entrainment 

relation which includes all the various mechanisms proposed-by Kt, 

PRT, and ZT. Although there are some differences in approach to the 

problem, their results will be seen to be a special case of the 

analysis to follow; for this reason a separate description is not 

presented here. 
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5.3 SELECTED PARAMETERIZATION SCHEMES 

Based on the work of other researchers summarised in 

the previous section, plus some new hypotheses, simplifications 

and parameterizations of terms necessary for closure of the wt-1L 

equations are presented here. 

5.3.1 Individual Mechanisms 

Internal Wave Effects 

Too little is understood about energy and momentum 

transfer via internal waves in the hypolinmion to explicitly 

include these terms. Like NK, it must be assumed here that energy 

losses are to some extent accounted for by a reduction in the 

efficiency of entrainment work. 

Consequently, the following terms are neglected: 

u'w' (�-o) from eq. 5.6 

and K(�-o) from eq. 5.17. 

Other Leakage Terms 

Based on the reason�ble assumption that all turbulent 

fluxes vanish at the thermocline base, the heat and salt fluxes 

e'w' (�-o) from eq. 5.3 

and s'w' (�-o) from eq. 5.13. 

are set to zero. 

Surface Wind Working 

Following KT and NK, the surface TKE fluxes and the 

surface shear production are jointly parameterized as 

(5. 32 
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Thermocline Shear 

Niiler (1975) obtained an expression for shear prod

uction of TKE at the thermocline: 

SH(O = l_ liU 2 dh
= - l_ LiU 2 d'

2 S dt 2 S dt (5. 33) 

This indicates that the mean kinetic energy lost due to entrainment 

of quiescent fluid becomes available to work locally to further 

deepen the layer. However, it is expected that a significant 

portion of this energy will be fed into the well mixed layer (via 

the term K(,)) and there be dissipated. Hence it is necessary to 

include an efficiency coefficient CS analogous to NK's s.

Surface Heat and Salt Buoyancy 

ZT introduced the buoyancy velocity scale defined in 

eq. 5.22. Combining the surface heat and salt buoyancy terms 

(4b) and (4d) from eq. 5.17 gives a modified buoyancy velocity 

scale, 

w 3
* 

(5. 34) 

Dissipation 

As seen in eq. 5.31, Niiler and Kraus (1977) include 

the effects of dissipation as a reduction of individual energy 

source terms, claiming that this approach is most consistent with 

the current understanding of dissipation processes. The approach 

-
aH_._ 

_ = EE. [-~ - swsJ 
,-, 2 p C 
,._ 0 p 
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is limited however by a lack of information from which to determin 

the various efficiency coefficients. In view of this, and in orde 

to simplify the current model, the alternative parameterization of 

Mahrt and Lenschow is used: 

This expression is obtained from dimensional analysis. Similar 

forms are used by Zeman and Tennekes (1977) and Garwood (1977). 

Laboratory results of Willis and Deardorff (1974) support this 

parameterization. 

Net Surface Energy Production 

It is convenient to combine the buoyancy and wind drivE 

surface production terms in the following form: 

5.3.2 

(5. 3( 

Turbulent Kinetic Energy Convergence at the ThermoclinE 

The vertical integral models of NK and others have 

neglected the energy storage terms (la) and Ob) of eq. 5.17 in ordE 

to close the equation set. However the formulation of ZT suggests 

a closure scheme whereby E8 may be explicitly retained. Eq. 5.20

expresses the TKE flux converging below the inversion in terms oj 

the vertical component of TKE, a 2, and a vertical velocity scale 
w 

a. This flux provides the energy for the local sinks, identifiedw 

individually by ZT as entrainment work (eq. 5.21) and entrained 

fluid agitation (eq. 5.24). 

CE 3/ 
t:h=-E 2 

S 2 S 
(5. 35) 
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Considering now the integrated energy balance of eq. 5.17,

it is possible to hypothesise a similar energy transfer mechanism 

to provide closure. TI1is is stated here in two parts: 

. \ l, The flux of TKE directly above the thermocline may 

be modelled by - C /2 E 3/2 where E � o 2
F S S w 

ii) This flux, together with any local TKE production,

supplies all energy sinks at the thermocline.

From inspection of eq. 5.17 the following expression

satisfies (i) and (ii) above: 

5.3.3 

C 

_ _!_ E 3/2 =2 S 
a

2
gh 8 'w' (EJ - Sgh s 'w' (0 + 

ES 3 + SH(t;)
2 2 dt 

Restatement of Well }fixed Layer Equations

Eq. 5.17 may be rewritten, introducing the various 

parameterizations and jump condition, to give 

(5. 37) 

dE E C l h _s = 3[-2. - .2. 
LiU 2 + aghLiT 

2 dt dt 2 2 S 2 

3 C 
SghLiS] + 

q,.
, 

_ _§. E 3/2 
2 2 2 S 

(5. 38) 

Rearrangement of eq. 5.37 and eq. 5.38 yields two new equations: 

h 
dES q* 

3 
1 

-- = - - -(C + C )E 3/2
2 dt 2 2 F E S (5. 39) 

d� 
E

s hLiT Q hLiS CSLiUs
2 CF _s[- __ ag + µg + ---] = _ E 3/2 

dt 2 2 2 2 2 S 
(5. 40) 

The remaining equations are set out below, again with 

jump conditions for heat, salt and momentum introduced. 

h 

dTS = LiT ..9.1.. - _l_[H + HL + QL + QS 
- q(F,;)]

dt dt p C S 
0 p 

dLiUS AU 3 + u 2 - PGRADh � = LI S dt 7< 

(5.41) 

(5.42) 



dSS di; h -= LIS - + W SS dt dt 

dH = - _a_[H + HL + Qs + QL] - w
dt p C S 

0 p 

h=H- i; 

LIT = Ts - T(i;-o)

Lis = s
8

- s u:-o)

Below the thermocline, 

aT l -= ---
aq (z)

az 

5.3.4 

at p C 
0 p 

Evaluation of Coefficients 
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(5. 43 

(5. 44 

(5. 45 

(5. 46 

(5. 4?: 

(5. 48: 

To obtain a solution of the equation set 5.39 to 5.48, 

it is necessary first to specify the coefficients CF, CE, m and

c8
. These must be evaluated from the results of relevant laborator3 

and field experiments. 

The following experimental results allow determination 

of CF, CE and m, with some redundancy for checking purposes.

a) Willis and Deardorff (1974):

Y'"Es 

for steady-state, free convection conditions. Steady-state, 

in the present context, means constant surface inputs (i.e. 

q*3 constant).

b) Willis and Deardorff (1974), Kaimal et. al. (1976), Mahrt and

Lenschow (1976):

3 wi, , KE:::0.4+0.5

for steady-state, free convection conditions. 

c) Willis and Deardorff (1974), Stull (1976) and others:

e'w'(i;)/e'w' (H) = KA, KA: 0.1 + 0.3

for steady-state, free convection entrainment of a strong

= o.zt_ 

£ h = K S E 
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density jump. 

d) Deardorff (1974):

dh 
= K_ w K :: 0. 2dt --w *' --w 

for steady-state growth of a convective layer into a neutral

environment.

e) Wu (1973), Kato and Phillips (1969):

dh 
dt 

u 3
* 

K -- K = 0.234 (Wu)p aghli.T ' p 

= 2.5 (Kato and Phillips) 

for steady-state growth of a layer with a strong density jump. 

In Wu 's experiment, turbulence was generated by wind shear 

in a wind/wave tank, with negltgible internal shear. The 

Kato and Phillips experiments were conducted in an annular 

tank with surface shear. Internal shear generation of TKE 

was important in this case. 

f) Tennekes and Lumley (1972):

dh 
K__ K__ :: 0 . 3dt = _1.Ju*' -11 

for growth of a layer into a neutral environment with turbulence

generated by surface wind shear.

Relationships between CF' CE' m and the various K constants

are set out below in algebraic form, to allow modification of 

constants if new experimental data become available. 

so 

For steady-state, eq. 5.39 becomes 

0 = q*3 + (C + C )E 3/z
F E S 

E
S

3/2 = q*3/(CF + CE).

Then eq. 5.40 becomes 

(5.49) 

(5.50) 
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For steady-state convective conditions, with �T large, 

eq. 5.50 reduces to 

and so from (c) above 

(5. 51 

C = 

KA
C

E
. or 

F (1-KA)
(5.52 

Note that (b) above is not independent of (c). It is easily shown 

from eq. 5.49 that 

(1 - K ) 

¾
= 

A 

2 (5. 53 

Hence the choice of KA must satisfy both criteria (c) and (b).

Comparing item (a) with eq 5 49 where q 3
= w 3 in

. . , * * 

convective conditions, it may be shown that 

Simultaneous solution of eq. 5.52 and eq. 5.54 gives 

Item (d) above is now redundant information for 

convective conditions, allowing a check on the estimates of C
F 

and C
E
. For the stated conditons of (d), eq. 5.50 reduces to 

dh 
C

F 3 E
S dt = (C +C )

w
* 

F E 

and so, using eq. 5.49, 

Calculated values of 1\, from eq. 5.58 may be compared with the 

estimate in (d). 

(5.54 

(5.55 

(5.56 

(5. 5 7 

(5.58 

df,; 3 - agh6T - = C w /(C + C) 
dt F * F E 

C + C = (2K_ )-3/2 
F E -~s . 

C = (1-K) (2K.__ )-3/2 
E A -~s 

C = K (2K )-3/2 F A ES . 
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As universal coefficients, the values determined for 

CF and CE should hold for both convective and surface shear domin

ated conditions. Turning to the latter, an estimate of m may be 

obtained from (e) above as follows: 

eq. 5.50 is now 

so from (e) 

For convenience, a new parameter CN is defined as

so q 3 = w 3 + c 3u 3* �: N * 

(5. 59) 

(5. 60) 

(5. 61) 

(5. 62) 

Item (f) above is now redundant, allowing a check on 

the value of CN. ¾may be calculated from

value of¾: 

Alternatively, CN may be computed from an accepted

(C +C ) 1 /3F E 

F 

making (e) redundant, so 

K = K C 3
p A N 

(5. 63) 

(5. 64) 

(5.65) 

A comprehensive analysis of the various combinations 

of these coefficients was carried out, bearing in mind the experi

mental uncertainty of values stated in (a) to (f) above. A self

consistant set, choosen as a result of this analysis, is as follows: 



Eq. 

Eq. 

KES = 0.4, KE
= 0.41, KA

= 0.18

CF = 0.25, CE
= 1.15, ¾ = 0.22

5.60 and eq. 5.61 give (for K = 0.234) 
p 

C = 
N 

1.09, ¾
= 0.25

5.64 and eq. 5.65 give 

CN 
= 1. 33, K = 0.42 

p 
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These values of �S' KE, KA and¾ are within 10% of

their expected values, giving confidence to the method of deter

mination. ¾ calculated from eq. 5.61 is somewhat lower than the 

expected value. Alternatively, the calculated value of K fromp 

eq. 5.65 is somewhat larger than Wu's estimate from (e). The 

latter is accepted as correct on the basis that in Wu's experiment, 

the wind/wave interaction would not have been fully developed in 

his small (2.3 m long) tank. The chosen value is much smaller 

than that for the Kato and Phillips experiment, as would be expecte 

if internal shear was dominant in their case. Model results 

described in Chapter 7 support the choice. 

The only coeffici�nt as yet undetermined is CS. Experj 

mental evidence from which to determine CS is sparse. Sherman,

Imberger and Coreas (1978) summarise the available information, 

concluding that CS = 0.3 is the best available estimate. From this

and other papers it appears that CS may fall between 0.2 and 0.5. 

Spigel (1978) analyses the timescales of the various 

processes within a reservoir and provides a classification scheme 

for determining whether surface wind mixing or internal shear will 

be dominant. Diurnal mixing can be shown to fall into his regime 2 

1 < Ri < (L/2h)(H/(H-h))½ 
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where Ri = agh�T/u*2, H is reservoir depth and Lis the length

of the reservoir basin. Typically, an hour after the onset of 

afternoon deepening, 

1 

Ri :: 20, (L/2h)(H/(H-h))�:: 200 

In regime 2, deepening is dominated by interfacial 

shear with Kelvin-Helmholtz billows present and interfacial 

displacements important. As afternoon deepening commences close 

to the surface, shear effects will rapidly dominate. In evaluating 

CS then, it is reasonable to adjust the value between the above

limits to correctly simulate observed deepening during the shear 

dominated periods. This adjustment is not an overall manipulation 

of results; on the contrary, the Sfiear dominated mixing observed 

in the diurnal mixed layer should provide a valuable independent 

estimate of CS.

The Kelvin-Helmholtz billows typical of regime 2 will 

lead to a smeared rather than sharp interface. Spigel and Imberger 

(1979) provide a formula for the stable interface thickness: 

cS = (5. 66) 

5. 3. 5 Horizontal Pressure Gradients 

Spigel (1978) and Spigel and Imberger (1979) provide 

the basis for computation of the pressure gradient term in eq. 5.42.

Figure 5.2, reproduced from Spigel and Imberger (1979), shows the 

response of a two-layered body of water to an applied surface stress. 

The interfacial velocity jump at the centre of the water body, �U, 

increases until time T./4, where T. is the fundamental internal 
1 1 

wave period given by 
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(h1 small) (5. 6 7) 

At this time the waves travelling toward the centre 

from the end walls have set up an interface slope 

(5.68) 

representing a balance between the applied stress and the horizontal 

pressure gradient. Damped oscillations with period T. follow 
l. 

this initial set-up, as shown in Figure 5.2, leading to a final 

steady-state interface slope given by eq. 5.68, with baroclinic 

circulation in the top and bottom layers. 

For the half wave period after time T./4, water above 
l. 

and below the interface will undergo negative acceleration under 

the influence of the pressure gradients associated with free surface 

tilt and interfacial tilt respectively. The net effect on �US is 

seen in Figure 5.2, and may be described by the term PGRAD in 

eq. 5.42, given by 

2p u 2 * 
PGRAD = Vp 0 (5.69) hl 

The algorithm for computing PGRAD for the appropriate half wave 

periods is described in Chapter 6. 

5.3.6 Model Response to Changing Inputs 

Eq. 5.39 and eq. 5.40 together describe the response 

of the WML to changing inputs. If q* suddenly increases, ES will 

grow smoothly with time. Similarly the deepening response of eq.

5.40 is smoothed by the transient changes of ES. This will 

introduce a time lag in deepening rate changes and also in the 

occurrence of layer retreat if q* decreases suddenly. 

T1 = 2L(agAT hlhz/H)-½ z _2_:L:;:,.__ 
lagh1AT 

u 2 
-le 

_d_x_ - _a_g_h_l_A_T 

=---
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More important then the time lag is the behaviour of 

the entrained fluid agitation term. If q* suddenly decreases (e.g. 

the wind speed suddenly drops) this term, E8/2 d,/dt, decays

exponentially. This response, coupled with a decay of mean velocit: 

allows the model to proceed smoothly to a new equilibrium. An 

alternative scheme, equivalent to that proposed by ZT, sets dE8/dt =

and computes ES as

ES = constant x q* 2 (5. 10:

E8/2 d,/dt now follows q* changes instantaneously. Problems may

arise in the solution if shear production is dominant so that, 

from the RHS of eq. 5.40, the sum 

is a small number. Here, the deepening rate � d�/dt will be large, 

and - E8/2 will be significant when compared with the above sum

of terms. A sudden drop in E8/2, as computed from eq. 5.70 for a

sudden wind speed drop say, may have a serious effect on a 

numerical solution: it will suddenly force the solution onto the 

singularity of eq. 5.40. It m�ght be argued that a numerical 

solution with a small enough timestep should C?pe with any natural 

wind gusts, which develop over a finite time. However, in practice, 

the data usually available are in the form of time averages (e.g. 

10 minute, hourly), and it is most convenient to allow the model 

to negotiate the discontinuities of such time series by itself 

(i.e. without prior smoothing of the data). For such data then, 

q* will exhibit sudden changes. 

In summary, where WML behaviour is being modelled on 

a short timescale with finely resolved inputs, the formulation of 

model equations 5.39 to 5.48 is recommended. 
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5.3.7 A Model for Seasonal Simulations 

For most reservoir and oceanic applications a model 

is required to predict seasonal behaviour of surface water rather 

than diurnal behaviour. Data are generally sparse and may not be 

resolved better than daily averages. For such a case it is justi

fiable to neglect the effect of transient turbulent energy storage 

and decay. Hence eq. 5.39 and eq. 5.40 reduce to the forms given 

by eq. 5.49 and eq. 5.50, rewritten here as one expression: 

(5. 71) 

.An entrainment relation of this fo-on was first presented by Sherman, 

Imberger and Coreas (1978) and further developed by Fischer U al.. 

(1979). These authors analysed the potential and kinetic energy 

budgets of a colullll1 of water and so derived the expression 

where q3 = [a.ghH 
+ n 3u 3)

P C * 
0 p 

(5. 72) 

Neglecting differences in the derivation and definition of some 

terms, the coefficients CK, CT and n may be evaluated using the 

values of CF, CE and CN from Section 5.3.4, and compared to values 

supplied by Fischer e,,t, al.. (1979): 

CK= 0.18 (cf 0.13 from Fischer e,,t_ al...) 

CT
= 0.8 (cf 0.5 from Fischer e,,t_ al..)

n = 1.33 (cf 1.2 from Fischer a al..)

-�·
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A NUMERICAL MODEL OF THE DIURNAL WELL MIXED LAYER 

Most of the theory developed in Chapter 5 is quite 

general and may be applied to both marine and atmospheric well 

mixed layers. It is noteworthy that some of the universal 

coefficients of Section 5.3 were evaluated from atmospheric field 

data. 

The concept of a diurnal well mixed layer in a reservoi 

was introduced in Section 4.4. In this chapter the various 

. algorithms required to incorporate the theory of Chapter 5 into 

a computer model of the diurnal cycle are described. The 

objectives of the modelling exercise are: 

6.1 

i) to predict the diurnal cycle of temperature and salinit

within the bulk or seasonal WML, including both layer

retreat and layer deepening, and, 

ii) to investigate the',roles of individual deepening

mechanisms and comment on the choice of coefficients

in Section 5.3

MODEL ARCHITECTURE 

amental 

Figure 6.1 is a block diagram of the model showing fund

input and output requirements. The following consider-

ations influenced the model's architecture: 

1. Simulation runs are for single days only (data were not

gathered for successive days). Hence it is reasonable to be
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generous with computer resources since the running costs are 

minimal. 

2. Fluctuations of wind and surface heating were observed to

produce intermittent mixing events which left skeleton step

structure within the seasonal well mixed layer. For example,

the effects of the previous night's mixing could be seen in

the morning as a fairly sharp step near the base of the seasonal

well mixed layer. This skeleton structure, containing signi

ficant density gradient, affects subsequent deepening and the

model must therefore 'remember' it.

The following are the broad features of the model. 

Reference is made to the model flowchart (Appendix B2) and the 

program copy (Appendix C2). 

6. 1. 1 Vertical Grid 

To give the model memory, a vertical grid of closely 

and equally spaced points is used. Associated with the grid are 

temperature and salinity arrays, which are loaded from the initial 

profiles and subsequently updated as the simulation proceeds. 

Superimposed over th�'· upper part of the grid is the 

diurnal WML. Note that the WML depth h is not constrained to 

coincide with a grid point; solution of the WML equations occurs 

independently, except for a procedure for determining the thermo

cline temperature step as described in Sections 6.2.3 and 6.2,6 

Grid points falling within the WML are updated to reflect WML 

temperature and salinity. 

Required resolution is the major critierion for deter

mining grid spacing. If WML retreat occurs, the remaining temper-
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ature step is remembered as the difference between two adjacent 

gridpoint temperatures. If the grid spacing is large and the 

step was not central in the grid interval, a heat storage error 

is introduced. Large spacing also results in smoother gradients, 

giving a poor representation of steps. The surface temperature 

profile under strong solar heating would also be poorly represented. 

In view of the above and in the light of model testing, a grid 

spacing of between one and five centimetres is acceptable. For 

flexibility, grid spacing appears in the model as a variable to 

be specified in the input data. 

6.1.2 Model Times tep 

Two criteria for the model timestep must be satisfied: 

i) it must be much smaller than the timescale of meteor

ological flux changes, and,

ii) it must be sufficiently small to ensure that not more

than one gridpoint is entrained per step during WML

deepening. This is to ensure that the algorithm for

�T and �S determination remains valid.

The shortest timescale for fluxes is 15 minutes (see

Section 3.4.3) so criterion (i) is easily met. However, the deep

ening rate varies greatly, being dependent on meteorological forcing 

and the recent history of deepening or retreat. To enhance model 

efficiency, the timestep is managed dynamically within the range 

30 seconds to 4 minutes. Details are as follows: 

i) A check is maintained on the deepening after each

timestep. If it falls outside acceptable upper or

lower limits (fractions of a grid interval) the

,;:,,:, 
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timestep is halved or doubled within the specified 

range. 

ii) When approaching a new flux interval, or at the onset

of deepening following WML retreat, the timestep is

set to 30 seconds and subsequently allowed to readjust

itself via (i). This minimises the integration

timestep for a period where the time derivatives of

eqs. 5.39 to 5.48 are likely to be large.

DESCRIPTION OF MODEL ALGORITHMS 

Details of those model algorithms not fully described 

by the flowchart in Appendix B2 are provided below. 

6.2.1 Loading Grid Arrays 

Part of File 1 (see Figure 6.1) is a specified number 

of height/temperature/salinity records. These are read into S/R 

LOAD which then, by linear interpolation, assigns a temperature 

and salinity value to each gridpoint. These values specify the 

starting profile for the model. 

6.2.2 Meteorological Flux Computation 

S/R FLUXES initially accesses File 2 (sequential 

records of meteorological data) and reads records until the correct 

time interval is entered. In subsequent calls to S/R FLUXES, the 

interval is updated only if the model time has advanced past the 

old interval end-time. 

In S/R FLUXES, the timestep-average meteorological 

data are determined by linear interpolation within the current 

interval. These data, plus the current 

,_' 
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modelled WML temperature, are fed to S/R TURB which computes 

stability corrected meteorological fluxes by the method described 

in Section 3.5.2. Use of the model mfL temperature in the comput

ation of turbulent and long-wave radiative heat fluxes provides a 

feedback to the WML simulation. 

Instantaneous fluxes required by the integration routine 

are similarly computed through ENTRY IFLUX. 

6.2.3 Solar Heating Below the Well Mixed Layer 

Eq. 5.48 must be solved every timestep to simulate 

heating by solar radiation absorption in the water below the wtfL. 

S/R SOLAR actually heats all gridpqints, but those in the resultant 

WML are overwritten later with the value of T
S

. This process is 

necessary to correctly simulate the heating associated with WML 

retreat, should this occur. 

S/R SOLAR and S/R STEP together compute the temperature 

and salinity gradients directly beneath the WML, by remembering 

the details of the most recently entrained gridpoint. This grid

point, with pre-entrainment temperature and salinity values 

substituted, is heated and then used to compute the new gradients. 

6.2.4 Well Mixed Layer Deepening or Retreat? 

The physical insight into WML retreat afforded by 

eqs. 5.39 and 5.40 justifies their added complexity. It would be 

possible to continue solving an entrainment equation such as eq. 

5. 71 after q* had become negative (e.g. for conditions of strong

solar heating and light winds), giving continuous de-entrainment 

of water, which is not realistic. 
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Field observations from this project inciicatethnt when solar 

heating begins to dominate, continuous mixing degenerates to 

sporadic mixing events and the once active thermocline region. 

retains its position, subject only to diffusive processes. d�/dt 

never becomes positive, but a new mixed layer may subsequently 

form within the old layer if mixing energy again becomes availablE 

at the surface. 

Eq. 5.40 shows that,for entrainment to occur, there 

must be a positive energy level ES within the layer. There is

no such thing as negative energy; hence d�/dt � 0 always. A new 

shallow layer must therefore form whenever ES for the existing

layer decays to zero. Within the model, a check is maintained 

on the value of ES, and if it is certain to decay to zero in the

next timestep, layer retreat computations are initiated. 

6.2.5 Layer Retreat 

When ES has decayed to zero, a new layer depth must

be found such that ES and its time derivative dES/dt are just

held to zero. In this new layer, TKE introduced by wind stirring 

will just balance the buoyant damping due to solar heating. Eq. 

5.39 then reduces to 

q*3 = 0

where q
1
, 
3 is a complicated function of h (or O through the

term H*. 

(6.: 

Solution of eq. (6.1) in the model is performed by the 

Newton-Raphson iteration method. The derivative dqJ/d� necessary 

for this method is evaluated by ENTRY NEWSIG. The iteration is 

performed by S/R NEWTON. Convergence of � to its new value (to 
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within .05%) is rapid (usually less than five steps). 

If the salinity flux contribution to w*3 is neglected,

eq. 6. 1 reduces to 

which, from inspection, is a form of Monin-Obukhov length (see 

eq. 2.5). The above procedure for determining h from eq. 6.1 is 

consistent with the definition of the Monin-Obukhov length given 

in Section 2.1.1. 

Having determined s, the equations for WML heat and 

salinity (5.41 and 5.43) are solved while constraining dES/dt,

ds/dt and dUS/dt to zero.

The velocity jump �US at the thermocline is computed,

during deepening, from eq. 5.42, which is based on the assumption 

that the velocity below the thermocline may be neglected. When 

layer retreat occurs,_ �US is set to zero in the model and only

increases again when deepening is re-initiated. This procedure 

does not conserve momentum but does provide a correct description 

of �u
5. The problems of specifying momentum sinks (e.g. internal

wave radiation) and changing wind directions are thus avoided. 

Although wind direction was not reliably measured during the field

work, it was noted that the afternoon winds responsible for deep

ening came from a single quadrant. 

6.2.6 Integration of Well Mixed Layer Equations 

S/R l1ESR1 is a fourth order Runge Kutta routine which 

computes relative accuracy of integration via a fifth step, and 

uses this test to govern its own timestep halving or doubling 
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procedure. This procedure is independent of the model time-

step management described in the Section 6.1.2, except that the 

integration timestep is not allowed to exceed the model timestep. 

In practice the two agree except for rapidly changing conditions 

where the integration timestep decreases. 

The W:ML differential equations are contained in S/R DIFF, 

together with other necessary expressions which are described 

below. 

i) The temperature and salinity jumps at the bottom of

the layer must be evaluated for each Runge Kutta (RK)

step. �T and �S change as the layer deepens and as

the water below the thE;.rmocline is heated. The scheme

for computing the temperature and salinity gradients

below the WML was summarised in Section 6.2.3. For

increased precision, these gradients are also deter-

mined each RK step. Given the gradients and the current

value of s, �T and �S are given by

�T 
dT 

= Ts - T 1 - (s - z 1) �

�S = S - S ( 
) dS 

S 1 -
s - z 1 dz 

(6.2) 

(6. 3)

T
1 

and s
1 

are the values at the gridpoint immediately 

below the WML, at height z1. Figure 6.2 aids under

standing of eq. 6.2.

ii) Instantaneous meteorological fluxes are determined each

RK step, for use in the solution, by a call to ENTRY

IFLUX (previously described). To facilitate inter

polation in the flux interval, the RK integration range

is matched to the flux interval. Each time S/R FLUXES
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indexes the flux interval it also resets the RK inte-

gration range (i.e. ST= 0.0). 

iii) The WML deepening equation 5.40 has a singularity

discussed previously in Section 5.3.6. During deepenin

with continuous determination of the fluxes, 6T and

6S, the RK scheme will properly manage integration if

this singularity is approached. That is, d�/dt will

become large. Care is necessary, however, to ensure

that deepening is initiated correctly following layer

retreat (when 6T = 6S = 0). This is accomplished by

keeping 6US = 0 until mixing is definitely established,

that is, � has fallen. In practice this occurs within

one or two model timesteps. It is detected in the

mainline and transmitted to S/R DIFF by the variable

MFLAG.

iv) As mentioned in Section 6.2.5, once � has been deter

mined by iteration, the remaining WML equations

(except momentum) are solved. This can be seen in

6.2.7 

S/R DIFF: when NFLAG = 0, dES/dt = d�/dt = d6US/dt = 0,

and dTS/dt, dS/dt\md dH/dt are solved normally.

Pressure Gradient Calculation 

In varying wind conditions it is difficult to calculate 

a representative value of T. from eq. 5.67 in order to determine 
1 

whether the interfacial pressure gradient has been set up. An 

alternative procedure which was adopted is described below. 

At each timestep the advected volume is updated from 

its value at the previous timestep: 



lL l 

Also computed is the final set-up slope from eq. 5.68 and, from 

this, the final advected volume 

12u 2 
'I< 

vf = 8aght-T 

The pressure gradient PGRAD is turned on if V
t

> V
f

V = V l + h~US~t t t-

and off if Vt< Vf. 
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The numerical model described in Chapter 6 was first 

developed and then refined to its final form using only the 

data from the field day 05 02 76. Determination of an appropriatE 

value for C
S
, as described in Section 5.3.4, was also completed 

using this one data set. These procedures were adopted because: 

i) data from day 05 02 76 were considered to be the

most reliable overall, and,

ii) data from the remaining three days then provided a

realistic test for the model.

In order to provide maximum insight into the mech

anics of the model, a composite set of computer plots was producec 

These plots are described in Section 7.1. Section 7.2 contains 

an analysis of the model predictions for a full daily cycle. 

Section 7.3 contains an appr�isal of the model's performance and 

'· 

a discussion of specific model deficiencies._ 

7 .1 DESCRIPTION OF MODEL PLOTS 

Two forms of model output have been plotted for 

analysis. These are described below. 

7.1.1 Temperature Profile Plots 

The measured profiles of temperature at specified 

times throughout the four field days were described in Section 
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4.4.1 and presented as computer plots in Appendix A5. Figure 

6.1 shows that the model output File 6 contains modelled profiles 

for those times which correspond to field profiles. 

The computer plots in Appendix Dl were produced, 

following a model run, by a program which accessed both the field 

profile data and File 6. Field data points are plotted as crosses 

while the model profile appears as a full line. The initial 

model profile for each day is loaded from File 1 so as to be 

identical to the field profile, although specification of an 

initial thermocline height tends to be somewhat arbitrary in 

mid-morning. 

The temperature jump�at the thermocline is plotted 

with its position and magnitude exact. Only one grid point in 

every four is plotted however, giving a depth resolution of 

20 cm, equal to the finest resolution of field profiles. Note 

that the start and scale values on the temperature axis vary for 

difterent days. 

7.1.2 Daily Cycle Plots 

These plots, appearing in Appendix D2, were produced 

from File 5 and File 8 of Figure 6.1. 

The lowermost plot on each page shows the meteor

ological fluxes which were computed within the model. These 

fluxes combine to form the net surface power term, q*3, plotted 

on a log scale in the second plot. Only values of q*3 above

1.0 x 10-10 are plotted; positive values below this are negligible 

and layer retreat precludes negative values, except for short 

periods immediately prior to retreat. Plotted with q 3 also* ' 
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on a log scale starting from 1.0 x 10-7, is the WML TKE level,

The third plot from the bottom shows the evolution 

of temperature, salinity and velocity differences across the 

thermocline. Large values of 6T and -6S inhibit mixing, while 

6US promotes mixing at the thermocline. 

The uppermost plot shows the evolution of temperature 

and depth of the W:ML. The start and scale values of axes for 

this plot vary from day to day. 

7.2 ANALYSIS OF THE SU1ULATION OF A DIURNAL CYCLE 

Inspection of one of the plots of Appendix D2 will 

aid understanding of the mechanics of the model. The plot for 

day 05 02 76 is broken into convenient time intervals and 

discussed below. 

i) 0630 to 0820

Latent cooling and surface stirring are dominant,

giving a large value of q* 3 and hence large ES also. This 

period is in fact the end of the night cycle, where mixing 

has proceeded to a depth ·,of 8 metres, below which there is 

a moderately stable temperature gradient down to the seasonal 

thermocline at 12 metres. (At this time of the year the 

seasonal thermocline is still strengthening.) With increasin 

solar heating and a drop in wind after 0800, q*3 drops 

rapidly to zero at 0808 and then becomes negative (not 

plotted). The transient response of the model is apparent 

at this time; ES does not fully decay to zero until 0820. 

A survey of all plots shows ES lagging q*3, as expected



ii) 

• £,, .,., 

from eq. 5.39. 

0820 to 1400 

At time 0820 there is a good example of layer retreat. 

Within one timestep (30 seconds), the WML depth h changes 

from 8.13 m to 3.83 m. The full plotted line representing 

this jump should not be considered as representing an 

upward movement of the thermocline. The old temperature 

step still remains at 8.13 m depth as seen from the 0830 

model profile in AppendixDl. Xit appears somewhat diffused 

due to the selective plotting of gridpoints). 

On three occasions before 1400, sufficient surface 

power 'q*3 becomes available to initiate layer deepening.

As can be seen from the plot of h however, these mid-morning 

mixing events have little effect and serve only to distribute 

heat over a slightly greater depth. By 1230 the WML is 

only 13 cm deep and its temperature has risen dramatically. 

The 1230 profile shows a strong temperature gradient below 

the layer. Absorption of solar radiation in the surface 

two metres is the dominant effect. When slight mixing is 

initiated after 1230, a large value of �T inhibits its 

progress. At 1430, although q*3 goes negative for a brief

period (four minutes), E5 does not completely decay.

iii) 1400 to 2310

Layer retreat does not occur again after 1400.

Increasing wind speeds and latent cooling are associated 

with decreasing solar heating and so q*
3 climbs to high

values, providing a continuous supply of mixing energy. 

The importance of accurately describing short period wind 
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speed peaks can be seen around 1545. 

The momentum of the WML (and hence �U8) increases

until 1815, supplying mixing energy at the thermocline. 

All mixing mechanisms are operative during this period, 

with interfacial shear dominating. At 1815 the pressure 

gradient described in Section 6.2.7 is set up, and by 

2310 this has driven almost one complete oscillation (as 

shown in Figure 5.2.) 

COMPARISON OF MODEL AND FIELD PROFILES 

Overall, the comparison between modelled and measured 

temperature profiles as plotted in Appendix DI is very good. The 

capability of the model to simulate the heating and mixing phases, 

with the transitions occurring at roughly the correct times, 

substantiates the form of the model equations 5.39 to 5.48 and 

the use of q*3 as the controlling parameter.

Some aspects of the model's performance are examined 

in detail below. 

7.3.1 Model Coefficients 

A value of C
S

= 0.2 was chosen after several model 

runs with different values. The model response proved to be 

quite sensitive to this parameter. Setting C
S

= 0 for example 

resulted in a 40% decrease in deepening rate during the after

noon of 05 02 76. 

Table 7.1 gives all the universal coefficients and 

other physical constants used. Derived values applicable to 

the Reservoir model DYRESM are included. Also included are 

current values used in DYRESM (Imberger and Hebbert (1980)). 
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MODEL COEFFICIENT VALUE 

C
F 

0.25 

C
E 

1. 15

C
N 

1.33 

c
s 

0.20 

DYRESM EQUIVALENTS DERIVED VALUE CURRENT VALUE 

CK
0.18 0. 125

C
T 

0.80 0.51 

n 1. 33 1.23 

c
s 

0.20 0.50 

PHYSICAL CONSTANTS 

L 

Ct 2.54 X 10-4 oc-1 

s 10-6 ppm-1

c
P 

4180 J/kg 
0
c

Po
1000 kg/m3 

(Latent heat) 2445 kJ/kg 

TABLE 7.1 - Model coefficients and physical constants.
DYRESM equivalents are derived in Section 
5.3.7. Current values of DYRESM coefficients 
are as specified by Imberger and Hebbert (1980). 

i 

I 
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Referring to the choice of CN discussed in Section

5.3.4, it was found that the value obtained from eq. 5.61 caused 

an unrealistic delay in the onset of deepening during daytime 

hours. Recall that deepening commences soon after 

q*3 = w 3 + c 3u 3 
,'t N * 

becomes positive. If w* is negative (when solar heating is 

strong) the value of CN determines the wind strength necessary

to initiate mixing. }tixing will occur whenever CNu*3 � -w*3 •

CN determined from eq. 5.65, however, produced very good model

response to changing meteorological conditions. This value 

appears in Table 7.1. 

7.3.2 Thermocline Thickness 

The profile plots of Appendix Dl show the thermocline 

as having zero thickness; hence the temperature profiles include 

a sharp step across the thermocline, consistent with the 

assumptions stated in Section 5.1. In conditions of free convectior 

where only surface cooling is important, the thermocline does 

become very thin (see Willis and Deardorff (1974)). In the 

reservoir however there is almost always some shear across the 

thermocline during deepening and so Kelvin-Helmholtz billows, as 

described in Section 5.3.4, will ensure a finite thermocline 

thickness. 

Intuitively, it is expected that the mixing process 

at the thermocline is cyclic in nature. Billowing would be 

followed by entrainment of the diffuse region, sharpening the 

gradients until billowing recurs. It must be assumed for 

modelling purposes that the efficiency of entrainment of the 
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diffuse region is accounted for in the coefficient C
S

' so that 

the model computes the correct deepening rate. Accepting this, 

it is possible to directly compare the model and field profiles. 

An ideal procedure to aid comparison, given accurate 

and finely resolved field profile data, would be to 'square up' 

the field profiles, conserving heat and potential energy. An 

alternative means of aiding comparison has been adopted here. 

The thickness of the billowing region was calculated from eq. 

5.66 for those profiles where deepening was established, prior 

to interface set-up. The position of this region in plotted 

field profiles was determined by visual inspection and is shown, 

on the particular plots, as the region bounded by dotted lines. 

The agreement between computed and observed thickness of this 

region is very good. Note how the billowing region becomes 

very thin on 05 04 76 at 0200 after mixing has encountered the 

seasonal therrnocline. The salinity jump is also significant 

at this time, as shown by the daily cycle plot in Appendix D2.4. 

7.3.3 Temperature Profile Representation 

Accepting the thermocline step representation of the 

temperature profile, there remain three anomalies, common to 

the model profiles of all days, which require explanation: 

i) The model layer retreat occurs too slowly and WML

temperature is underpredicted in the mornings,

ii) Overheating of the Wl1L occurs in early to mid

afternoon and subsequent W:ML deepening is impeded

somewhat by the large resultant value of 6T, and,

iii) The model underpredicts heating of the water at
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medium depth below them-IL in the hours around 

midday. 

The dominant cause of both (i) and (ii) above is 

clearly the model's method of stability correction to meteor

ological fluxes. The problem was addressed in Section 3.5.2. 

Neglecting the precise details of the calculation procedure, 

the method effectively corrects the fluxes with the parameter 

RiB, where from eq. 2.43

(M+O. 61 TVLiq)

u2 

The value of Lie is evaluated by 

that is, the temperature at zH is taken to be the WML temperature

TS. The correct value to use however is the temperature of the

conductive sublayer at the surface, or the 'skin' temperature, 

which will deviate from TS towards the air temperature. Hence,

lb.el is always overestimated in the model. This leads to 

unrealistic enhancement of latent cooling in the morning (Lie 

negative) and suppression of latent cooling in the early to 

mid-afternoon (Lie positive),·. explaining the anomalies (i) and 

(ii). A similar effect on the momentum flux p
0

u*2 enhances 

deepening (delays retreat) in the morning and inhibits deepening 

in the afternoon. Sensible heat flux is similarly affected but 

is small in magnitude compared with latent heat flux. 

Model runs in which the stability correction was 

suppressed gave results which erred in the opposite sense, as 

expected. Having understood the problem it was decided to 

retain the stability correction method, as stability effects 

R • - _g~ 
1.B - T 

V 
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over a medium sized reservoir are obviously important. Future 

work may involve modelling of the 'skin' temperature to provide 

the correct value for stability calculation. 

In the case of (iii) above, there are two factors 

which may contribute to insufficient heating of gridpoints at 

a medium depth below the thermocline. 

The form of the solar shortwave radiation attentuation 

profile given by eq. 3.1 may be somewhat in error. Tests of 

the model using different attenuation profiles indicated a 

marked sensitivity to the form chosen. A form which prescribes 

less attenuation near the surface and greater attenuation at 

depth would tend to correct the anomaly (iii) and also (ii). 

The form of eq. 3.1 will be retained, however, until more reliable 

field data for the Wellington Reservoir become available. 

The feature of the model which is mainly responsible 

for (iii) (and to some extent, (ii)) however is the flux boundary 

condition at the base of the thermocline. In Section 5.3.1 the 

following are specified: u'w' (s-o) = e'w' (s-o) = s'w' (s-o) = 0. 

In reality however, there will be leakage of these fluxes through 

the thermocline, especially when �T is small and diffuse. 

Below the thermocline, residual turbulence, plus 

turbulence from other sources (thermocline leakage, internal 

wave breaking) will act to distribute the leaked heat downwards, 

so heating the water. The turbulence will also enhance diffusion 

of temperature and salinity where sharp gradients remain after WML 

retreat. No diffusion mechanism has been included in the model 

and so temperature structure below the WML retains its identity 

over a full daily cycle. 

·--·-··-···-·-·-·---------------------------
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7.3.4 Conclusions 

This Section has described various aspects of the 

model's performance which lead to observable differences between 

modelled and measured profiles. It is evident however that the 

model can simulate the essential mechanisms involved in the 

diurnal cycle on a quasi-continuous timescale (bearing in mind

the smoothing of meteorological data). The results discussed in 

this Chapter lend strong support to the formulation of well mixed 

layer energetics developed in Chapter 5. 

7.4 HEAT AND POTENTIAL ENERGY BUDGETS 

In conclusion, an interesting observation on the 

sensitivity of heat and potential energy budget calculations is 

described below. 

As stated in Section 4.1, temperature profiles were 

0 measured with, at best, an accuracy of 0.1 C, corresponding to 

the finest graduation on the thermometer used for calibration. 

If an hour by hour heat budget of the top seven metres of water 

is attempted, the uncertainty .. in the heat storage calculation 

associated with the above accuracy will be, 

6H = 7 x pC.· 06T= 2930 .kJm-2
p 

However, this uncertainty is of the same .order of 

magnitude as the surface heat transfers for the period. For 

example, on the day 05 02 76 between 1430 and 1530 hours, the 

relatively large surface heat transfers were as follows: 

H = - 100 kJ m-2 
sensible ' 

H = 1096 kJ m-2,latent 

-2 Hshortwave = -z397 kJ m '



H = 126 kJ m-2•longwave 

13] 

Obviously on such a short timescale, no meaningful 

heat budget calculations are possible, as the measured temper

ature profiles are not sensitive enough to heat transfer. In 

particular it is not possible to estimate evaporation by this 

method. 

The profiles plotted in Appendix A5 or Appendix Dl 

present another intriguing possibility however. Unlike the 

absolute temperature, the well mixed layer depth is very sensitive 

to the balance of surface heat transfers and its changes may be 

measured quite accurately. In other words, whereas heat budget 

calculations are impractical, it :i..s possible to accurately 

estimate the potential energy increase of a water column assoc

iated with m-� deepening. As confidence is gained in the values 

of universal coefficients (see Table 7.1), the model may be used 

in reverse to predict the surface heat transfers leading to an 

observed WML deepening pattern. Of particular interest is the 

steady state, free convection situation found on cold, calm 

nights. The deepening equation for this case (see eq. 5.51) may 

be rearranged to the form 

H + K + Q = po C p (1::. T dh)
S --i, L KA dt (7.1) 

The longwave radiation Q1 may be calculated accurately 

and the product l::.T dh/dt may be computed from sequential measured 

profiles. Eq. 7.1 therefore provides a useful tool for appraising 

the various formulations of atmospheric turbulent heat transfer 

from a reservoir surface in free convection conditions. 
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C H A P T E R 8 

CONCLUSIONS 

The numerical model of the diurnal cycle within the 

seasonal well mixed layer appears to be capable of simulating all 

of the important features of that cycle. A few features of lesser 

importance are not directly simulated, but their effects have been 

examined qualitatively. Important aspects of the Project in 

general and of the model's capability are outlined below. 

The model simulates realistically the shallowing 

of a diurnal well mixed layer when solar heating is dominant and 

also the deepening of this layer when surface cooling and mixing 

become dominant. The success of the model lies in its formulation. 

Careful integration of the turbulent kinetic energy equation over 

the full well mixed layer depth ensures that all known· contribution 

are included. Equations for heat, mass,momentum and salt concen-

tration are similarly treated. The depth and temperature of the 

well mixed layer during strong solar heating is determined by the 

parameter q*, which incorporates the effects of surface wind 

stirring, surface heating and cooling by all heat fluxes and, 

importantly, penetration of solar radiation below the surface. 

The parameterization schemes employed for surface energy transfers 

and internal shear production of energy are supported by the 

model's results. Also supported is the closure hypothesis which 

describes convergence of turbulent kinetic energy at the thermoclin1 

leading to the final equation set of eqs. 5.39 to 5.48. Retaining 
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turbulent kinetic energy as a model variable results in a smooth 

model response to rapidly changing meteorological inputs. It also 

enhances interpretation of model behaviour. For example, layer 

retreat occurs only when the energy in the old layer has been 

completely consumed in overcoming the buoyancy induced by solar 

heating. 

The model also realistically predicts the vertical 

temperature structure at particular times throughout a daily 

cycle. Predicted values of velocity and turbulent kinetic energy 

are also realistic, although no field measurements of these are 

available. The values of C
F

, C
E 

and C
N 

from Table 7.1 may therefore 

be used with some confidence, especially considering the internal 

consistency of their determination. The shear production efficiency, 

C
S

, has also been determined with some confidence as described in 

Section 7.3.1. 

Averaged meteorological data used by the model are of 

high quality. As discussed in Section 7.3.3 however, using modelled 

or measured mean water temperature to compute a stability correction 

to atmospheric turbulent transfers will cause the correction to be 

overestimated. The correct temperature to use is that of the 

surface 'skin' or conductive sublayer. The problem is evidenced, 

in the model results, by morning over-cooling, afternoon over-heating 

and a time delay in the onset of either layer retreat or layer 

deepening. The problem should be addressed in future work. 

Features of secondary importance are discussed in 

Chapter 7. The presence of Kelvin Helmholtz billows at the thermo

cline is clearly seen from field data (see Appendix Dl). The 

model does not explicitly represent these however. Modification 
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of thermocline shear by reservoir end wall effects is represented j

the model but has not been verified from field data. Leakage of 

heat, salt and momentum through the thermocline and diffusion of 

these below the thermocline are also evident from field data, but 

are not included in the model due to a lack of information on these 

processes. 

The model equations and coefficients, now tested, may 

be directly incorporated into a model such as DYRESM which 

includes simulation of the seasonal structure. It will be 

profitable to continue to study the diurnal cycle, however, in 

order to improve some aspects of the model. Future work could 

involve: 

i) obtaining finely resolved (e.g. 10 minute average)

meteorological data over several daily cycles to allow

more extensive model testing,

ii) measuring the solar radiation attenuation profile more

accurately,

iii) obtaining a measure or estimate of 'skin' temperature

for atmospheric stability calculation,

iv) measuring a velocity profile (if instrumentation with

sufficient resolution becomes available) and so

investigating the momentum budget,

v) investigating the atmospheric internal boundary layer

in order to specify maximum heights for meteorological.

sensors,

vi) parameterizing thermocline leakage and hypolinmetic

diffusion, and,

vii) improving the estimate of c
8

. 
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APPENDIX A: FIELD DATA 



> -

DUE 1'0l 7b 

RUN 3 DAY l TIHE PERIOD 830 TO 930 

Mat'\, 0/P OIVI 'tZ,O 55,3 ,9,8 ,9, 8 

SPOT READINGS H.l ,6.3 59,0 bZ,Z 

AT(Cl WTICI RH ( ZI NRCHW/SQCl'll 

!'I.II. lVERAGES 20,b 23,7 59,8 62,4 

CUQRE~T SPOT READ, 21,4 24,l 5 9 .o b9,7 

PQ.EYl0US SPOT RHO, 18,6 23,5 62,0 '49,5 

SPEEDll1/SI E,R,ANEMCII/SI PYRCHW/S0CIII KIPP[MW/S0CMI 

.o 1,4 88,8 

DA.Y l TIIIE PERioo· 930 TO 1030 

11.11.. 0/P O1V) 't6,2 55,9 56,5 62,5 

SPOT READINGS 49,9 !17,7 56,0 66,5 

AT CC I WTICI RHllO NR(MW/SQC>II 

H.,11. AVERAGES 22,3 24,0 56,5 70,5 

CURRENT SPOT RHO, Z:i,7 24,6 5 6 .o 82,7 
PREVIOUS SPOT READ, 21,4 24,l 59,0 69,7 

SPEEDIH/Sl E,R,ANEHIH/Sl PYR(HW/SQCHl KIPP(HW/SQCHI 

.o 1.6 68,8 

SERIES l 

RUN 5 DAY l TIME PERIOD 1030 TO 1130 

M,H, 0/P (HVI 51,.,, 56,2 51,1 b7,b 

SPOT READINGS 56,2 60, 4 49,0 69 ,l 

ATICI \IT IC I RtHtl HR(IIII/SQCHJ 

11,M, AVERAGES 24,5 24,8 51. 1 65,9 

CURRENT SPOT READ, 26,2 25,b 49. 0 90.5 
PREVIOUS SPOT P,EAD, 23,7 24,6 56,0 62,7 

SPEEDIH/SI E,R,ANEHCH/SI PYRCHW/SQCMl KIPPCIIII/SQClll 

.o 1,6 88,8 

RUN 6 DAY l TIME PERIOD 1130 TO 1333 

M,H, 0/P CHVI 59,7 61,7 39,2 0,0 

SPt'T RE~.DINGS 64,7 bS ,0 39,0 68,b 

lT(C I WT(CI R'i ( :ti ~R(/'l'US0C!'ll 

H,H. AVERAGES 27,6 26,l 39,2 0,0 

CURRENT SPOT READ, 29,5 27,3 39,0 89,3 
PREVIOUS SPOT Ri:AD, 26,2 25,6 4". a 90.5 

SPEE0IH/Sl E,R,ANEH(H/Sl PYR(HW/SQCKl ~IPPIMW/S0CMI 

10 8. 3 • 0 

Al Processed Meteorological Data 

~ 
~ 



RUH 7 DAY l TIIIE PERIOD 1333 TO 1430 

II.II, 0/P CIIVI 6lo,3 61,8 35,6 61t,7 

SPOT READINGS 66,9 62,5 38,0 66,7 

AT(CI WT(CI RH(Zl NR(MII/SQCMI 

11,11, lYER.lGES 29,,. 26,l 35,6 77.4 

CURRENT SPOT READ, 30, .\ 26,'t 38,0 83,6 
PREVIOUS SPOT READ, 29, 5 27,3 39,0 ·89, 3

> SPEEO(II/SI E,R,ANEll(H/S) PYRIIIWiSac,u KIPP( HW/SQCHI 

N .o 2.5 §3',5

RUN 8 DAY 1 TIME PERIOD 1430 TO 1530 

. .. H,11. 0/P (HYI 67,4 62.2 33,3 64,6 

SPOT REI.DINGS 67, 7 ll,9 35,0 62,6 

HCC! 1/T(Cl RH(T.) H�(l11//SQCl1) 

·11,11, AVER.lGES 30,6 26.3 33,3 77,3 

CURRENT SPOT READ, 30,7 26,2 3 5 .o 11.2 
PREVIOUS SPOT READ. 30, It 26,4 38.0 83,6 

SPEED I 11/S I E.R,A.NEHIH/SI PYR(HW/S0CIII KlPPll1W/SQCl11 

RUH 9 DAY 1 TIHE PERIOD 1530 TO 1645 

11,H, 0/P (HY) 66.5 60.3 

SPOT READINGS 66,:) 59,4 

AT(C) 

H,H, AVERAGES 30,2 

CURRENT SPOT READ, 30,D 
PREYlOUS SPOT READ, 30,7 

SPEEDIH/S) E,R,AHEIICH/SI 

, 0 5, 7 

37.3 59 .o 

37,0 55,0 

WTICI RHC:tl HR (l".il/SOCM l 

25,b 37.3 �0.2 

25,2 37,0 lt8, 3 
2b,2 35.0 71.2 

PYP.(HW/SOCII) 'KIPP!Hil/SOcMI 

23,7 

RUH 10 DAY l TIIIE PERIOD l6't5 TO 1730 

H,11, 0/P (HY! 65,1 58,5 39,7 52,5 

S00T READINGS 63,5 ,a'" ,.,. .o 49. 7 

HICI WTIC I Rr! 1%1 NR(l1',1/SOC!II 

H.11, AVERAGES 29.7 2.\,9 39,7 40. 8 

CURRENT SPOT READ, 29,l H,9 H,O 3Z. 3 
PREVIOUS SPOT READ. 30,0 25.2 37.(i ',8. 3 

--- -- · -- �- -



> 

w 

RUN ll DAY l TIME PERIOD 1730 TO 20 0 

.'l,H, OIP !i'IVl 59,9 57,2 48,2 40,7 

SPOT READINGS 54,4 5b,8 54,0 31,, 8 

.I.T(Cl \IT (CI RH (:t l NR(MII/SOCHl 

11.11. AVERAGES 27, 7 24,4 4 8, 2 ~-2 

CURRENT SPOT READ, 25,5 24,3 54,0 -6,6 
P~EVIOUS SPOT READ, 29,l 24,9 44,0 ' 3 2, 3 

SPEED(H/Sl E,R,ANEH(H/Sl PYR(MW/S0CH) KIPP(MW/S0CMJ 

• 0 5,9 5,9 

RUN 12 DAY l TIME PERIOD 20 0 TO 2225 

11,H, 0/P (IIV) 47.4 56,6 59,6 36,2 

SPOT READINGS 41,5 j6,2 70,0 36, 3 

AT!Cl WT! CI RH CJ:) NR!HW/SQCMl 

11, H, AVEHGES 22,7 24,2 59,6 -6,5 

CURRENT SPOT READ, 20,4 24,l 70,0 -8,l 
PREVIOUS SPOT READ, 25,5 24,3 54,0 -6,6 

SPEED(H/Sl E,R,ANEHIM.JS) PYRIHW/S0CHl KIPP!HW/SOCHl 

o.o .o 6,2 

.;,-
w-i 



RUN 3 D.t.'f l TIiie PERIOD 

M.11. 0/P 111Vl 53,t, ,a .e 

SPOT REAOINGS 56,6 61,Z 

UCCI 

11,11, AYER.\GES 25,l 

CURRENT SPOT RE.t.O, 26,4 
PREVIOUS SPOT READ, 24,6 

SPEEOIH/Sl E,R,ANEll{II/Sl 

1,l 

DATE 30276 

931 TO 1030 

.. z. !5 63,l 

t,O,O 66.3 

1/T!C l RHUI NRIMW/SQCHI 

24,9 42,5 70.4 

25,9 40,0 80,Z 
24,9 44,0 67,6 

PYR<Mil/SQCHI KIPPCIIW/SQCIII 

60,2 

RUN 4 DAY l TtllE P=RIOO 1030 TO 1130 

11.11. 0/P (IIVI ,a., 61.9 "1,3 56,0 

SPOT READINGS 61,3 63.0 H,O 68 ., 

AT(C J l/T(CI RHO;) HR I 1111/SQCII I. 

11,11, AVERAGES Z7,l Z6ol 'tl,3 49.3 

CURRENT SPOT READ. 28.2 26,5 43,0 87,2 

PREVIOUS SPOT READ, 26. 4 25,9 40,0 80,Z 

SPEEO(K/Sl �F.A.lN►MlMt�I DVD IUUl'Cf'll"M\ u T' D n , ui, , ""'"",.. u" 

SERIES l 

RUN 5 DAY l TIME PERIOD 1130 TO 1230 

N • '1. 0/P (IIYI o., 64.0 H,2 69 .o 

SPOT RH0INGS 66,3 65,Z 29,0 70,3 

AT(C l WT!CI RH!.'O NR(IIV/SOC:'ll 

11.11. AVERAGES 0,0 26,9 H,2 Sll,7 

CURRENT SPOT READ, 30,2 27.4 29,0 92,6 
PREVIOUS SPOT READ, 28,2 26,5 43,0 87,2 

SPEEOIH/Sl E,R,ANEll{II/Sl PYR[IIW/SQCMI KlPP(IIW/SQCM) 

o.o Z,l ,4 

RUN 6 OA'I' 1 TtHE PERIOD 1230 TO 1330 

II ,H. 0/P IIIVI 66,0 66.2 33,6 10.0 

SPLIT REA0LNGS 71,3 68,Z 23,0 69,l 

AT(C I l/T(C I RH(,;) »� !IIJ/S:lCI\I 

11,11, AVERAGES 30,l 27,7 33,6 91,6 

CURRENT SPOT REA0, 3Z,l 28,5 23,0 89,0 

PREVIOUS SPOT READ, 30,2 27.� 29,C 92,6 

°' 



RUN 7 DAY 1 TIME PERIOD 1330 TO 1430 RUH 9 DAY l TIME PERIOD 1531 TO 1630 

11,11, 0/ p I MVl 73,9 69,4 26,4 68,1 '1.M, 0/P (MVl 72. j 68,5 32,7 29 ,6 

SPOT READINGS 72,3 69 .o 23,0 67,8 SPOT READINGS 74,3 67,9 22,0 H,6 

AT(Cl 1/T IC l RH(%) NRll11//SOCl1l ATCCJ \ITC Cl RH (1. l N?!1'111/S~C,~l 

~.11. AVERAGES 33,Z 29,0 26, 4 86,3 M,M. AVERAGES 32,7 ZB,b 32,7 -29,3 

CUlRENT SPOT READ, 32,5 28.8 2 3, 0 8 5, 4 CURRENT SPOT READ, 33.3 28,4 zz.o H,9 
fREVIOUS SPOT REAO, 32,l 28,5 23,0 89,0 PREVIOUS SPOT READ, 33,9 29,3 23,0 11. e 

> SPEEO(II/SI ..... E,R,ANE/1111/S) PYRIMI//SOCMl KIPP! 11\1/SQCMl SPEEOIM/SI E,R,ANEl1111/Sl PYR(HII/SOCMI KlPP(llw/SOCM) 

t,'l'T l, 2 ,6 222,0 l,2 ,4 0,0 

RUii 8 OU l TIME PERIOD 1430 TD 1531 RUN 10 DAY 1 TIME PERIOD 1630 TO 1730 

11.11. 0/P IIWI 75,1 68,2 22,0 54,'t 11,M, 0/P (/IV) 75,8 61,b 26,9 53,6 

SPOT READINGS 75,7 70,Z 23,0 65,0 SPUT READINGS 74,9 64,9 26.0 49,4 

::::,. 
--.J 

AT(C J I/TIC l RH ( %) NR!M\1/SCCMJ. ATCCl WTICI RHC%) N~c11w,s~:~1 

11.11. AVERAGES 33,b 28,5 22,0 45,5 M,H, AVERAGES 33,9 28,3 Zb,9 42,B 

CURRENT SPOT READ, 33,9 29,3 23,0 77,8 CUP.RENT SPOT READ, 33, b 27,3 26,0 30,Z 
PREVIOUS SPOT READ, 32,5 28,8 23,0 8 s.,. PREVIOUS SPOT READ, 33, 3 28,4 22.0 54.9 

SPEEDIM/S l E,R.ANEMIM/Sl PYR(MW/SQCII) KIPPIM\1/SCClll SPEED(/1/Sl E,R,iNEMCH/Sl PYRCHIUSOCHl !<IP?C~J/SOC'll 

l, t, ... 116, 5 2,4 ... o.o 



RUN ll DlY l TIHE PERIOD 1730 TO lS 5 RUN 13 DAY l TIME PE�IOD 1940 TO 2010 

H,H, 0/P (IIVl 74,e 65,e 26,2 47,Z 11,11, 0/P (HVI 65," 63,3 33,6 35,5 

SPOT READINGS 72,3 66,0 30,0 43,8 SPOT READ INGS 64,Z 63,4 36,0 37,Z 

AT(C I WT!CI RH(%) NR(HW/SOCIII AT(CJ WTIC J RH 1%1 NR(III//Sccr., 

H,11, AVERAGES 33, 5 27,6 26,2 23,t, 11,11, AVERAGES 29,9 26.7 33,6 -12.z

CURRENT SPOT READ, 32,5 27,7 30,0 13.0 CURRENT SPOT READ, 29,3 26,7 36,0 -6,9 
PREVlOUS SPOT READ, 33,6 Z 7, 3 26,0 30,2 PREVIOUS SPOT READ, 30,l 26,7 36,0 -7.2

> SPEEO(II/S I E,R,ANEH(H/SI PYR(llil/SOCHI KIPP I HW /SOC HI SPEED(l1/S l E,R,ANEl1(11/S) PYR(MW/SQCIIJ KIPP( 1111/SQCII) 

. o,o °' 3,2 . ,. ,., 3 ·" o.o

RUN lZ OA.Y l TIME PERIOD 18 5 TO 1940 

'-

11,11, 0/P IIIVI 70,8 65,2 31,6 39,3 

SPOT READINGS 66,0 63,5 36,0 37,l 

ATIC) WT(C I RH(%) NR ( HW /SOCH I_' 
0) 

11,11, AVERAGES 31,9 27,4 31,6 -,5 

CURRENT SPOT READ, 30,l 26,7 36,0 -7�2

PREVIOUS SPOT READ, 32,5 27,7 30,0 13,0 

SPEEOll'\/Sl 'E,R,ANEH(H/SI PYRIHW/SOCHI KIPP!HW/SOCHI 



> 

RUI-I 3 DAY l TIME PERIOD 

N .11, 0/P (11'{) 26,6 57,3 

SPOT REA01"'GS 29,5 '7,5 

ATIC I 

11.11. AVl:RAGES 18,l 

CURRENT SPOT READ, 19,3 
Pll!:V IGUS SPOT READ, 17,3 

SPEEDIM/SI E,R,ANE11IM/SI 

3,0 2,9 

DATE 50276 

7 5 TO 8 0 

65,5 45, 8 

60,0 .50,7 

\/Tl Cl RH(,:) NR(MW/S0CM) 

24 • 3 b5,5 18,5 

24, 4 60,0 33,8 
24,4 65,0 13,0 

PYRIHII/SQCMl KIPP(M\1/SQCMl 

32,3 

?.UN 4 DAY l TIME PERIOD 8 0 TO 9 0 

M ,11 • 0/P (MV! 32,0 57,7 55,3 0,0 

SPOT READINGS 35.7 57,9 50,0 58,3 

ATICl \/TIC l RH I~ l NRIHII/SOCMI 

HaH, AVERAGES 20,3 24,5 55.3 0,0 

CURRENT SPOT READ, 21,9 24,6 50.0 57,0 
PREV taus SPOT RHO, 19, 3 24,4 60,0 33,8 

SPEED(II/S) 'E,R,ANEMIM/S) PYR(MI//SQCH) KIPP( 1111/SQCH) 

2,2 2.~ 44,4 

SERIES 2 

RUN 5 DAY l TIME PERIOD 9 0 TO 10 0 

11.11 • DIP IHVl 0,v 0,0 0,0 o.o 

SPOT READINGS 41.5 58, 6 43,0 64, 4 

A TIC l WT (C) ~H l:t) HR I IIW / SCC/1 l 

M,M, AVERAGES 0,0 0,0 o.o o,o 

·CURRENT SPOT READ, 24,3 24,8 43,0 75,4 
PREVIOUS SPOT READ, 21,9 24,6 50,C 57,0 

SPEEDIM/Sl E,R,ANEH(H/Sl PYR(M\1/SQCMI KlPP(M\1/S~CIII 

3,5 3,7 88,8 

RUN 6 DAY 1 TIME PERIOD 10 0 TO 11 0 

H,H, 0/P 1l1VI 44,2 .59,3 41,6 59 ... 

S P'JT READINGS 41,. 2 61,5 39,0 67,4 -.r::-
~ 

AT IC l WT(Cl RH ( :tl NRPl'USo:111 

K.M. AVERAGES 25,4 25,1 41,6 !,(). 5 

CURRENT SPOT READ, 26,2 25,9 39,0 e,,. a 
PREVIOUS SPOT READ, 24,3 24,8 ',3,0 75,,, 

SPEEOIM/S) E,R,ANEtllM/Sl PYR(ll'~/S~CHI llii'P!~\1/SCCIIJ 

l,b 1,6 93,7 



RUN 1 DAY l TIME PERIOD 11 0 TO 12 0 RUN 9 DAY l THIE PERIOD 13 D TO l't D 

11,H. 0/P tllVI t,7,8 62.6 40,Z 58,l N • 11 • 0/P ll!V J ,a.~ 67,6 25,7 69 ,6 

SPOT READ!HGS 50,6 6hl 35,0 69,3 SPOT READINGS 59,8 6b,3 20,2 67,0 

ATCCI WT(CI RH Ctl HR(l!W/SOCII) AHCI 1/T{C l RH{t) N~ PIil/SOC/ii 

11.1'1, A\IER4GES 26,9 26,3 40,2 56,9 11,11, AVERAGES 31,2 28,2 25,7 92,6 

CUR~ENT SPOT RElO, 28,0 26,9 3 5.0 90,!l CURRENT SPOT READ, :u.t. 27,7 20.1 11',, 8 
PREVIOUS SPOT READ, 26,Z 25,9 39,0 64,8 PREVlOUS SPOT READ, 30,0 Z7,l 27.8 •H,4 

> SPEEO(II/S) E,R,ANEll(l!/SI PYR(IIW/.SOC/11 KIPP( 1111/SOCl!l SPEEDl/1/Sl E,R,ANE11!H/S) PYROIII/SQCIU KIPP! 1111/SQClll 
1--' 

CX> 
1,4 1,6 93,7 1,6 1,9 103.6 

RUN 8 DAY l TINE PERIOD 12 0 TO 13 0 RUN 10 DAY l TtHE PERIOD lt, 0 TO 1510 

II ,II, 0/P I IIV I 50,5 62.,9 3'i,6 68 ·" 
11.11. 0/P 111\ll 59,5 66,6 22, 8 51,Z 

SPOT RUDINGS 5',6 6~.7 27,8 69,2 SPOT READINGS 58,Z 6~.a 29,0 6Z,? ,_. 
V1 

.1.T(CI WTICI RH(%) NR(ll\1/SOCII). AT!C:J ~T(C) RH CZ) NRIKUSOCII) 0 

11,11, AVERAGES ze.o 26,4 3't, 6 88,6 11,11, AVERAGES 31,' Z?,8 zz.a 36,9 

CURRENT SPOT READ, !H>,O 27,l 27,8 91,4 CURRENT SPOT READ, 31,0 27,l Z9,0 70,Q 
PREVIOUS SPOT READ, Z6,0 26,9 35,0 90,8 PREVIOUS SPOT READ, 31,6 27, 7 Z0,2 84,8 



RUii 11 0.1.Y l TIHE PERIOD 1510 TO 16 0 
RUN l3 OAY l TIHE PERIOD 17 OTO 18 O 

H,11, 0/P CMV) 58,2 63,9 24,4 59, 5 
H,M, 0/P (11Vl 55,8 61,9 26,7 H,t, 

SPC,T READINGS ,a.a 62,4 20,0 58,l 
SPOT READINGS 53, 5 61,8 29,0 42 ,9 

ATCCl 1/HC l RH(,: l NRCM\1/SQCM) 
ATC Cl WT(Cl R>-t(tl HR(!'IW/HICl'll 

11,11. AVERAGES 31,0 26,8 24,4 61,2 
H,H, AVERAGES 30,l 26,0 26,7 24,5 

CURRENT SPOT READ, 30,9 26,2 20,0 ,1.0 
CURRENT SPOT READ, 29,1 26,0 29,0 10,9 

?R:VIOUS SPOT READ, 31.0 27,l 29,0 ,70,9 
PREVIOUS SPOT READ, 30,7 26,l 20,7 35.3 

> SPEEDCH/Sl E,R,ANEHIM/Sl PYR(HlliSQCHl KIPP(H\1/SQCHl 
SPEEDIM/Sl E,R,ANEHCH/Sl PYRCH\I/S0Cl\l KIPP!ll\1/SCCr,J 

'o.D 
5,9 6,2 71,0 

4,2 4,2 14,8 

RUH l2 DAY l TIHE PERIOD 16 0 TO 17 O
RUN H DA'f l TIHE PERIOD 18 OTO 20 O 

11,11, 0/P (I\Vl 56.5 61, 1 23,9 54,2 
H,H, 0/P (HV) 49 ,3 61,9 40,7 39 ,4 

SPOT READINGS 57,5 o:.?.,l 20,7 50 .9 
SPO: READINGS 41,6 61,2 51,5 36,2 

ATCCI 1/T(Cl RH(%) NR(MW/S0CMl 
ATCC) IIT CC) RH(,: I NRC!'l'J/SQC11l V, 

H,11, A\/ER.I.GES ' 30,3 25,8 23,9 '15 ,3 
11,11, AVERAGES 27,5 26,0 40. 7 • 2 

CURRENT SPOT REAO, 30,7 Zb, l 20,7 35,3 
CURRENT SPOT READ, 24,3 25,8 51,5 -9,4 

PREVIOUS SPOT READ, 30,9 26,2 20,0 57,0 
PREVIOUS SPOT READ, 29,1 2b,O 29,0 10,9 

SPEEOCH/Sl E,R,ANEl\111/Sl PYRCMW/SQCHl KIPPIHW/S0CMI 
SPEED CHIS) E,R,ANEH(H/S) PYR(IIW/S0Clll KIPP(IIW/S0CII) 

5,2 5,5 59,2 
2,2 2,4 o.o

\ 

_____ , .. -- � , 1111111 -·--



RUii 15 OlY l TINE PERIOD 20 0 TO HO 

K.M. 0/P (11VI 39.2 60.8 53,3 36. 5 

SPOT READINGS 35,3 60,3 52,0 36.0 

HCCI WTCCI RH ( I:) NR(l111/SQCl11 

11. 11. AVERAGES 23,3 2,.1, 53.1! •8,6 

CURRENT SPOT READ, 21,7 25,4 52,D •10,3 
PREVIOUS SPOT RElO, • 24. 3 2,.e· H,'S '-9,1; 

> 
I-' SPEE0!11/SI E,R,ANEll{lt/Sl PYRlltW/SQ~l11 KIPP(IIW/SQC11l 
I-' 
0 2,9 2,8 o.o 



DATE 5047b SERIES 5 

RUN 2 DAY 1 TIIIE PERIOD 630 TO 945 RUN 4 DJ.Y l TIHE PERIOD 11 7 TO 1235 

11.11. 0/P (HVI 9.9 ft7.7 69,5 50,9 
M.M. OIP !MVI 34. 5 47,4 55,6 53 .4 

SPOT READINGS 17,9 ltB ,It 70,0 5't.' SPOT READINGS 40.9 51.5 50,0 58.8 

AT(C I \/T(CI RH ( :tl NR(M\1/SQCM) 
AT(C l \/T(C l Rrl (ti NRUI\//S:lC/11 

r\d'\, AVERAGES 14.5 21.3 69.5 33,8 
M.M. AVERAGES 19,5 21,2 55,6 51), 3 

CURRENT SPOT READ, 16,l 21,3 70,0 4 't, 3 
CURRENT SPOT READ, 20,7 21,8 50,0 57 ,b PRoVlOUS SPOT READ, 14.0 21.2 71.0 21.7 PREVIOUS SPOT READ, 18,B 21,5 57.0 5a.e 

> SPEED 111/S l E.R.ANEH(H/Sl PYR(ll\1/SOCH) K!PPIH\1/SOCIO SPEED( H/SI E,R.ANEH(H/Sl PYR(II\//S0Clll KIPP( '1>1/S0Cl'II 
,_. 

3,4 3,6 47,4 61.6 
3,9 4.0 70,b 6a ,l 

RUH 3 DAY l TIME PERIOD 9"5 TO 11 7 
RUN 5 DAY l TIME PERIOD 1235 TO l't30 

H.K. 0/P (HVI 23,8 "18.8 62.2 57,3 
H,11. 0/P (IIVl 45.6 't8.6 48.8 54 .9 

59.2 ,_., SPOT RH.DINGS 31.0 49.4 57.0 
SPOT READINGS 34.7 53,l 43.0 52.7 '-' 

.lT!CI \/T(C I RH(:t) NR(H\1/SQCHl' 
AT(C l \IT IC l RH(%) NR(IIW/SQCl!l 

11.11. AVERAGES 17.3 21.4 bZ.z 53.l H..H, AVERAGES 21.1 21.4 4 e .e 4b.O 
CURRENT SPOT READ, 1a.e 21,5 57,0 58.8 CURRENT SPOT READ. 19.5 22.0 43 .o 39,5 PREVIOUS SPOT READ. 16.l 21.3 10.0 44.3 PREVlOUS SPOT READ. 20,7 21.8 50.Ci 51.b 

SPEEOIH/Sl E.R.A~EM(H/SI PYR(H\1/SOCH) KlPP(HW/SQCHl SPEEDIM/Sl E.R.ANEHIH/Sl PYR(M\1/SOCHl Kl?P(MW/SOC~I 
4.2 4,3 b5.0 75.5 2.4 2.5 

\ 



RUH 6 O.lY l Til1E PERIOD 14!10 TO 15!10 RUN 8 OAY l TIME PERIOD 1631 TO 1835 

11.11. 0/P ll'IVI 50,<I o.o 43,7 o.o 11.11. 0/P rnVt 45.9 51.!I '5,1 37,q 

SPOT RE.I.DlNGS 5't,O ,2.1 ,,,.o 49 ,6 SPOT RHOIHGS 28,5 50.2 73, 0 !lb,'< 

A.TIC} WTICI RH I% I HRtHIUSQCl'll AT(CI IIT(C l RH!%) HR(ll,1/S~Clll 

N • H • .lVEUGES 22,8 o.o 43,7 o.o 11,11, AVERAGES 21,8 21,7 55,l -5,l 

CURRENT SPOT READ, 23,', Zl,9 ,.,.o 30,2 CURRENT SPOT READ, 18, 2 Zl,6 73,0 -9,7 
PREVIOUS SPOT READ, 1q, 5 22 .o ',3,0 39,5 PREVIOUS SPOT READ, . 23, 7 21,9 46,0 9,7 

> SPl:EDCII/S I E,R,,OIE!\(11/Sl PYR(l111/SQCl1) KIPPll111/$QCl11 SPEED Ill/SI E,R,AHE!\(11/Sl PYRl/1.\USOCII) Kli>Plllil/SQCl'll .... 
,._. 2., 2,7 29,6 42,7 z.o z.o 7,2 o.o 
N 

RUH 1 DAY l TIHE PERIOD 1530 TO 1631 RUN 9 DAY 1 TIHE PERIOD 1835 TO 20 0 

K,11, 0/P OIVI H,6 51,8 t,3,z ,,, .1 11,1'1, l:!P OIVI Z't,l 4q,1 71,8 36,l .... 
SPOT READINGS ,,., 52,3 lt6, 0 42,6 SPOT RHtlINGS 17,4 

1,9 ·" 
78,0 3b,O \Jl 

.s:,.. 

UICI \IT!CI RH(tt HR(l'IW/SQ(,,111' ATtCl WT CC I RHIU N~Ol',1/SQCtll 

It,!\, AVEOGES 23,!I 21,8 't3,Z 16,7 11,11. AVERAGES 17, ft Zl,'t 71,8 -10,6 

CURRENT SPOT READ, 23,7 21,9 lt6,0 9,7 CURRENT SPOT READ, 16,0 Zl ,5 1a.o -10.9 
PREVIOUS SPOT REAO, 23,'t 21,9 ,,,.o 30,Z PREVIOUS SPOT READ, 18,2 Zl,b 73,0 -'1,7 



RUN 10 DAY l TlHE PERIOD 20 0 TO 2130 RUN 12 DAY 1 TIHE PERIOD 23 5 TO 125 

11,11, 0/P ( l1Vl 15,2 48,4 77,8 35,2 11.11. 0/P 111Vl 0,? o.o 0,0 o.o 

SPOT READINGS 13 ,2 49,l 79,0 35,8 SPOT READINGS 1e.2 47,7 62,0 35,4 

AT!Cl \/Tl Cl RHIXI NR( HW/SOCIII AT(C) IIT CC l RH(%) N.1.l1111/S0C11) 

N.N • AVERAGES 15,6 21,3 77,6 -13,4 11,11, AVERAGES o.o o.J o.o o.o 

CURRENT SPOT READ, 15,2 21,4 7'1,0 -11,5 CURRENT SPOT READ, 16,2 21,3 62,0 -12.1 
PREVIOUS SPOT READ, 16,0 21,5 78,0 -10,9 PREVIOUS SPOT READ, · 15, 3 21,6 81,0 -9.7 

> SPEED(II/Sl E,R,ANEl1(11/S) PYR(HW/S0CH) KIPP(HW/SQCH) SPEEDIH/Sl E,R,AHEHOI/Sl PYRlll\1/SQCHI KlPP(ll11/SQC!\l ,_, 

..... l,b 1,6 0,0 0,0 3,6 3,5 D,O o.o 
w 

RUN ll D.lY l TI HE PERIOD 2130 TO 23 5 RUH 13 DAY 2 THIE PERIOD 125 TO 3 0 

11.". 0/P OIVI 12,8 47,7 78,3 34,8 11.11. 0/P (MV) 0,0 0,0 0,0 o.o ,_. 
\.n 

SPOT READINGS 13,9 50,0 81,0 36,2 SPOT READ IHGS 10,9 47,6 76,0 35,7 l.,7 

AT IC l \IT IC l RH(X) HR(HW/S0Cl1). ATICI \/TIC l RH(%) HR I 1111/SQC.~ l 

II, H, AVERAGES 15,l 21,3 78,3 -l't,2 11.11. AVERAGES o.o o.o o.o o.o 
CUR~EHT SPOT READ, 15,3 21,6 81,0 -9,7 

PREVIOUS SPOT READ, 15,2 21,4 79,0 -11. 5 
CURRENT SPOT READ, 14,7 21. 2 76,0 -11.2 

PREVIOUS SPOT READ, 16,2 21,3 62,0 -12.1 

SPEEDIH/Sl E,~.AHEH(H/Sl PYRl1111/S0CHI K~PP(HW/SQCHI SPEED(H/Sl E,R,ANEMIH/Sl PYRIHII/S~CM) xI•PIM\1/S~c~, 

3,0 2,6 o.o O ,0 2,6 2,5 0 .I) 0 .(, 



Time Speed • A.Temp II. Temp 'R.U. N.Rad 
(m/s) (OC) (OC) (%) (mll/sq cm) 

Time Spaed A.Temp 11,TCl!lp R.H. 11.lta<! (m/s) (OC) (OC) (%) (,:.W/sq c:o) 150176 . 
32 

8 0 l, 50 18,00 23,'tO 63,00 36,00 · 030271, 
830 l,50 19,30 23,!l0 bl,50 49,50 25 
9 0 1,50 20,bO 23.70 61,00 60,00 9 0 ,80 24,00 2't ,'iO 44,00 53,00 
930 1,50 21,50 23, 85 • 56, 30 69,50 930 ,80 24,70 24,'IO 42,~C 67,0J 

10 0 l,50 22 ,50 2't,05 57,00 76,50 10 0 1.10 H,10 25,35 42.50 n.c:i 
1030 1,50 23,60 24,35 5't,50 82,50 1030 1,50 26,20 25,90 42, 50 el,00 

!> 11 0 l,50 24,70 Z't,75 51, 30 87,00 11 0 1,80 27, 10 2b,1C 42,00 20.00 N lBO l,50 25,70 25,50 46,00 90,50 1130 2.10 28,20 26,50 41, :0 67,00 
12 0 1,50 26,70 26,05 u.oo 92,00 HO 2,10 29,30 26,85 't0,60 91,00 ..... 
12.30 1,50 27,50 26,20 39,00 93,00 1230 2,10 30,30 27, 30 38,80 93,00 
l3 0 1,50 28,30 26,25 38,00 92,00 l3 0 l,65 31, 30 Z7,65 34,00 91,00 
1330 l,50 29,00 26.30 36,60 89,00 1330 l,30 32,40 28,50 29.50 9P,OO 
l4 0 3, 3() z9, ao 26.32 35,50 86,50 l4 0 1.10 33,30 29,20 21>,00 ~~.oo 
1430 2,20 30,',0 26,33 34,90 83,50 1430 1,20 3't .c,o 20. ao H,CO e 5. o:i 
15 0 2,3:) 30,70 26,30 3't,50 77,00 15 0 1,50 33,6() 2e.oi;; 20.00 10.00 
1530 3,,o 30,50 2b,24 35,00 71,00 1530 1,30 33,00 2&, 80 ~(I.CO 7a ,0;) 
lHS 6,00 30,40 26.00 36,00 67.00 16 0 1,20 32,30 25,!lO H,00 63, 0'.) 
16 0 6,01) 30.25 25.80 36,5i) 63,00 1630 l,t.O 33, 31) 28,3!> 30,00 56,CiO 
1630 6,0() 30,00 25,36 38,20 52,00 17 0 2,40 3't,2v U,00 27,CO 44,uO 
17 0 4,110 29, 75 24,95 39,80 42,00 1730 3,00 33,'lO 27.80 26,00 H,GG 
1730 5,70 2.9.40 24,66 42.,40 3Z,OO 18 0 4,CO 32,ClO 27,60 29,00 17,0Q 
18 0 5,75 28,80 ,?'t,52 45, 00 20,00 1615 5,00 32,60 27,50 30, 05 9,0:) 
lS30 5 ,8', ZB,20 24,U 47, 50 6.00 1830 5,00 32, 30 27.40 31, 50 3.00 
19 0 5,90 27,50 24,35 50,00 -2,50 19 0 5,00 31.60 2 7 ,Z(J 32.00 -2.00 1<130 5.99 26,40 24, 31 52,20 · . -b, 00 1930 5,00 H.oo 27,00 32,60 -4,50 
20 0 6,10 25,50 2't ,28 5't,40 -7,50 20 0 4,30 30,10 26,80 33,00 -6,0:l 
2030 6,14 24,40 H,26 56.60 -s.oo 2.030 3.60 29,2:l 26,bO 34,CO -6,CJ ..... Zl 0 b,20 23,30 Z'i,24 59,00 -8.50 v, 
2130 6,2b 22 .zo z.r,. 30 61. 50 -8.50 

°' HO b,35 21,20 24.18 63,50 -8.50 
2230 6, 30, 20.10 24, l't b5,30 -8,50 
23 0 b,H 19,10 Z4,00 b7,50 -a.so 



W.Tetnp 
' 

Time Speed A.Temp R.n. N.Rad Time: Speed A.Temp W.Temr R.l!. N.R.ad 

{m/s) 
(OC) (OC) (%) (mW/sq en,) (m/a) (OC) 

(DC) m (mil/sq cm) 

050Z7b 050476 

H 37 

630 2,30 16,80 24,30 70,00 o.oo 830 3,60 13,80 21,20 71, 50 U,00 
7 0 2,80 l 7. 30 24,30 68,00 11,00 9 0 3,30 14,40 21. 2 5 70,00 32,50 
730 3,00 18,40 24,30 64,50 23,00 930 3,30 15,20 21,28 68,50 ltl,00 
8 0 3,20 19,40 24,35 60,00 35,00 10 0 4,30 16,50 21. 35 65,50 48,50 
830 1,80 20.ao 24,40 55,00 47.00 1030 4.30 17,bO 21.40 61, 70 53,20 
9 0 2,20 22,00 24,50 50,00 58,00 ll 0 4,10 18,50 21. 45 59.50 57,00 
915 4,50 22,65 24,53 46.50 63,00 1130 4,00 19,20 21,53 57.00 59,00 

> 930 3,50 23.30 ·z4, sa 46,50 67,00 12 0 3,90 19, 70 21,60 55,00 59,50 
N 10 0 3,40 24,40 24,75 43, 50 76,00 1230 3,15 20, 30 21,67 53,00 57,bO 

t,.J 
1030 1,10 25,40 25,00 41.50 62,00 13 0 2,40 20,90 21.72 51.00 53,00 
ll 0 1.10 21>,30 2 5, 50 40,50 86,1)0 1330 2.30 21,55 21, 77 49,20 46,00 
1130 1, 40 27,20 26.}0 40,00 89,00 14 0 2.20 22,00 21. eo 47,50 '12 • 30 

12 o 1, 70 2 6. 10 26,70 .e. so 91.00 114 30 2.70 22,30 21. 83 45. 1,0 3'1,20 

1230 ,9J 29,20 26.90 35,50 92,00 15 0 2.50 22,80 21,85 43, o0 35,00 
13 0 ,90 30,20 27,70 29,50 91,50 1530 2, 30 23,20 21,85 "2, 60 30,00 
1330 ,90, 31,20 28,10 25,50 89, 50 16 0 2.2a 23, 70 21.83 42,60 20,00 
1345 3,30 31,55 28,30 24,50 88,00 1630 2,10 23,70 21. BO 46.00 7,00 
14 0 1,60 31,70 28,40 23.00 86.00 17 0 2,05 23,30 21.75 50,C,O -3,00
H30 1,30 31,60 28.50 22, 50 eo.oo 1730 2.00 22,Sv 21, 73 55,00 -6,00 
1445 4,0() 31,50 2 B, 10 22,50 76,50 16 0 1,95 20,00 21,67 59,50 -a.oo

15 0 3,30 31,30 27,60 22,50 73. 50 1830 1,90 19,30 21.t,2 63,50 -9,30
1515 3,30 Jl,2 27,20 23, 00 70,00 19 0 1.90 17,90 21, 53 68,00 -10.00
1530 5,50 31,05 26, 65 23,50 65,00 1930 1.90 16,'lO 21,45 73.00 -10.20
15•5 8,01) 31.00 26,50 24,00 60,50 20 0 1.90 16,10 21.40 78.00 -10.20
16 0 6,65 30,90 26,30 24,00 57.00 2030 1.50 15,70 21.35 76,00 -10,60 
1630 5,20 30.80 25.90 24,00 46,00 21 0 l,60 15,40 21,30 78.00 -11.20
17 0 4,70 30.70 26,00 25,00 36.00 2130 1,60 15,30 21. 28 78,00 -11.00 ,_. 

l 730 4,20 30,20 26,00 27,00 24,00 22 0 3,00 15,25 21,27 78,30 -11.00 I.Jl 

1a 0 3.70 29,40 2tl,00 31,00 12.00 2230 3,30 15,25 21, 25 7ij, 50 -11.00 --.J 

1630 3, 35 26,60 26,00 37,00 2,00 23 0 3,bO 15,25 21.24 78,70 -11.00
16H Z,20 26,00 Zo,00 39,00 -1.50 2330 3,60 l5,20 2.1.22 7tl,90 -11.00 
19 0 2,00 27, 40 26,00 42,00 -3.00 24 0 3,60 15,10 21, 21 74,00 -11.00 
1930 1,65 26,30 26,00 46,00 -7,00 030 3,60 15,05 21,20 79.00 -11.00 
20 0 1.30 25,40 25,85 50,00 -9,00 1 0 3,60 15,00 21,20 79,00 -11.00 
2030 1. 0() 24, 60 25,75 51,50 -9.00 130 3,60 15,00 21.20 79,00 -11.00 
21 0 2,35 24,00 25,66 53,00 -9.00 2 0 2,30 14,95 21. 16 79,00 -11.00 
2130 2,QO 2 3. 30 25,60 54,00 -9.00 230 2.30 l't,93 21, 18 79,00 -11.00 
22 0 3,30 22,70 25.�0 5,.50 -9.00 
2230 3,70 22,ZO 2 5. • 5 5'i,50 -'l.00 
23 0 3, 70 21,70 25,35 55,00 -9,00
2330 3,50 21,20 25,25 55,00 -9,00 



:> 
l,..) 

I-" 

0.1.TE 150176 

�UH 1 DAY 

SALINITY 
CONDUCTIVITY s z�c 

l 

SERIES 1 

Tll1E 1110 

SOLN A 
379, 

73',,2 
SALlNITY • ,784�COND 25 + -196,6 

SOLN 8 
,29. 

925. 5

BUCKET TEIIP ,04C PROBE THERMISTOR lZ,79C 

RUti 2 DAY l TIME 900 

SOLti A SOLN B 
SALIN! TY 379, 529. 
CONDUCTIVITY S ZSC 756,8 102 8 .o 

SALINITY • ,553•COND 25 + -39,5

BUCKET TEMP 23,54C PROBE THERMISTOR 17,80C 

RUN 3 DAY l TI HE 1000 

SOLN A SOLH B 
SALINITY 379. 5 29, 
CONOUCTIVlTY S 25C 826,3 1077,3 

S AlINlTY • ,597•COND 25 + -114,7 

BUCKET T�IIP 24,44C PROBE THERMISTOR 24,28C 

RUH 4 DAY 1 TIME 1100 

SOLH A SOLH B 
SALINITY 379. 529, 
CONDUCTIVITY S 25C 825,5 1073._8 

SALlNI TY • ,604•CONO 25 + -119,7 

BUCKET TEMP 25,44C PROBE THERMISTOR Z5,l9C 

RUN 5 

SALINITY 
CONDUCf!VITY S 

SALINITY • 

OAY l TIHE lZlO 

SOLH A 
379, 

z,c d22,5 
,593+CONO 25 + -108,4 

SOLN 8 
529, 

1075,7 

RUH 6 DAY 1 TIME 1400 

SOLN A SOLN B 
SALlHITY 379. 5 29, 
CONDUCTIVITY S z,c 841,6 1097,4 

SALINITY • ,586+COND 25 + -114,4 

BUCKET TEMP 27,44C PROBE THERMISTOR 27,36C 

RUN 7 DAY l TIME 1500 

SOLN A SOLN B 

SALINITY 379, 529, 
CONDUCTIVITY S 25C 827,6 1080, l 

SALINITY • ,594+COND 25 + -112,6 

BUCKET TEMP 26,64C PROBE THERMISTOR 26,47C 

RUN 8 DAY l TI HE 1600

SOLN A SOLH B 
SALINITY 379, 529, 
CONDUCTIVITY S 25C 831,2 1086,3 

SALINITY • ,588*COND 25 + -109,9 

BUCKET TEMP 25,64C PROBE THERMISTOR 25,50C 

RUN 9 DAY 1 TIME 1700 

SOLN A SOLN 8 
SALINITY 379, 529, 
CONDUCTIVITY S z,c 816,9 1078,4 

SALINITY • ,574•CONO 25 + -89,5 

BUCKET TEMP 24,94C PROBE THERMISTOR Z4,94C 

RUN 10 

SALINITY 
CONDUCTIVITY S 

SALlNl TY • 

DAY 1 TIME 1800 

SOLN A 

379. 
25C 817,9 
,593*COND 25 + -106,4 

SOLN B 
529, 

1070,7 

RUH 11 DAY 1 TIME 2030 

SOLN A SOUl 8 
SALINITY 379, 529, 
CONDUCTIVITY s 2�C 615,3 lObii,2 

SALINITY • ,593•COND "25 + -104,4 

BUCKET TEMP 24,04C PROBE THERMISTOR 23,93C 

RUN 12 DAY l TIME 2230 

SOLN A SOLN B 

SALINITY 379, 529, 
CONDUCTIVITY S ZSC 808,l 1055,6 

SALINITY • ,606+COND 25 + -110,8 

BUCKET TEMP 23,74C PROBE THERMISTOR 23.�ec 

I-" 
V1 
OJ 



> 
w 

N 

DATE 3027b SERIES 1 

RJN l DAY 1 TIME 910 

SOLN A SOLN 8 
SALlN!TY 402. 500 •· 
CONOUCTiilTY 5 25C 17�, 2 952d 

SALINITY • ,550•C.ONO 25 + -23,B 

SUCKtT TEMP Z4,65C PROBE THERMISTOR Z4.6lC 

�UN z DAY l TIME 955 

SOUi A SOL N 8 
S&l lS !TT 402, 500, 
CC�OUCTlVITY � 25C 775,0 951,7 

SAL!N1TY • .555'CONO 2:i + -27,8 

3UC�ET TEMP 25.35C PROBE THERMISTOR 25,29C 

RUN 3 DAY 1 TIME 1105 

SOLN A SOLN 8 
SALINITY 402. 500, 
CONDUCTIVITY� 25C 774. 7 959,3 

SALINITY • .53l+COND 25 + -9,3 

BUCKET TEMP 26.05C PROBE THERMISTOR 25,99C 

RUN " DAY l TIME 1200 

SOU! A SOL N 8 
SALINITY 402. 500. 
CONDUCTIVITY S z,c 771.4 93 7, 4_ 

SAL lN!TY • ,590•COND 25 • -53.4 

BUCKET TEMP 26.95C PROBE THERMISTOR 26,90C 

RUN 5 DAY 1 Tl HE 1300 

SOLN A SOL N B 
SALHHTY 402, 500, 
CONOUCTIVlTY S 25C o.o 1038.7 

SALINITY • ,09HCOND 25 • 402,0 

�UCKET TEMP 27.65C PROBE THERMISTOR 24,30C 

RUN b DAY 1 TIHE 1405 

SOLN A SOLN 8 
SALINITY 402. 500, 
CONDUCTIVITY S Z5C 775,4 951, B 

SALINITY • .556•COND 25 + -28,B 

BUCKET TEMP 28,0SC PROBE THERMISTOR 28,00C 

RUN 7 DAY 1 TIME 1500 

SOLN A SOL N B 
SALINITY ,02. 500, 
tONDUCTlVITY � 25C 772.0 94 8 .9 

SALINITY • ,554+CONO 25 + -25,7 

BUCKET TEMP 27.35C PROBE THERMISTOR 27,31C 

RUN 8 DAY 1 TIME 1600 

S OLN A SOLN B 
. SAL IN!TY 402. 500, 
CONDUCTIVITY S 25C 774.5 951,9 

SALINITY • .553+COND 25 + -25.9 

BUCKET TEMP 28,75C PROBE THERMISTOR 28,87C 

RUN 9 DAY l TIME 1700 

S OLN A SOLN B 
SALINITY 402, 500, 
CONDUCTIVITY S 25C 765.5 946, 0 

SALIN! TY • ,543•COND 25 + -13,7 

BUCKET TEMP 26.90C PROBE THERMISTOR 26.99C 

RUN 10 DAY 1 TIME 1800 

SOL N A SOLN 8 
SALIN! n 402, 500. 
CONDUCTIVITY� 25C 770.9 942.9 

SALINITY • ,569 .. COND 25 + -3 7,0 

BUCKET TEMP 27,45C PROBE THERMISTOR 27,47C 

RUN 12 DAY l TIME 2000 

SOLN A SOLN 8 
SALINITY 402, 500, 
CONDUCTIVITY S 25C 772,4 946, 3 

SALINITY • ,563•COND 2i. + -33 .z

BUCKET TEMP 2b,35C PROBE THERMISTOR 2b.3�C 

...... 

\.n 

\0 



DATE 50Z76 SERIES z 

�Uk l DAY l TIME 630 RUN 6 DAY l TIME 1130 RUN 11 DAY l TIME 1630 

SOLN A SOLN B SOLN A SCLN B SOLN A SOLN B 

SALINITY 402. 500. SALINITY 402. 500. SALINITY 402. 500. 

CONDUCTIVITY S 25C 773,4 949, 7 -- CONDUCTIVITY S 25C 766,6 961,4 CONDUCTIVITY S 25C 779,3 952.7 

SALINITY • ,55!>•.CONO 25 + -Z7,9 SALINITY • ,56l•COND 25 + -39.0 SALINITY • .565•Cml0 .25 + -36.3 

BUCKET TEMP 23,65C PROBE THERMISTOR 23.83C BUCKET TEMP 26.0DC PROBE THERMISTOR 26,22C BUCKET TEMP 25.95C PROBE THERMISTOR 25,95C 

RUN 2 DAY l TIME 730 RUN 7 DAY l TIME 1230 RUN 12 DAY 1 TIME 1730 

SOLN A SOLN B SOLN A SOLN B SOLN A SOLN B 

:i> 
SALINITY 402, 500. SALINITY 402, 500, SALINITY 402. 500, 

w 
CONDUCTIVITY S 25C 776.t, 953.4 CONDUCTIVITY S 25C 786,9 957.4 CONDUCTIVITY S 25C 776.5 953.2 

. SALINITY • ,555•CONO 25 + -2e.1 SALINITY • , 575•CONO 25 + -50,1 SALINITY • .56l•CONO 25 + -34.5

BUCKET TEMP 23.90C PROBE THERMISTOR 23,83C BUCKET TEMP 26,BOC PROBE THERMISTOR 26,76C BUCKET TEMP 25,95C PROBE THERMISTOR 25,BBC 

RUN 3 DAY l TI ME 830 RUN 6 DAY l TIME' 1326 RUN l4 DAY l Tl II!: 2010 

SOLN A SOL N B SOLN A SOLN 8 SOLN A SOLN B 
SALINITY 402. 500, SAL IN!TY 402, 500, SALINITY 402, 5(;0. 
CONDUCTIVITY S 25C 778,0 952,8 CONDUCTIVITY S 25C 781.6 955.9 CONDUCT�VITY S Z5C 773, 5 952.5 

SALINITY • .56D•COND 25 + -H.o SALINITY • .562•CONO 25 + -37.4 SALINITY • ,547•co�o 25 + -21. t,

BUCKET TEMP 2�,70C PROBE THtRMISTOR 24.60C BUCKET TEMP 27,80C PROBE THERMISTOR 27,76C BUCKET TEHP 25,70C PROSE THERMISTOR 25.55C 

RUN ,. DAY 1 TIHE 930 RUN 9 DAY l TrHE 1430 RUN 15 DAY 1 TIHE 2310 

SOLN A SOLN B SOLN A SOLN B SOLN A SOLN B 
SALINITY 402. 5(10, SALINITY 402, 500. SALINITY 402, 500, 
CONDUCTIVITY S 25C 77b.O 953.4 CONDUCTIVITY S 25C 776, 3 953. 5 CONDUCTIVITY S 25C 776.7 95t.. 4 I-' 

SAL!NITY • .553•CONO 25 + -26 .e SALINITY • .553•COND 25 + -21.z SALINITY • .545•CO!'IO 25 + -21 .6 

BUCKET TEMP 24,BOC PROBE THERMISTOR 24,64C BUCKET TEHP 28.60C PROBE THERMISTOR 28,56C BUCKET TEMP 25,lOC PROBE THERMISTOR 24,94C 

RUN 5 DAY 1 TIME 1030 RUN 10 Ot.Y l TIME 1530

SOLN A SOLN B SOLN A SOLN 8 
$.\LlNITY 402. 500. SALINITY 402. 500. 
CONDUCTIV1TY S 25C na.1 953.8 CONDUCTIVITY S 25C 776. 7 951,7 

SALINITY • ,5bO•COf-lO 25 + -33,8 SALINITY • • 560• C ONO 25 + _,,.<> 

w 

°' 0 



OA TE 5on1> SER[ES ' 

RUN l DAY l TIME 930 RUN e OAY l TitlE 1845 

SOLN A SOL N B SOLN A SOLN 8 
SALINITY 402. 500. SALINITY 402. 500. 
CO�uUCTIVITY ! 25C 759,3 936,0 CONDUCTIVITY S 25C 764,8 940,3 

SALll'illl • .ss,•CONO 25 + -19,3 SALitUTY • .558+COMD 25 + -2,.0

BUCKET TEHP 2l,l5C PROSE THERMISTOR 21,0lC BUCKET TEMP 21,30C PROBE THERMISTOR 2l,35C 

RUN 2 OAY 1 TIME 1030 RUN 9 DAY l TIME 2030 

SOLN A SDLN B S □Lil A SOL N 8 

:i:,. 
SALINITY 402. 500, SALINITY 402, 500, 

Lu CONDUCTIVITY S 25C 759,7 933.2 CONDUCTIVITY� 25C 764,8 940,3 
SALINITY • ,5b5+COND 25 + -27,0 SALINITY • .�58•COND 25 + -25,0 

BUCKcT TEMP 21,l5C PROBE THERMISTOR 21.oec BUCKET TEMP 21.ooc PROBE THERMJSTOR 21,06C 

RUN 4 DAY l TI ME 1400 RUN 10 DAY l TI ME 2200 

SOLN A S DL N B S DLN A SOL N B 
SALINITY 402, 500, SALINITY 402. 5C.O, 
CONDUCTIVITY S 25C 765,9 939,5 CONDUCTIVITY S 25C 764,8 940,3 

SALINITY • ,565•CDND 25 + -30,4 SALINITY • ,558•CDND 25 + -25,0 

dUCKET TEMP 2l,60C PROBE THERMISTOR 21,79C BUCKET TEMP 21,00C PROBE THERMISTOR 21,l6C 

RUN 6 DAY l TI ME 1500 RUN 11 DAY 1 TIME 2350 

SOLN A SOL N B SOLH A SOLN B 
SALINITY 402, 500, SALINITY 402, 500, 
CONDUCTIVITY � 25C 765,l 93 7,.3 CONDUCTIVITY$ 2�C 764,8 940,3 

...... 

SALIN! TY • ,569•COND 25 ♦ -33.4 SALINITY � ,558*COND 2� ♦ -25.Q
°' 

BUCKET TEMP 21.70C PROBE THERMISTOR 2l,82C BUCKET TEMP 20,B�C PROSE THERMISTOR 2l,05C 

RUN 7 OAY l TIME 1600 RUN 12 DAY 2 TI HE 200 

SOLN A SOLN B SOLN A SOLN B 
SALINITY 402. 500, . SALINITY 402. 500, 
CONDUCTIVITY$ 25C 764,l 937,4 CONDUCTlVITY 5 25C 764,B 94C, 3 

SALINITY • ,56�••COND 25 ♦ -30.0 SAL!NIH • ,_55B •COND 25 + -2 5,0 

BUCKET TEMP 21,&5C PROBE THERMISTOR 21,81C BUCKET TEMP 20,50C PROBE TH�RMISTOR 20,67C 



15 01 76 SALINITY ANO TEMPERATURE STRUCTURE 

DEPTH TEHPER.I.TURE SALINITY 

THIE 810 TIHE 1000 TIHE VlO 

o.o 23,13 U6;9 0,0 21t,06 45lt,2 o.o 26,16 lt59,4 

• 2 23,15 ,,2�.9 ,2 24,02 lt54,6 ,2 25,14 45e.o 

·" 23,15 "24, 3 ; 4 23,65 45,,,7 ,,. 24,35 459,6 

,6 23,14 422,7 ,6 23,51 lt54, 2 ,6 23,98 45'1,l 

• 8 23,14 421,9 ,8 23,42 ,,54,5 ,8 23.78 457,'1 

1,0 23,14 421, 2 1,0 23,38 "54,3 1.0 23,68 4�7.2 

1.:. 23, 14 420,3 1,4 23,2, 454,0 1,4 23,51 lt57, C, 

1,8 23,13 419, 6 1,8 23,2b 454.3 1,8 23,35 45t,e 

2,0 23, 13 418,8 2,0 23,23 lt53,9 2,0 23,30 457,3 

2,5 .23,11 417,,, 2,5 23,18 ,,53,8 2,5 23,26 '<57,l 

3,0 B,0'1 t,lb,8 3,0 23,15 454.0 3,0 23,22 lt5 7, 4 
3,5 23,09 416. 0 3,5 23 ,09 ,,5,., l 3,5 23,13 456,5 

�-
4,0 23.05 415,7 4,0 23,01 453,0 4,0 23,03 456,3 
4,5 22,73 413,4 4,5 22,89 452,4 4,5 23,C,l 455.� 

5,0 22,69 412,2 5,0 22,81 451,9 5,0 22,88 45c,5 
b,0 22,57 "11,8 b,O 22,72 451,0 6.0 22,75 454,l 
7,0 22,40 410,3 7,0 22,58 450,5 7,0 22,71 ,,53,<; 
d,O 22,24 40H,8 8,0 22,40 450, It 8,0 22.40 452,l 
9,0 22,00 408,2 9,0 22,23 448,3 9,0 22,40 45 o. 2 

10,0 21,59 410,l 10.0 22 ,10 447,2 10.0 22 ,!O lt50, 7 
11.0 1'1,37 445,8 11,0 21,2!> 452,b ll,O 21,59 453.� 
12.0 lb, 76 524,5 12,0. 19,49 418,b 12,1) 19,bb 47b,9 

Tl11E 900 TIHE 1100 TIHE 1400 

o.o 23,38 452,0 o.o 24,60 452,7 o.o 2b,Ol Hli,2 
.2 7.3 ,33 451,9 ,2 24,55 452,6 ,2 25. 73 4,,9, 7 
,4 23,30 451,7 • 4 24 ,32 454,9 • 4 2,,,79 452, 3 
,6 23,28 't51, 3 ,b 23,98 453,3 ,b 24,4<3 4 4 �, 7 
• B 23,2b 450,3 .e 23, 72 454,0 .a 24,2b Hb,7 

1,0 23 ,Z,, 449,9 1.0 23,bO 453,4 1,0 24, 15 44 5,9 
1,4 23,i:l 448,6 1,4 23,47 45,,, l l, 4 23,78 44b,5 
1,8 23,la 447,l 1,8 23.32 ,,�.2 .. 5 1,8 23,63 "" s. 6 

2,0 23, lb 44b,2 2,0 23,2b 1,53. 0 2,0 23,57 445,b 

2,5 23,14 445,2 2,5 23,21 ,,53,0 2,5 23. 4d 445,9 N 
3. I) 23. 13 443.7 3.0 23, H, 452,B 3,0 23,40 44;, 5 
3,5 23,09 442,4 3.5 23,09 452,9 3,5 23,36 44 :i, 3 
4,0 22 ,98 441, 1 4. f) 22,97 452,2 4,0 23,2� 4H,7 

4,5 22 ,'10 439.0 4,5 22,90 451,7 ,, • 5 23 ,ll 444,7 
5,0 22,71> 437,6 5. ') 22, 77 451,1 5,0 23,09 443,l 
b,0 22,69 436.·5 6,0 22, 71 450,4 6,0 22,a4 442,5 
7,0 22,5b 434,9 7,0 22,bl 449,5 7,0 22, 77 442,0 
6.0 22. 39 434,3 8,0 22 ,42 449,0 a.o 22,60 440,b 
9,0 22,18 434,0 9,0 22,27 447,9 9.0 22,46 439,5 

10.0 21,97 432,b 10,0 21,93 448.8 10.0 22,15 442,0 



TIM: U00 TIME 1700 

0,0 26,07 450,4 

,2 26,04 4',9,5 

... 25,88 449,3 

.6 25,34 450,8 

.6 24,55 448,3 

1.0· 24, 27 446,7 

1, 4 23 ,'18 446,5 

1, 6 23, 7 3  447,l 

2,0 23,68 447.0 

2,5 ·23,55 4 4 7. 1 

3,0 23,47 446,7 

3,5 23,36 44 6, l 

:i:,. 4,0 23,32 ',48, 7 
.i::-

4, 5 23,20 448, 7 

N 5,0 23,10 448,5 

b,0 22,67 447,0 

7,0 22,80 446,5 

�.o 22,5b 445,8 

9,0 22,44 444,5 

10,0 ?Z,17 444,0 

11.0 21,68 446.4 

12,0 19, 43 477,2 

TIME 1600 TIME 1800 

0,0 25,27 445.7 

• 2 25,27 445,7 

• 4 25,26 445,2 

,6 25,19 445,9 

• 8 25,09 445,l 

1,0 25,09 445,7 

1, 4 24,32 444,l 

1, 8 23,92 ,,4 4. 3 

2,0 23,84 44 3, 9 

2,5 23,69 4 4 4. l 

3,0 23,60 443,6 

3, 5 23,44 444. 2 

4,0 23,H 443,3 

4,5 23,22 443,3 

5,0 23,13 4 4 2. 9 

6,0 22.94 4 4 2, 3 

7,0 22,81 4,1.7 

8,0 22,60 440,e 

'1,0 22,44 439.8 

10,0 22,22 439, 5 

11,0 21,76 441,0 

12,0 19,72 472, 3 

o.o

• 2 

• 4 

• 6 

• 8 

1,0 

1, 4 

1,6 

2,0 

2, 5 

3,0 

3, 5 

4,0 

4,5 

5,0 

6,0 

7,0 

8,0 

9,0 

10,0 

11,0 

12,0 

o.o

• 2 

, 4

.6 

• 6 

1,0 

l, 4 

l,8 

2,0 

2, 5 

3,0 

3,5 

4,0 

4, 5 
< ' 
- -�

6,0 

7,0 

8.0 

9,0 

10,0 

11,0 

12,0 

24 ,73 

24 ,73 

2',,73 

24,72 

24, 71 

24,70 

24, 67 

24,56 

24. 3l 

23,69 

23,B 

23,39 

23 ,31 

23,26 

23,21 

2?., 89 

22. 6 2 

,22 ,60 

22,44 

22,17 

21,57 

19,66

24,39 

24,38 

24,38 

24,34 

24,34 

24, 3 5 

24, 24 

24,20 

24,23 

23.97 

23, 73 

23 ,40 

23,25 

23,17 

23,04 

22.84 

2 2, 61 

22,61 

22,43 

22, 10 

21, 59 

19,22 

TIME ,030 

447,5 

447, 5 

',47, 5 

447, 5 

447.7 

447, 7 

446.0 

447,9 

447. 3 

447.7

447,5 

447,1 

447,2 

'14b, 5 

445,6 

445,9 

1 444,7 

444,4 

442,9 

443,l 

447,0 

473,0 

TIME 27.30 

447,7 

447,9 

447,6 

447,6 

447,6 

447,5 

44�.6 
447,7 

44 7, 4 

', 4 7. 5 

4 4 7, 4 

446,3 

44 6, 5 

446,l 

44b,l 

445,7 

445.3 

444,8 

444,0 

4 4 4, 2 

447,3 

465.3 

o.o 23,92 447,7 

,2 23,9', ','t7. 5 

,4 23,94 '1'11. � 

,6 23,94 44 8. l 
• 8 23 ,9', 44 7. � 

1,0 23.94 447,5 

1,4 23,94 44 7 • � 

1,6 23,92 "47.7 

2,0 23.94 44d .1 

2.s 23,90 41, 7. t 

3,0 23,88 ,,,, 7.,. 

3, 5 23,86 447,1 
4,0 23. 78 440,6 

4,5 23,63 ',4 7. 4 

5,0 23,27 446,6 
6.0 23,05 4<5,1 
7,0 22,7d I.� s.;

8.o 22.�3 4 ', ". : 

9,0 22,25 4-. ... 3 

10.0 21.96 44,,6 
11, 0 20. 8 5 455,7 
12,0 16,80 1,90, l 

o.o 23,74 450.9 
• 2 23, 77 4 5J, 6 
• 4 23, :,i) 451,0 
,6 23, Bil 451, C; 
,8 23,BO 451,0 

1,0 23,79 451. 1 

1,4 23,79 '1�0. � ...... 

1, 6 23,P,O 4 51. C 
a, 

2,0 23.79 4 51. l 
l,.) 

2,5 23. 78 ":j ! • l 
3,0 23,79 ', 5 l. l 
3.5 2�.76 450,7 
4,0 23,65 450,6 
4,5 23,55 4 50, 3 
5,0 23, 14 450,6 
6,0 22 ,72 449,l 
7,0 22, 51 4'f IJ I 7 

e,o 22,36 4', cl, 3 
9,0 22,04 443,3 

10,0 21,86 44 e. 1 

11,0 21, 3::, 453,2 
12,0 17,90 �z 4. 7 



03 02 76 SALINITY AHO TEMPERATURE STRUCTURE 

DEPTH TEMPERATURE SALINITY 

Tir1E 910 TIHE 111)5 TIHE 1300 

o.o H,49 455,8 0,0 21>,0Z 468,3 o.o 27,50 486,9 

.z 24 • ',9 458,0 ,2 25,9't 469,0 .z 26,92 487,0 

. ,. 24,49 457,9 ·" 25. 75 468,7 .4 26,0J 488, C 

,6 H,48 459,8 ,6 25,23 468,5 ,6 25,52 487, 3 

,8 24.47 460,9 ,8 25,06 4b8,3 ,8 25,41 486,7 

1.0 24,47 4bl,O 1.0 24,99 4b6,b 1,0 25,20 4�b,9 

1, 5 24,40 462,2 1,5 24,66 469,l 1,5 2't,77 4�o.e 

2,0 24,34 462,B 2,0 24,49 468,6 2.0 24.57 4e7.o 

2,5 24,32 463,5 ?., 5 24,43 468,7 2,5 24,54 4o�. 9 

3,0 24,30 463,6 3,0 24,39 468,5 3,0 24, 53 4S 6, e 

3,5 2ft,29 464,4 3,5 24,33 ·460, 5 3,5 24,51 4co.a 

4,0 24,22 ',64,5 4,0 24,32 468,1 4,0 24,',6 481,, b 

4,5 24,20 4M,2 4,5 24,28 467,9 4,5 24,43 4cc,e 

5.0 24,09 464,l 5,0 24,24 467. 8 5,0 24,3!1 4U6,7 

:i> 
6,0 23.89 463,4 6,0 24,00 460,4 6,0 24, 2!> 4b�.A 

� 
7,0 23,72 463, 3 7,0 23,70 444,6 7,0 23,83 4: 6. 6 

. 8,0 23,67 462,8 8,0 23.�6 426,4 8,0 23.76 4eo.4 

l;.) 9,0 23,U 463,l 9,0 23,46 465,1 9,0 23,58 461;.� 

10.0 23,31 463,5 .. 10,0 23,38 457. 6 10.� 23,29 H>!>,4 

11.0 22.55 472,5 11,0 22,98 462,6 11,0 22,dl 407.2 

12,0 21,62 488.2 12,0 cl,89 479,3 12,0 21,28 4:;!. � 

13,0 19,70 562,0 13,0 18.76 573,6 13,0 19,26 502,;:: 

14,0 17.00 037,6 14,0 14,0 

15,0 lb,ll 1,58,5 15,0 15,0

TlllE 955 Til'IE 1200 TIHE l't05 

o.o 25,ZO 4b8,8 0,0 Zb,15 477. 7 o.o 28,01 4b<;,6 

,2 24,90 469,0 ,2 26,59 477,6 .2 27.71 ',71,3 

• 4 24,82 469,2 • 4 26,28 477,9 • 4 26.46 468,4 

,6 24,73 41,9, 0 .b 25,67 477,3 ,6 25,89 4b9,6 

,6 24,66 469,7 ,8 25,38 476,3 ,8 25,611 469,4 

1.0 24 ,62 469,6 1,0 25.21 476,3 1.0 25,36 469,2 

l,5 24, �?. 470,0 1,5 21t .a� 476,6 1,5 25,02 469,9 

2.0 24.45 469,6 2.0 24.59 475,8 Z,O 24,66 469,7 

2,5 24,38 469,7 2,5 24 ,54 475,7 2,5 24.64 4!>9, 3 ,_. 

3,0 2;, 37 469,2 3,0 24,46 476.6 3,0 24,65 4'!>9, 2 °' 

3,5 H,34 469,5 3,5 24,42 475,6 3,5 24,53 4 72, 7 � 

4,0 24,27 469.7 4.0 24,38 475,6 4,0 24,49 4 72, 4 

4,5 24,23 469,6 � .• 5 24, 34 474,8 4,5 24,46 472, 2 

5,0 24,16 469, 1 5,0 24,30 ,75, 3 5,0 24.43 468,0 

6,0 2� ,96 468,3 6,0 24 .09 473,9 6,0 24,20 469.8 

7,0 23,77 467,4 �-. I) 23,H 473. 5 7,0 23,90 467,7 

8,0 23,53 467,0 8,0 23,70 4 72, 7 8.0 23,67 467,8 

9,0 23,40 466,6 9,0 23,51 471. 7 9.0 23,53 4�6.9 

10.0 23,22 4ci7, 8 10.0 23,39 4 71, 9 10,0 23,H 4b 1, ·, 

11.0 22,79 472.4 11.0 22,98 476,3 11,0 23,13 470.4 

12,0 22 d 7 490,l 12,0 22,17 486,5 12.0 21,60 ',99.4 

13,0 18.94 'i74_A 13.0 18,98 590,3 13.0 



Tll1E 1500 TIHE 1700 TIHE 2000 

0,0 27.68 472.2 0.0 27,55 473,0 0,0 26,31 471.'i 

.z 27,37 H3.2 ,2 26.40 472. 8 • 2 26,34 471. l 

.4 26,92 473, Z • 4 26,05 472. 4 • 4 26.37 470.8

.b 26.61 472,4 .6 25.75 472, l • b 2b.3b 470.9 

.a 26,17 474,6 • 8 25,49 471. 9 • 8 26,33 47l.7 
1.0 25.48 473.l l,O 25.41 47 2, l 1.0 26.29 471. 6 
1.5 24.95 472.9 1.5 25.29 471. 7 1.5 25,69 "72.6
2.0 24,72 473,5 2.0 25-15 471. 9 2,0 - 25.25 4 70, 3 
2, 5 24. 71 473,0 2.5 25.08 472.6 2,5 24,97 469.7
3.0 24,67 473,4 3,0 2 4 , 81 472.6 3,0 24,83 no.b 

3,5 24,55 473. 5 3,5 24. 77 471,8 3,5 24,73 470,4 
4.0 24, 51 473. 4 4.0 24,67 4 71, 2 4.0 24.65 470.2 
4.5 24,47 4 73, 3 4,5 24, 51 471, l 4.5 24.44 4b9,9 
!,.O 24, 4 3 473,1 5.0 24, 50 4"10. 7 5,0 24.40 46'io � 

:i:,. 
b.0 24 • lb 471, 9 6,0 24,37 470,8 b,0 24,17 41,9.3 

� 7,0 23,97 470,9 ., • 0 24,11 HO,l 7,0 23,93 467,1 
8,0 23,68 470,5 8.0 23,82 468.� 0.0 23,73 468.l 

� 9.0 23,57 470,5 9,0 23, 71 467,3 9,0 23,53 467,2 

10,0 23,43 470,2 10.0 23,54 467,3 10,0 23,42 467,2 
11,0 22,91 476.7 11.0 22,99 472.8 11, 0 22.63 477. 3 
12.0 21.72 494,9 12.0 21,60 I '995. 5 12.0 21,62 493,l 
13,0 13.0 13.0 
14.0 14.0 14.0 
15.0 15.0 15.0 

TIHE 1600 TIHE 1800 

o.o 29.20 465.9 0,0 27,36 472, 0 
• 2 28.75 464,9 • 2 27,42 Hl.5 
• 4 26.92 467,8 • 4 27,42 472,0 
.6 26,09 465, 6 ,6 27,38 472,4 
,8 25,30 470,6 ,8 27,16 472, 9 

1.0 25,16 468.1 1.0 26.37 470.7 
1,5 24.86 468.2 1.5 25.82 471, 7 
z.o 24,78 467,4 2.0 25.33 471.1 I-' 

2,5 24, 78 467,4 2.5 25.06 472.1 (j\ 

VI 3.0 24,72 466.-3 3.0 24,85 471, 4 
3,5 24,o9 4bb,1 3,5 24, 76 411. a 
4.0 24, 53 466,6 4,0 24, 63 471, 4 
4,5 24 ,48 465,9 4,5 24,48 471, 1 
5,0 24,47 466,1 5,0 24 ,47 470,7 
6,0 24,28 464, 6 6,0 24,18 470,2 
7,0 23,97 46,, 3 7,0 23,89 460,6 
8,0 23, 72 463,4 8,0 23, 69 468,3 
9,0 23,59 463,0 9,0 23,58 468,2 

10,0 23,42 46 4, 1 10.0 23, 46 467,8 
11,0 22,84 470, 1 11.0 23.03 474, l 
12.0 21 ,68 489,5 12, O· 22.00 490,l 
13,0 13,0 
14,0 14.0
15,0 15,0 



05 02 76 SALINITY ANO TEMPERATURE STRUCTURE 

DEPTH TEMPERATURE SALINITY 

TINE 630 TIME 830 TIME 1030 

0,0 Z't,30 468,8 0,0 24,41 "70,1 o.o 24,86 H0,7 
,2 24, 33 469,0 ,2 Z4 ,43 470,0 ,2 24,83 Hl,0 
,4 24 .33 469,0 , 

,4 24,44 469,9 • 4 24,81 471. 2 
,6 24,34 468,9 ,6 24,43 470,0 ,6 24 ,81 471, 3 
,8 24,34 469,0 ,8 24,42 470,1 • 8 24,76 471. l 

1,0 24,34 469,0 1,0 24,43 470,0 1,0 24 ,74 4 71. 3 
1,5 24,35 468,9 1,5 24,41 470,2 1.5 24,70 471,2 
2,0 24 ,35 468,9 2.0 24,40 470,3 z.o 24,68 470,e 
2,5 24,35 468,9 2,5 24,40 470,3 2,5 24,63 470, 8 
3,0 "24,34 468,9 3,0 24,39 469,8 3.0 24.53 471.Z 
3,5 24 ,34 466.9 3,5 24,39 469,8 3,5. 24,49 471, l 4,0 24,33 469.0 4,0 24,39 469,9 4,0 24,49 471, l > 4,5 24, 34 469,0 4,5 24,37 470,0 4,5 24.47 <t70,& .i::,- 5.0 24,33 468,4 5,0 24,37 469.5 5,0 24.45 H0,4 6,0 24,32 469,2 6,0 24,H 469,7 6,0 24,41 u, 470.77,0 24,32 46 8, 6 .- 1,0 21,,33 469,3 7.0 24,38 470.�8,0 24,07 1,67. 7 8,0 24, 13 469,0 8,0 24,05 46,.3 9,0 23,53 466.9 9,0 23,59 468,9 9.0 23,88 467. 7 10,0 23, 31 466,9 10,0 23,36 467,Z 10.0 23,53 4f..d, 4 11,0 22,89 471, 8 11.0 22, 77 472.8 11.0 22. 76 4H,2 12,0 19,00 566,5 12,0 21,93 487. 9 12.0 21,68 492,5 

TIME 730 TIME 930 TIME 1130 

0,0 H,31 466.7 . o.o 24,57 468,7 o.o 26,10 468,5 ,2 24, 33 466,5 ,2 24,58 469,l ,2 25.53 469,2 
• 4 24,32 461,, 1,  ,4 24,57 469,8 ,4 25,bO 465,7 ,6 24,33 466,5 ,6 24,56 469,3 ,6 25,14 41,9,1 
,8 24,33 466,5 ,8 24,5b 41,9,3 .o 25,05 469.0 1,0 H,33 466,5 1,0 24,5b 469,3 1.0 24.98 469,l l,5 24.:.3 467,0 l,5 24,53 469,6 1,5 24 • 8't 468.9 z.o 24,32 466,b 2,0 24-52 4!·9, l z.o 24,80 408.l 2,5 24,35 461,,9 2.5 24,45 ',!,'),8 2,5 24,79 468,3 3.0 24 • 3 5 466,3 3,0 24,45 4b9,4 3,0 2<,. 74 ;c,3, 2 3,5 24.35 466,3 3.5 24,H ,,1,9, 7 3.5 24,62 4b 7, 7 4,0 24, 34 <,66,4 4_.o 24 ,4 l 41,9,2 4,0 24.58 467, b 4.5 24,34 466,4 4, 5 24,39 469,4 4,5 24,57 4o7,7 5,0 24,34 466,4 5, '1 24,37 469,6 5,0 24,52 467,b 

b,O 24,33 466,5 6,.1 24,35 469,2 b,O 24 ,45 46 7. 2 7,0 24,30 466,3 7,(, 24, 34 468,8 7.0 24,3'1 4bl, l e.o 24,22 465,9 8,0 23,91 41,7, 4 8,0 24,08 46�. 3 9,0 23,52 463,9 9.0 23.71 467,8 9,0 23 ,86 464, l 10.0 23,33 464,l 10,0 23,44 466,6 10.0 23,56 464.3 11,0 22,83 470, 4 ll,0 22,75 H3,7 11.0 23,10 466. i; 12,0 20,83 497, 7 12,0 21,54 493,2 12,0 21,79 "eo.4 



Tl11E 1230 TIME 1430 TIME 1630 

0,0 21,,72 470,9 0,0 2B,44 472, 5 o.o 25.88 41>B,l 
.z 2b,51 470.3 ,2 26,!,7 469,8 • 2 25,88 468,7 
,4 25,49 471,l ·" 26,09 469,0 • 4 25,81, 468,8 
.6 25 ,32 470,6 .6 25,80 469,1 .6 25.94 46 9, 5 
• 8 25,17 470,4 ,8 25,4b 41,9,7 ,6 25 ,6b 463, 9 

1.0 25,07 470,3 1,0 25,30 469,l 1,0 25,78 469,l 
1,5 24,91 469,7 1,5 25,05 41,9,3 1.5 25,H 466.9 
2.0 24,88 469,4 2,0 24.95 4b9,3 2.0 25.56 468,5 
2,5 24,79 469,2 2,5 24,88 468,6 2,5 25, 4 7 468, 2 
3.0 · 24, 73 469,3 3,0 24.87 468,9 3,0 25.19 41;, 7. 7 
3, 5 24. 69 469, l 3, 5 24.82 468,9 3,5 24,83 463,0 
4.0 24.o5 468.9 4,0 24,75 469,0 4,0 24,74 467,7 

:i:,. 4,5 24,61 468,7 4, 5 24,70 468,9 4,5 24,70 468,7 
� 5,0 24,57 468,6 5,0 24,b7 468,2 5,0 24,67 468,4 

6,0 24,51 468,0 6,0 24,53 467,9 6,0 24,63 467,8 
°' 

7,0 24,32 4'::, 7, 1 7,0 24,41 467,4 7,0 24,50 467. 3 
8,0 24,01 467, 5 a.a 24, 26 467,2 8,0 24 ,4l 46 7. 2 
9.0 23,92 465.5 9,0 23,97 465,7 9,0 23,H :, bt, 0 

10,0 23,67 464,6 10.0 23,56 465,2 10,0 23,58 4 '::, 5, 2 
11,0 23,02 t,o9. 2 11, 0 22,56 475.0 11, 0 22,76 471. 6 
12,0 22,29 478,4 12,0 21,62 491, 7 12,0 21,53 ;n. 3 

TIME 1326 TIME 1'30 TIME 1730 

0,0 28,10 472, 4 a.a 26.67 470,2 o,o 25,88 468,6 
• 2 26,76 H0,9 • 2 26,85 469,8 • 2 25,90 468,9 
• 4 25,60 470,6 • 4 26,94 470,4 • 4 25,89 469,6 
,6 25.55 470,3 ,6 26,82 470,6 ,6 25 ,8 9 469.6 
,8 25,38 469,7 .a 26,61 469,4 • 8 25,88 ',69, 1 

1.0 25,24 470,0 1,0 26.20 470,l 1,0 25.88 469,7 
l,5 25,C2 469.5 1,5 25,18 4b9,2 1,5 25.a9 4b9,6 
2,0 24,9b 468,9 2,0 25,07 469,8 2,0 25,85 't�'I.,, 
2,5 24,90 469,0 2,5 25,03 ,6'-1,0 2,5 25,70 4 �9, 7 I-' 

3.0 24, 81 4o9,3 3,0 24,91, 469,2 3,0 25.59 4o7.6 °' 

�. 5 2't, 75 468.8 3,5 ?4,92 '169. 0 3. 5 25,47 4�0. 3 
-..J 

4,0 24, 71 468,7 4 .• 0 24,80 469,1 4,0 24,84 469,0 
'•. 5 24,67 468.5 4.5 24,68 469,2 4,5 24,70 467,5 
5,0 24,64 468,3 5,0 24,63 469, l 5,0 24,68 467,7 

. 6, 0 24, 52 467,8 6,\1 24, 54 468.4 6,0 24,62 46 7, 2 
7,0 24 ,3 8 t, 60, l 7,0 24,H 467,9 7,0 24.50 467,4 
d,O 24,23 467,4 8.0 24,37 467,8 6,0 24,43 466,9 
Q,O 23,97 466,6 9.0 23, 83 465,3 9,0 23,86 46�, 3 

11),0 23,6'1 464,6 10.0 23,63 41,6. 2 10,0 23.55 46�.b 
11.c 22,48 477, 1 11,0 22,81 470,6 11,0 22,53 ; 15, 1 
12.0 21,68 494,3 12.0· 20,92 500,6 12,0 '1,45 492, 4 



TIIIE 2010 

o.o 25,69 468,8 

,2 25,70 468,8 

·" 25.70 469,3 

,6 25,70 469, 3 

.a 25,70 468,8 

1.0 25,70 41,8,8 

l,5 25,66 4b8,b 

2,0 25,58 1,69.4 

.2.5 25,43 468.7 

3,0 25, 33 468,6 

3,5 25,27 468,l 

4,0 25,26 467,b 

:i:,,. "· 5 25,03 469,3 

.p,. 5,0 2',,70 468,2 
. b.0 24,57 4b7, 8-" 

7,0 24 ,44 466,9 

8,0 24,38 466,9 

9,0 24,09 4E>5,9 

10,0 23,49 466,3 

ll,O 22,54 473. 8 

12,0 21,04 502,3

Tl11E 2310 

0,0 25,31 468,9 
.2 25,33 469,2 

• 4 25,38 4b8,8 

,6 25.36 469,0 
,8 25,36 4b8.4 

1.0 25,34 468,6 

1,5 25.35 468.5 
2.0 25,JB 468.3 

2,5 25,36 468,4 I-' 
3.0 25,25 4b9,5 0\ 
3,5 25,16 ',68,2 co 

4,0 25,15 41,7. 8 

4, 5 ZS, 11 468,l 

5,0 24 ,61 468,l 

6.0 24,45 467,6 

7,0 24,35 467, 'r 
e.o 23,85 465.7 

9,0 23,28 468,l 

10,0 23,09 46 7, 7 
ll,O 22,92 4b6,9 

12.0 20.94 502.0 



05 04 76 SALINITY AND TEMPERATURE STRUCTURE 

DEPTH TEHPERHURE SALINITY 

TIPIE 930 Tl HE 1400 TIME 1600 

0,0 Z1 ,03 514,8 0,0 21,75 497, B o.o 21,76 499,3 

• l 21 ,04 502,9 • l 21,7b 497.9 • 1 21,76 499.� 
,lS 21,05 502, 8 ,15" 21, 76 498.0 ,15 21. 77 499,6
• 2 21,05 502,B • 2 21,75 498,2 • 2 21,7B 499, 5 
,4 21 ,05 502, 6 ,4 21, 73 498.2 • 4 21,76 499,4 

• b 21,05 502,9 ,b 21.73 498.0 .6 21,78 499,3 

• 8 21,05 503,0 • 8 21,66 496,4 • 6 21,78 499,l 

1.0 21.05 502,8 1,0 21,66 497,7 1.0 21,76 499,4 
1,5 21.05 502.9 1.5 21,61 497,5 1.5 21, 66 499.0 

2,0 21,04 503,0 2,0 21,56 49 7, 4 2,0 2 l.:, 7 49 e. � 
2, 5 21. 04 502, 5 2,5 21.48 497.6 2,5 21, 5 2 4� �, 7 
3,0 21.03 502,6 3,0 21,45 497,4 3,0 21.38 4 93, � 
3,5 21,03 502, 4 3,5 21,43 497,6 3, 5 21,28 493,4 
4,0 21. 03 501,8 4,0 21,39 497.9 4.0 21 , 3 0 498, 2 
4,5 . 21, 0 3 502,l 4, 5 21,36 4'17, 7 4,5 21,27 499,l 
5,0 21,03 502,0 �.o 21,32 497,0 5,0 21,24 497,7 
6,0 21,02 501,8 6,0 21,27 497,0 6,0 21,22 49 7, 2 
1.0 21,03 501,0 7,0 21.22 497,0 7,0 21. 20 497,2 
8,0 21.02 500,9 8,0 21,22 496,7 8,0 21,21 4 �7. l 

:s> 
9,0 21,02 500. 6 9,0 21,20 496.6 9,0 21,19 497, 1 

.i::--
10.0 21.01 �00,5 10,0 21,17 496,5 10.0 21,14 4 G6, 3 

11,0 21.01 501, 1 11,0 21,08 499,2 11,0 21. 10 4'?o. 8 
o::> 12,0 20.90 507, l 12.0 20. 78 512,7 12,0 21 ,Ob 499, 1 

12,3 12,3 I 12.3 
12.s 12,5 12,5 
12,7 12,7 12,7 
13.0 17,65 666,3 13,0 19:20 629,6 13.0 19.23 620.7 

TIME 1030 TIME 1500 TIME 1845 

o.o 21, l 6 503.3 o.o 21,76 499,4 o.o 21.38 500,l 
• l 21.16 503,7 • l 21, 77 499.7 • l 21,39 499.8 
• 15' 21.16 503,6 ,15 21,77 499, 5 ,15 21.39 500,2 
.2 21, 16 503,6 • 2 21, 76 499,4 • 2 21.40 499.6 
• 4 21.10 503,5 • 4 21,77 499,4 • 4 21, 41 499,6 
,b 21, l 7 503, 5 ,6 21,77 499,l ,6 21,44 499,0 
.8 21,17 503.5 .6 21,74 498,7 ,6 21,44 499,2 

1,0 21. ! 7 503,7 1.0 21,68 499,l 1,0 21,U 4 99, 4 
1,5 21,1, 503,7 1 .• 5 21,64 499,0 l, 5 21, 4 4 4'19. 3 
2.0 21.16 503,6 2,0 21. 57 49�.4 2.0 21.44 49'?, 3 ,_. 

2, 5 21,16 503,6 2,5 21,44 496,8 2,5 21,43 4n.2 en 

3.0 21.12 503, 6 3.0 21,41 498,8 3.0 21.47 "-; a. 7 
\.0 

3,5 21, 11 503, 4 3,5 21, 34 498,9 3,5 21, 4 5 495,b 
4,0 21,11 503.4 �.o 21. 27 498.0 4.0 21,35 499,0 
4,5 21, ll 503,l 4.� 21,26 498,4 4,5 21,28 498,9 

5,0 21.10 �02, 6 5,0 21,26 498, 2 5,0 21,26 499,2 

6.0 21.10 502,l t,J 21, 21 498,l 6,0 21 .24 498,2 
7,0 21,09 502, 1 7,0 21,17 49&, 0 7,0 21. 19 496.8 
8,0 21,08 501. 8 8.0 21,16 497,7 8,0 21,16 496,8 
9,0 21,06 501,2 9.0 21,15 497, 5 9,0 21.15 497. 0 

10,0 21,05 500,l 10.0 21. 13 497,4 10.0 21, l l 497,4
11.0 21,03 500,6 11,0 21,06 500, 6 11,0 20,99 49e,9 
12,0 20.87 512.9 12, 0 20. 84 503,4 12.0 20.76 5:)6, 1 
12,3 12,3 12. 3 
12, 5 12,5 12,5 
12,7 12,7 12,7 
13,0 17.97 6833,l 13, 0 18,74 617,2 13,0 



TINE 2030 TINE 2350 

o.o 21.3't 4'17, l o.o 21,22 496,0 

,l 21,36 497, 0 ,l 21,26 497,6 

,15 21,37 497,4 ,lS : 21,27 497,5 

,2 21,36 497, l ,2 21,29 497, 3 

,4 21,39 497,0 ,4 21,30 497,2 

,6 21. 39 497,0 ,6 21,29 497,3 

• e 21, 39 497,0 ,6 21,30 497, 2 

1,0 21. 39 497, 0 1,0 21,29 497,3 

1,5 21,39 496,9 1,5 21,29 497,2 

2,0 21,36 496. 9 2,0 21,30 497. 2 

2,5 21,38 496,6- 2,5 21,30 497,l 

3.0 21.39 496,4 3,0 21,30 497,l 

3,5 21,40 496,4 3,5 21, 31 49 7, l 

4,0 21.40 4'16, 5 4,0 21, 32 497,0

,. • 5 21,"1 491>,l 4.5 2t,30 497,2 

5,0 21,40 496,l 5,0 21, 31 496,5 

6,0 21,27 495,6 6.0 21,20 496,7 

7.0 21,25 494,9 7,0 21,26 496,4 

il,O 21,22 494,5 8,0 21,24 119b.O 

ll> 
9,0 21. 18 495, 0 ·9,0 21,23 496,1 

-P-
10,0 21. 13 495,6 10,0 21,14 497, 2 

. 11,0 21,00 496,4 ll, 0 21,10 497,0 

\0 12. 0 20.8� 498.5 12,0 21 .05 497.5 
12. 3 12,3 20.18 542,9 

12,5 12,5 

12, 7 12,7 19,83 554,Z 

13,0 18,lb 653.0 13,0 18,04 658,7 

TIME 2200 TIME 200 

o.o 21,26 496,0 o.o 21,1' 500. 7 

• 1 21,29 498,2 • l 21,18 500,3
• lS' 21,27 498,5 ,15 21 ,21 500,6 

,2 21, 32 497,9 ,2 21.20 �00,7 
• 4 21,32 497,6 • 4 21.22 500,5
,6 21,34 497, 5 ,6 21,23 500. 4 
,ti 21,32 497, 5 ,6 21,24 500,3 

1,0 21,32 497,7 1,0 21,23 500,3
1,5 21,32 497, 6 1,5 21.�z 500. 5 
2,0 21, 33 497, 5 2,0 21, .:3 500,4 
2,5 21, 33 497,3 2,5 U,B )\)0.4 .... 

3,0 21,35 497, 0 3,0 21,23 499,A -...j 

3,5 21 ,34 497,1 3,5 21,22 499.9
0 

4,0 21,33 497,0 4,0 21,23 499,6 
4,5 21, 32 496,9 4. !j 21,23 499,7
s.o 21,32 496,7 5,0 21,24 499,7 
6.0 21,29 496,5 r,,o 21,23 499, l 
7,0 21,26 498,4 7.0 21,27 498.ll 
8.0 21.24 496,2 8,0 21.26 498,3
9,0 21, 23' 4q5, 5 9,0 21,H 497,& 

10,0 21, ll 496, 3 10.0 21,15 49b, 3 

11,0 21.05 496,6 11,0 21 .14 49B,4 
12,0 20,93 499,0 12,0 21.09 499, 5 
12,3 20.21 530,l 12,3 io,64 507. 
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25.o 25.5 

• 

ORTE 15 01 76 

(9 TIME 810 HRS 
~ TIME 900 HRS 
+ TIME 1000 HRS 
X TIME 1100 HRS 
~ TIME 1210 HRS 

TEMPERATU.RE (Cl 
2'! .o 23.5 24.0 24.5 25.0 25.5 

• + • + 
• + X 

• 
+ !at X 

,) 

• + X 

• + JI: • + JI: 

• +x 
• +,c 

• 'It 

• « 
• + X 

,,i: 

ORTE 15 01 76 

~ TIME 1210 HRS 
4- TIME 1400 HRS 
;< TIME 1500 HRS 

26.0 

26.0 
l( 

X 
X 

A5 Computer Plots of Measured Temperature Profiles. 

Date and times for each symbol are as printed 
on the plots. The last profile of each plot 
appears on the next plot for comparison. 
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TEt-:PERATURE ( Cl 
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TEMPERATURE ( C) 
0U,O 27,0 27,5 21l,O 28,1 24,5 25,0 25,5 26,0 26,5 
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'TEMPERATURE CC l 
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TEMPERATURE CCJ 
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TEMPERATURE CC J 
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z: (!J TIME 930 HRS I- (!) ... X + 
0... A:,. TIME 1030 HRS We •. e) .. X + + TIME 1400 HRS IO 

)I( TIME 1500 HRS 
(!) A X + 

C; 
C - (!),. X + 

(!14X+ 

C; 
CJ + x• i!l ... 

TEMPERATURE (Cl 
c..'~0.,4 20,6 20:e 21.0 21,2 21.,1 21,6 21,8 22.0 22.2 
CJ + ., 

+ « ., x, + + X • 

., X• 
a 
CJ 

., I( 

1( • 

• X + 
• X + 

C? x::;,t' + 
~ .... 
(I) -w 
0:: «+ 
I-

~~ lllt+ DATE 05 04 76 
-co 

:c )I( TIME 1500 HRS I- X-t• 
0.. 

~ TIME 1600 HRS WO •. ii • "J', TIME 1845 HRS IO 

tt .. 

<=; 
CJ '!lit .. ... 

+ X • 

C; 
CJ ... . + X • 

AS.9 



c?0.,4 

0 

CJJ 
w 
0:: 
l-
410 
::.:: . 
.. _c.a 

:c 

�-

0... 
lL!0 Cl • 

� 
C 
.... 

0 

0 
� 

CJJ 
w 

0:: 
1-
W o 
:£: .
�co 

� 
0 

� 
� 

20,6 20,8 

+ 

20.5 20-8

X Z 

z 

TEMPERATURE (CJ 
21.0 21,2 21,,4 21,6 ., 

Z X + 

Z X + 

Z X + 

z,: + 

z ,: + 

Z+ X 

+z 

+ z

180 

21-8

+ :it 

ORTE 05 04 76 

4 TIME 1845 HRS 

;<: T H;E 2030 HRS 

+ xz Z TIME 2200 HRS 

+ X Z 

l!X 

TEMPERATURE (Cl 
21.0 21.2 21 ,4 21,6 21,8 

z 'O( 

z y I( 

y I( 

)( y 2 
)()( :,z 

: ::t 
)( YZ 

)( y z 

x yz 

)( y z 

x vz 

)( yz 

>< YZ 

)( '12'. 

I( '12'. 

JI( 

AS.10 

ORTE 05 04 76 

Z TIME 2200 HRS 

Y TIME 2350 HRS 

X TI ME 200 HRS 

22.0 

22.0 22.2 

.,_ RZ 

cc 

, .. 

:c 
I- :I( 

Q_ 

two 
Q. '°. JI( 

... 

-•· 



APPENDIX B: PROGRAM FLOWCHARTS 

181 



2 

PROGRAM FLUX 

�
READ 

Bulk transfer 
coefficients 

COMPUTE 

Roughness lengths and 
,wociated parameters 

READ 

Time, meteorological data 

COMPUTE 

10m Neutral 
Drag Coelfiecient 
CoN10 ~ f (speed) 

COMPUTE 
3 & 4m Neutral Coefficients 

CoN3•CON4-CHWN 

Set actual transfer 
coefficients to neutral 

COMPUTE 

Density 
Vapour pressures 

Specific humidities 
Virtual air temperature 

Set counter 

RESET 
L,counti!r 

COMPUTE 
Fluxes 

COMPUTE 

Friction velocity 
L lrom (2.91 

Co lrom (2.42) 
CHw from (2.41) 

Yes 

Yes 
STOP 

Bl Flowchart for Program FLUX 

Bl. 1 
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2 

No 

0 
COMPUTE 

Ria from {2.43) 
Ri8 trom (2.42) 

WRITE 5 

No 

WRITES 

Time, Fluxes, 

Friction velocity 

WRITE 7 _ 

Time, Neutral fluxes, 
Neutral friction velocity 

STOP 

Bl.2 

Yes 
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Rerompute fluxes 
for z/L = z/L(max) 
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PROGRAM LAYER 

START 

READ 

Start and End times 
Timestep 

Checl<times 
Universal coefficients 

Physical constants 
Solar extinction coefficients 

Initial WML structure 
Grid spaci .g 

Load the temperature and 

sa·linity grid arrays 

S/R LOAD 

Convert start, end and check 

times to model timd, 

ENTRY START 

S/R TIMES 

INITIALISE 

Reporting time 
Integration timesteps 

WML parameters 

No 

Advance 

model 

time 

Compute average 

fluxes for 

current timestep 

SIA FLUX 

Yes 

Yes 
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Minimise 
steplength 

Halve/double 

steplength over 
specified range 

B2 Flowchart for the Model LAYER 

B2.l 

\ 

0 



2 

4 

No 

Set intl!!]ration 

end time 

Determine the 

thermocline position. 

R8:18t TOLD and SOLO 

S/R STEP 

Heat all gridpoinu 

with solar shomvave. 

(WM L heating 

recomputed later) 

-Compull! temperature and 

salinity gradients immediately 

_ below thermocline 

:;/R SOLAR 

Compute q• 3 

S/R SIGMA 

RESET 

TOLD and SOLD 
WML velocity and advection 

Iterate for a new 

reduced WML depth by 
Newton Raphson method. 

S/R NEWTON 

Solve WML equations 

by Runge Kuna method. 

SIR MERSON 

Updalll temperature and .alinity 

arrays with new WML values. 

PRINT 
fntegra-tion umcsti:p values 

Computed 
mell!orologioar 

fluxes 

B2.2 
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4 

No 

No 

PRINT 

Full description of WML. 

Temperature and salinity grid 

at specified interval. 

Reset checktime 

Compute interface 

pressure gradient due to 

advection of WM L. 

Include 'vpin WML 

momentum 

PRINT 

WMLsummary 

PRINT 

WML summary 

END 

B2.3 

No 

No 

No 
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Exc:ude l;j:, from WML 

momentum 

i 



SUBROUTINE FLUX 

SUBROUTINE LOAD 

READ 

Height, temperature and salinity 

for several specified levels. 

load temperature and salinity array, 

for given grid spacing. 

Compute temperature and salinity 

gradients below therrnodine. 

Compute initial value 

for TOLD and SOLD· 

Yes 

187 

READ 
2 Records: 

Time, Meteorological parameters 

Interpolate in met. interval 
to obtain average met. values 

f-.:,r cur-rent timestep 

ENTRY IFLUX 

lntllrpolate to obtain 
imtantaneous met. values 

Compute stability corrected fluxes 
fr.om met. v&lues and model 

WML temperature 
S/R TURB 

Yes 

B2.4 

Reset start 
meteoro109ical record 

READ 
End met. record for 

new interval 

Reset model 
integration time 



SUBROUTINE STEP 

Compute new 
thermocline position. 

STOP 

More than one grid 
point entrained 

Yes 

Yes 

Yes 

SUBROUTINE SOLAR 

Heat all gridpoints from the 
bonom up by computing 
divergence of shortwave 
radiation at each level. 

FUNCTION QDASH 

-! 
Compute temperature and silinity 

gradients using SOLD and new 
(heated) TOLD 

B2.5 

Re,et TOLD• SOLO
to 'remembered' 

values. 

ToL0, 5oLO 
assumeWML 

values. 

TOLD.SOLD are 
T, S prior to 
entrainment. 
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SUBROUTINE SIGMA 

Compute lhortwave absorbed 
inWML 

FUNCTIONO 

Compute Integral of shortwave 
penetration profile over WML 

FUNCTION QQ 

ComputeW. 3 

ENTRY NEWS!G 

Compute~ 3 for use in 

d~ 

N~on Raphson iteration 

SUBROUTINE NEWTON 

Compute q• 3 

SIR SlGMA 

Compute~3 

d! 
ENTRY NEWSIG 

Compute new i 
Yia Newton Raphson 

method. 

Reset ~ to 
new~ 

B2.6 
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I 



SUBROUTINE DIFF 

Compute inst.an taneous 
values of 

t.Tand�S 
SIR JUMP 

surface fluxes 
ENTRYIFLUX 

Compute 
instantaneous 

3 
q. 

Compute�• dEs 
dt dt 

Yes 

dEs 
dt = 0 

No 

Compute dUs 
dt 

Compute dH 
dt 

dTs 
dt 
dSs 

SUBROUTINE JUMP 

Interpolate over timestep for 
instantaneous values of temperature and 

salinity below the thermocline (T 1S1) 
above the thermocline (T OLD·SOLD) 

Compute the instantaneous 
temperature and salinity gradients 

Compute the temperature and salinity 
jumps across the thermocline 

B2.7 

dUs 
dt =O 
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dt 

t 

t 



SUBROUTINE TURB 

READ 
Measurement heights 
Transfer s-oeffidents 

COMPUTE 
Roughnesslengthsand 

scaling parameters 

Initialise coefficients 

Correct transfer coefficients for 
speed and measurement 

height 

COMPUTE 
Density 

Vapour pressure3 
Specific humiditieo 

Virtual air temp. 

B2.8 
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No 



Set counter 

COMPUTE 
cO from (2.4 2) 

CHW from (2.41) 

COMPUTE 
Fluxes 

COMPUTE 
Friction velocity 

L from (2.9) 

COMPUTE 
Latent heat flux 
Friction velocity 

B2.9 
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Yes 

Yes 
STOP 

RESET 
L,counter 

I 
l 

t 

,, 
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APPENDIX C: PROGRAM LISTINGS 



C 

PRO GR AH fLUX (INPUT ,.OUTPIIT, T l\p(l, TA Pf '5, TAPE 6 t T APC7 l 
R(AL L,K 
INTEGER Hf' 

DATA Z3,Z4/3,0,4,0/ 

194 

DATA CH•NlO,HL,P,CP,G,Kl•.0013s,2••� •• 1013.2s,io10.,9,ij1, •• 11 
DATA CHW3�X,CC4"1/,0024Uo,00!48/,ZL�Ax/-U,99323/ 

C 

R(WINO l 
REWINDS 
REWIND 6 
READ(! ,lOl IOATE 

10 FORMATtl6l 
REiDll,101 NI 
WRJTEts,10) !CATE 
\IRJT((S,lOJ NI 
WRITE(t,,lOJ !CATE 
WRJTE!t,,10) NI 
WRJTE!7tl0J ICATE 
WRITE C7tl0l NI 
WRJTE 15, l2l 

12 fORMI\T(/,2x,irt�E-•lOX,,L1,7x,tZ/L"'•6X,,RtBCt,6X,tRI8•j,7X, 
•1'C041,6X,•CHWJ#t/l

I/RITE (6, 13)
WRITEC7,13J

13 FORMAT(/,2x,,TIME,■SX,1-ST�Ess�,2x,•�E�SI8LE"',4X•"'LATE�r,,6x, 
••EvAP1,JX,tFQ,VEL.i,1,121,�N/M2t,2lbX,,•/1-'21'l,6X,�H�/�R••
•61,1'�/S"'•/l

C COl'PUTE ROUGHt,;r::SS LENGTHS 

C 

C 

C 

CDNlO=o,0013
20=10,0/(EXP(K/CSQQT(CONl;llll
zs�10.011ExP(K•K/(CHWNJO•�LOG(lO./ZU))))
Gl=ALOG(lO,/ZCI
G2:ALOGl1C,IZSl
G3::AL0G(Z3/ZSI
GS=ALOG(Z3/ZOI
G6:ALDGIZ4/ZOl

PRINT ••• ZO,ZS,G!-G6 t,z�.zs,Gl,G2,GJ,GS,G6

00 100 I=l,NI

REAO(l 1 20l HH,M�,U,AT,WT,iH 
20 fORMATcSX•2I2,4Fl0,21 

C 
. 

• rr.o SPEEn ir 2t,;0 LEVEL
U3=U•GS/G6 

C �El,;TRAL lr,1" i,RAG COEfF • 
JF<U•LE,5,l CCNl0=,001 
If (U,GT,5•, CCr-JIO=(l.0•0.07° (11-S, l) 11000. 

C INITIALISE C�EfF!CIENTS 
CON4=Co�lO•(G!0Gll/(G6oG�j 
CON3=CON!O•CG! 0Gl)/(G50G�1 
CHWN=CHWN1o•:�l*G2l/!GS0G11 
CD4=CDN4 
CD3=CDN3 
CHW=Cril/N 
PRINT ··- U3=i,u3,�CON41C�N3,cHWN -•CON4,tDN3,tHWN 

C ATl'OSPHERJC nENSITY 
O=t,294 6273./(AT•273,l 

C PARTIAL WATE0 VAPOUR P�ESSURE 
,Tl:l,-373,!6/(AT•273,l 
;T2■1.-373,l6/(WT+273,l 

ESl=SATVP (Tl I 
El:(R�oESlJ/100, 
ES2=SATVP (T2J 

C SPEC!fIC MLl•yotTY 

C VIRTUAL af P TEMPERATURE 
TV�(AT+273,l•ll,•0.61°nl 
PRINT �.- o,ES1,El,ES2,U,1T,TV �.o,Est,El,ES2,Q,AT,TV 

Cl Program FLUX 
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C 

C 

C 

C 

C 

C 

ZLO=�. 
!COUNT"l
GO TO JC· 

25 CONTINUE 

FLUX COHP01AT!ONtlTERATJON 

!F((ABS(IZL-ZLO)/ZL)).LT.o,oooll GO Ttl so
ZL�=ZL 
ICOU!sT:!CCUNT•l
If(!CCU'IT.GE.5Dl STOP ,tTC:1" MM•Y JTt::••ATIONS>!

30 H■CH�•o•CP•Ul•l�T-AT) 
W=cH••o•UJ•0.662/P•tES�-EiJ 
s"co4•o•u•u 

FRICTION VELrCITY 
UX:SORTIS/Dl 
IF(!COUNT.NE,l) GO TO 45 
HN:H 
,iN:W 

SN=S 
UXN=UX 
HLrXN=wN•HL•!OOO, 
EwN=•N•3bOO, 

195 

C 11.C,LENGT><
•S L=-o•ux�ux•ux•TV/(K•G•{H/rP•O.b!•(AT•?73,)•WJ) 

C i<ECO�PUTE T"ArJSF'Ut COEFFICIENTS

C 

C 

ZL=Z4/L
P4:PSlMtZLl 
C=SQRT(C0�4l 
CD4:CON4/l!.•CDN4•(P4 °P4•?.•K•P4/ClltK•K)l 

ZL=Z3/L 
Pl=PSIMIZLJ 
P2:PSIHwlZL) 
C=SORT(CO�Jl 
CHw=CHwN/ll.•CH•N•IP!•P2-YOP?/C•K•PJ•c/CHWN)/lr,•�J) 

GO TO 25 
C 

C COl'PUTE BIJLK RICHAROSUN NO,S ,AT LEVEL ZJ 

C 

C 

C 

C 

C 

-50 RIA!=ZL01K•C/Crl•N-P2J/i!K/C-PJ)•(K/C-Pl)l 
U3=U•(G5-Pll/,Gt-P4) 
PRJNT ••- CORRECTED U�= �,U3,- wa ,,w 
PRINT 99,1--H,Hl',ICOUNT 

99 FORMATt/,5X,2J2,t NO. Ci !TEPAT10�5 t,JJ,1i/l 
RIB2=G•Z3/TV• iAT-WT•0.6l•i'v• tn.662/1--• tEl•ES2J) J/ l"�•U:;1 

110 

115 

120 

100 

WRITEIS,1101 �H,HM,L,ZL,RiB!,PI82,C04,CHW 
FORHAT(2X,2!2,2�16FlO.�l 
lFIZL.GT.ZL�AXI GO TO 11� 
H=CH•3MX•OoCP•UJ•iWT•ATl 

w=cHW3MX°C 0U3•0,662/P0 tE5?-E!) 
S=C041'X<>D0 u0u 
CONTINUE 
HLFX=W•HL"lOOO, 
,'E\/:11°3600. 
UX:SQRTIS/OJ 
WRITE16■120l rH1MM1S,H,"'LiX,E•1UX 
FORMAT12x,212,2�,FIO.S,2r10.2,2F10.5) 
WR !TE I 7, I 20) �H ,MM, SN, "'rl• 1-LF X'HE\IN • ll�N 

CONTINUE 

ENOFILE 5 
ENOFILE b 

ENO 

Cl. 2 
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FUNCTION 5ATVF(Tl 
C COHPL TES ShTllRAT iO•i VAPQt;H PAESSllRE IN I-'� 

SATVP=l013.25•EXP(T0 111.?1�5•T•!•1••7�0•T•l•O•b445-l.?.QQqT))l1 
RETUfl1'; 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

ENO 

FUNCTION PSIH(ZLl 
REAL K 
DATA K,A,PI/0.4l•S•Ot3,l4iS927/ 

IF(ZL,LT,0.1 GO To 10 

IF(ZL,GT,0,1 GO TO 20 

PSJH=O, 
GO TO 30 

10 A=(!,-16,*ZL> 1 *0,25 
PSIH=2.•ALOG(!l,•Xl/2,l•AL0G(!l, + X•Al/2,1-2,*ATAN(Xl•Fil2, 
GO TO 30 

20 If!ZL,GT,0,51 GO TO 21 
PSJM=•A•ZL 
GO TO 25 

21 IF!ZL,r,T,10,l GC TO 22 
PSJM=o;s/(ZL*ZLl•4,25/7L-1,0•ALOG(2L>-0,852 
GO TO 25 

22 PSIH=ALOG(ZLl•0,76°ZL•l2,;q3 
25 COtHH,uE 

30 RETURN 
ENO 

FUNCTION PSIH•IZLl 
REAL K 
DATA K,A,PI/0,4lt5,0t3,1415927/ 

If!ZL,LT,0,) GO TO 10 

IFIZL,GT,O,l GO TO 20 

PSIHw=o, 
GO TO 30 

10 x=11,-io,•ZL>••o.2s 
PSIH�=z,*ALOG!ll,+X•Xl/2,l 
GO TO 30 

20 If(ZL,GT,0,5> GC TO 21 
PSIM=•A•ZL 
GO TO 25 

21 !F(ZL,GT,10,1 GO TO 22 
PSIH=O,S/IZL•ZL)•4,25IZL•7,0�ALOG(Zl.l•0,852 
GO TO 25 

22 PSIH=ALOG<ZLl•0,76•ZL•l2,r93 
25 PS IHw=PSII' 

30 RETURN 
ENO 

Cl.3 



C 
C 
C 
C 
C 

C 

C 

C 
C 
C 

C 

C 
C 
C 

C 
C 

C 
C 

C 
C 
C 

C 
C 
C 
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PROGNAM LlY[R(lhPUT,OUTPUT,TAP[l•~••TAP[Z • b4,TAPE5 • 64 1 TAP~&,TIPt7 
••TAPE81 

MODEL OF THE EPiLIMNlON MIJiNG IN A MEDIUM SIZE R[SERVOiR • 

5 

10 

JS 

20 

25 

EXTERNAL Olf'F 
LOt,lCAL OK,PRESS 
REAL !NT 
INTEGER OOD01 •HO,ODOl1MHl~C0!?01,CH!20l,CM(20l 
CDMMON/WML/ZH,ZL • 1s,us,s•,ES,H1TTJ 11 TCLO,JOLO,TULO,S0Lo,Tl,Sl,Z1 
CO~AON/STAUCT1T(Zooo1,~12noo1 
COH~ON/FLUX/A(6l,INTt8P~(~l 
COHMON/PAAA~/C),C2,C3,C4,C5,iL,R,C~•D,Al,BltA2,B2,AJ • B3 
COMMON/llNI' l X/1\FL AG, '-lFL ,,G ,0GR AO 
COHMON/JUl'P/ST,Sf.CF.NO,r.Rtr 
C0HH0N/C0vNT / l COUtlT, AOVEC T, ""', TIME 

DATA lcOUNT,NFLIG,N/1•"•11,MSLAG/O/•LFLAG/O/ 
DATA I80HB,PRES5/g,,FALSE,/tPGRAOI0,0/ 
PATA ST,MDDT/0.,0,/. 

REWlNO l 
REWIND 2 
REWIND 5 
REI/IND 6 
HE11JNO 7 
REWIND B 

ENTER OATES AND TIMfS 

READ!l,51 ODDO,HHO,MMO,DD~l,HHl,M•l•DELT,NCHECK 
F0RWAT(2(2x,1s,1x,2121 ,Jx;;S.7.,!Sl 
READ I l, l 01 (CC !Jl, Cl-i (JJ, Cw (JI ,J:l ,l<CHECK J 
FORMAT(I5,1X,212l 

CALL START(DDOO,HHO,HMnJ 
CT l HE=Tl MES I CC 11 l , CH t l.J •CY! 11 l 
ET!ME•TlHES!DDDl,HHl,MMll 

ENTER INITIAL WWL ~A~lwETE~S PLUS OTHER CON~lANfS 

REAO(l,15) TS,SS,Es,us.z~;zL,NPTS,G4IO,IINT 
FORMAT!2F6,3,FB,B,3F8,J~ti,FB.3,J5l 
READ!l,20! Cl,C2,C3,C4~CS;AL,8,CP,0 
FOPMATt'lF8,41 
READll,25) Al,81,A2,82,AJ;a3 
FOR1"AT16f'!0,4) 

LOAD THE TEPPERATURE -~~ SALINITY GRIDS 
CALL LOftO!NPTS,GR!Ol 

INITIALISE PAHAMETEAS 
TIME•TJMES(ODC01HH01MHnl 
IT!HE:TlME/lI~T-1 
SEcINT=OELT/8,0 
TSTEP=OEL1/8,0 
lNT=lSTEPIE>O,O 
S!NT•OELT~o.oooos 
ZLOLD=zL 
H:ozH-ZL 

ADVECT:0,0 

SHAT OF LOOP 
100 C0M1INUE 

Ir (I COUNT• EO, l l GO TO 1 01 

CHECK cOHPATIAILTV OF oEr.~ENING PATE,INTEGPATION RANGE~ 
GRID SP~C!NG, HALV~ OR oou~LE !NTEGRiltON AANGE• 

IF!LFLAG,Ell,il GO 10 121 
lfl!ITNEXT•Tl~El~60.l,LT,r.ELTJ GD TO 122 
If!WW,L~,o.o,.NC.PFLAG.EC,ol GO TO 122 
GO TO 104 

121 LFLAG:o 
122 TSTEP~oEL1•0.12s 

GO TO 103 
104 1FcTSTEP,GT,(0,95oOELT1l ~OTO 102 

lF!IZLOLD•ZLl,GT.(0,2°r,HlnJ) r.o TO 102 
TSTEP•TSTEP•TSTEP 
GO TO 103 

102 lf'ITSTEP,LT, (O,lS•OELTl I Ml TO lC.3 
!f(IZLQLO•ZLJ,Gl,(O,B•r,Rtoll TST[P=TSTEP•0,5 

103 INT•TSTEP/~o.o 
lf!S~CtNT,GT,TSTEPl SEcl~T=TSTEP 
2LOL.0=ZL 

lo! Tl~E•T!ME•INT 

C2 Program LAYER 

C2.l 

~oninL' 
oooi1r 
ooo'i;;,,, 
oooiJo 
oooi•o 
ooo,·so 
oooiM 
000,11, 

oooi "'' cooi9c 
ooo;ioo 
OOO~li) 
000;>21) 
ooo;Jc 
ooo,4o 
000~50 
COO;i6(1 
000;,71! 
C00;,80 
o oo,cin 
coo-.oo 
000~111 
oooi2u 
000~30 
000~40 
ooo-iso 
oooi6o 
000"7Q 
ooo-iec 
ooo-i9o 
000400 
000·;, 1,' 
000420 
00043~ 
C00o40 
aooi.so 
ooo;;~o 
000;;10 
oooi;eo 
000490 -
oooi:oo 
oooi'.11; 
000;,20 
oooc:Jo 

. oooi:•o
ooo~so 
oooi:60 
000;;70 
ooo;;eo 
oooi:'lo 
ooo;.oc, 
000~10 
000~20 
0001-30 
coo~•o 
oooi,so 
000,-t.o 
000,-7(l 
000,-eo 
000~90 
000700 
000710 

000720 
000730 
00074~ 
000750 
000760 
000770 
000780 
000790 
OOOpOO 
OOOPIO 
oooi>2u 
OOOP::lO 
OOOi,40, 
oooiiso. 
OOOp6n 
000p70 
OOOpl!O 
0()0p'l0 
OOOeOO 
OOOelO 
000c2U 
OOOt;JO 
oooc•o 
0 OO<iSll 
01)0~6') 
ooo~n 



C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C0"?UTE INSTMITANE011<; u(Tr.rRCL!C•L FLUXES 
C•LL FLUXESt!COUHTiTIH�,wroT,�T,Tht•Tl 
SECEII.O.,.ST•TSTEP 

RESET ENTRAINED G�ln FrtNT VALUlS 
IF(!COuNT,NE,ll CALL STE0 rr.Rtn> 

SOLAR SHORTWAVE HEATl\n OF ALL G"InPOINTS 
CALL SOLAA(TSTEP,GR!Dl 

CC�PUTE StGMA (ENTRAI��ENT POWER PARAMETER> 
CALL SIGMA (Wlol) 

IS THE LEVEL OF TKE STrLL •VE+ 
IF(�W,GT,0,J) GC TO 40 
IFtES,LT,I.OE•lOl GO To Jq 
ES32zSoRTIES•ES*ES> 
OECAVc.((�w•(C2•C31•ES1211Hl•TSTEP 
!F(DECH,LT.tO,S•ESll GO TO 411
PRJNT 3A,TJ�E,ES,OECAY

198 

38 FORMAT1(,SX,tf!HE t,Fln,1,. Es•,El2,3,. DECAY•,El2.3) 

ooo�nn 
C00QQ11 
� o 1,io11 
cnl,iltl 
00ln211 
a o 1 ;;3,, 
00ln411 
001iis11 

OOlnM 
coln70 
OOlnAV 
co1,iqu 
001,00 
001,10 
001,20 
ooli3o 
ooli•u 
COliSO 
Ooli60 
001 i111 
001,eo 
001i<10 
001;00 
001;10 
001;20 
001;30 
001;40 
001;so 
0 Ol :ir,o 
001;10 
001::iBO 
001:i90 
001�0� 
001�10 
001�20 
001�30 

TKE HAS DECAYED TO. zEq� 
39 T!JOLO+ll=TS 

S(JOLD•l l"SS 
us .. o.o 
ES:0,0 
ADVECT:n,o 
CALL l'<EWTCN 
NFLAG=J 
IF<H,GT,0,0Sl GC TO 40 
H=0,05 
ZL=ZH•H 

SOLVE WHL EOUATIONS BY RUNGE KUTTA METHOD 

40 CALL HERSl(ST,SECEND,6,0,oOO!,SECINT,SINT,O,OK,OI;;) 001:i40 
00.l�SO
001�60
001�70
OOl�llO
001�90
001;;00 
001.10
001.20 
00143(
OOl44r,
001:.so
001460
001:.10
oo 1 ;;au
001;:qo
OOlcOO
OOlc:10 
oolc20
001 .. 30
OOlc:40
OOlc:50

127 

1?8 

976 

130 

If(OK) GO TO !28 
PRpiT 127,THIE 
fORH�T1//,SX,�TIHESTEP 
FRINT ••• ST:t,ST,i 
SToP 

D!vISinN LIMIT REACHEO AT �,flo,l,//l. 
oECEl<D:;t, St:CEND 

IF(ZL,LE,GRIOl STOPtMixEr. TO P.OTTOM OF 
WRITE(7,976) Tl�E,ww,Ej•�FCINT•SECE�D 
f0RHATt5X,F12,l,2El2,3,2Fj5,01 

UPDATE GR!C VALUES 
H:zH•ZL 
Jl=ZL/GR!O 
Jl:Jl•2 
JJ:ZH/GRIO 
JJ:JJ•1 
DO 130 J=JI,JJ 
T(Jl=Ts 
S(Jl=Ss 

IF(NFLAG,11.E,ll GO TO 133 
TJUHP:o.o 
SJU!-!P=o.o 
GO TO 134 

133 CALL JUIJP(SECEND,TJIJ1�P,SJ11MP)
PRINTOUT FULL GRID STRUCTuw� AT TIMES SPECIFIED 

-_ OOlc6C
OOlc70
ootc8o
ooli:9C 
001�00 

134 IF((TlHE•CTtMEl,LE,(•0, 4 •r•1,11 GO TO 200 001�10 
WR!TE(61137) conn ,CH(Nl •l"H(N) ,TI.,E 001�20 

137 FORHATcJHl,///1:X,oHUOFL nROFILE FO� DAY A T!HEt,I4tlx,2I2,3X, 001�30 
l•HoOEL TlHEt,F8,l,• MINS,t) 001�40 

IIRtTE(61l38) ZH,ZL,H,T�,5�,Es,us 001�50 
138 FORHAT(/,=X,tZrl:t,F6,3,1�,•ZL:t,Fo,J,3X,$H:t,F6,3,3X,tTSa•,F5,2,3XC01;60

1,•ss=•,F6,2,3x,tEs=••E10,,,3x,•us=••F6,4l 001�1c 
WR!TE!6,l39) TJUMP,SJUvP OOl�AO 

1�9 FORMAT(/,SX,tTJUHP=•,F1,,2,3X,tSJUMP=t,F6,2t//,4X, 001�90 
ltHEIG�rt,5X,tTE�PERATURE1,6X,-SALINITyi) 001700 

z=o,o 001,10 
DO 160 K=l�JJ,4 00112� 
IIRJTEl1,,!So> z,T(K),S(><I ool,30 

150 f0RHAT(4X1F6,3t!OX,F5,?,�l,F6.2l 001740 
160 Z•Z•4.o•GA!D 00175v 

H•N•l ooli6� 
!F(N,GT,HCHECKl GO TO 500 00177� 
CTIMEcTIHESCCC(Nl ,CH(N) ,C., (Ill l OOl7AO 

C2.2 



199 

C 
C CO~puTE THER~OCL!NE 11, T ov[R 2~h JF LAYER JS DEEPENING 

200 JF1NFLAG,Eq 0 \J GO Tn 2qo 
ADVECT • AUVECT•H~0S•TSTFP 
TlLT•AOVEC100,ao2 

C OIMfNSIONLESS DENSITY jUMP 
OELRHO:AL"TJU~P 

C PRESS iRIDlENT/AHOR ru~R JKM hALF 
OPol=9.~l•DELPHD 0 TtLT/10oi. 

C· CO~PAttE ST~ESS AND PRF~S r.~AD!ENT 

C 
C 
C 

C 
C 
C 

C 

C 
C 

c 
C 

C 
C 
C 
C 

C 

IF1!Al1,l•A(6ll,GT.OPDX1 G0 Tr, 215 
IF(PRESSI 23s,zl0 

210 PGRA0~2.•CPOX 
LFLAG=J 
P'1ESS=,TR!JE, 

215 
220 

235 

PRJNT ••- PRESSURE GM60lf.NT ON AT 1,TiME 
GO TO 235 

lr (PRESS) 220,235 
PRESS=,FALSE, 
PGRAO • O, 
PRINT••" 
CONTll-iUE 

PRESSURE GAiOlEhT OFF AT ~,TIME 

PRINT A SUM~ARY WHEN LAYER rEEPENS 

WRlTE!S,2•~) TlME,ZHtZL•~,Ts,~s,us,Es,ww,TJUHP,SJUHP,poRAD 
2~0 FOPMAT11X•7F9,3,2El2,3,2Fo,2,tl2.31 

GO TO 300 

PRINT A SUHWARY WHENEVER LAyER PETREATS 

250 WRJTE(S,255) llHE,ZH,ZL•~;Ts.~s.us,Eo,WW,TJUMP,SJUMP 
255 FORMAT11X,7F9,3,2El2,3,2Fq,2J 

3 O O CONTINUE 

PRINT FLUXES 
fL3:A(3)•3o00000 
FL6:A(l,J/0,0343 
WR!lE (8,270) TlME,A( ll ,At:iJ ,FL3,A!'+I ,A 15} ,FL6 

270 FORMA1(3Fla,l,Fl0,5,2F1D~i,F11,s1 
RESET MODEL PArl~HETERS ANQ rHEc• TIME 

JF(MFLAG,EO,l,ANO,NFLAR,EQ,01 BO TO 350 
GO TO 390 

350 LF'LAG=l 
!F!ZLDLO,GT,ZLl Go TO 3RG 
GO TO 390 

3BO flFLAG=NFLAG 
390 NFLAG=o 

IF(!ETI4E•TlMEl,LT,INTJ &n To 500 
lCOUNl:,ICCUNT • l 
GO TO 100 

THATS IT fDLKSv 

500 ENOFlLE 5 
, ENDfILE 6 

E:NOFILE 7 
ENOFlLE B 
PRINT s10,1cOUNT 

510 FOAMAT1//1Sl,tFINAL ICOU~i~ i,18) 

ENO 

C2.3 

QOl1'W 
COIPOO 
OOlP\~ 
OOlp2tJ 
001 P3l1 

~01114 ti 
001;.su 
1)0) pl,(l 

0011>70 
co1sion 
00lc9/J 
OOli::00 
OOl~lv 
001<:?0 
001~30 
001<:40 
001;;so 

ool~6o 
001<:70 
00 I <:llO 
CO l <: CJ c 
00200\l 
002nH 
002r.2G 
002ii3o 
00Zo4il 
002n5U 
002ohn 
Oll2n70 
002oRO 
002ii,;,o 
002,00 
002110 
002i20 
oo2i3~ 
oo2i4o 
002150 
qo2ii,o 
002110 
002ieo 
oo2i<Jo 
002;00 
002;rn 
002;2c, 
002~3ll 
oo2;i4o 
002:iso 
002?f>O 
002;10 
002;ao 
002;qo 
002.;oo 
002~10 
002~20 
002•30 
002~40 
002:iSO 
002,60 
002~70 
002~80 
002~% 
002400 
002;io 
002620 
002;30 



C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

c 

C 

C 

C 

C 

C 

C 

C 

200 

sunAD�TiNE DIFf(T!Hf,YnOT) 

SUBROUTINE CONTAIN1Ng �HE C,E,•S FOR SOLUTION 

OIHENSION YDOT16l 
COHH0N/WHL/OUHHY(6l,H■TTl,TTOL0,JOlt1,T0LD,SOLC,Tl,sl,zi
COMl•ON/OES/Zn, ZL, TS, US, SS ,ES 
COMMJN/PARAM/CN,CF,CE,cS,rL,AI ,u,cP,O 
COHM0N/fLUX/A(6) 
COHHON;UNHIX/"fLAG,MFLAG,oGR•o 
COHH0N/C0UNT/11AOVECT■w�,0TIHE 

DATA CCl/0,333333333/,�/q,81/ 

H•ZH-ZL 
COMPUTE l"STAIHArlEnUs· FLl'XES 

CALL I FLUX (I ,CUl'l ,THIE,Sr,1!H1fHiM?.l 

HAS LAYER HETREATEO+ 
If(NFLAG,"E,ll GO TO So

19 YOQT(2li:O,O 
UE=0,0 
YDOT(4)"'0,0
US:0,0 
YOOTl6)■0,0 
ES=O,O 
GO TO 20 

COMPUTE TEMP A SAL JUMP5 Ai BOTTOM OF �ML
50 CALL JUHP(TIHE,TJUMP■SJU�ol 

COMPUTE SURFACE INPUT POWER 
CALL SIGMA(wWl 

Tl<E FLUX 
If(ES,GT,0,0,CR,WW,GT,n,oi GO TO 45 
NFLAG=l 
PRINT••- ENERGY OEcAYFO AT TIME �,RTiME 
ADVEC T,,O, 0 
GO TO 19 

45 ES32=SaRT(ES*ES•Esl 
COMPUTE THE DERIVATIVES

30 YOOT ( 2 l =Cf •E 532/ I CS0USoUc; •B•G•H•SJU•··P-AL•G<>H•T .;u:;o.Es l 
UEa:Y00Tl2l 

31 YOOT(6lel�W•ICf•CEl•ES1�1JH 
32 co�1TINUE 

IS MIXING ESTA8LISHEO WELL ENOUqH TO fNCLVGt SHEAR•
IF(HFLAG,EO,ll GO TO 15 
YOOTl4l:(A(6l•A16l•US0uF:;H-PGRAO 
GO TO 2o 

15 YDOT14l:0,0 
20 YOOT(ll:•A(3l 

YOOT(Jl:(TJUMP•UE•l,0/1D•cPl•(Alll•A(2)•A(Sl•A(4l•
1(1,-CIZLtZHllll/H 
Y00T(S)a:(SJUMP•UE+A(JJ�ssi1H 

RETURN 
ENO 

C2.4 

oni!tH
0 0 7. 6 �� 
o n2,1.r 
002P; 
002�h
on2;.,. 
C02•U 
0 02•il�
0 02�11,
002•1•· 
002,4t 
002-.h 
002f1�/; 
002,,�
0 02�1, 
on2h� 
o 02i,Of
002Alil 
002AH 
002i3P 
002�4' 
002,.�1 
002i,M 
002.i.h
0!J2i.8w 
002��1· 
002;0� 
002;u
0027PC
002'i3t, 
002:;o
o o 2.2!11, 

I0 0276� 
oo2'i7o 
002zeo 

I 
O 027'1b 
002�00 
002,olQ 
0 02.o2� 1·002p30 
002�401
002PM l 
002�60 
002.o7U 

.002�80, 
002A'l0 I
002<i00 i
002c!O

I 002G2� 
o 02c3o ; 
0 02G40 I 
Ol)2<iSO j 
0 02<:bO i 
002c10 1
002�so l
0 02�90 ; 
003�00 i 
003nl0 I 
o oJ.i?o l - .. - . ! 

'i 



C 
C 
C 
C 

C, 
C 

C 
C 

C 

C 

C 

C 

,c 

201 

suanDUTINE LOIOtNPTS,JRlC1 003nJ<' 
003,;, .. 

SU8HnUTINE To LOAD ALL Gnlc PO!NT VALUES (TEMP � SAL) FROM 
INITIAL STRUCTURE. 

SPEC!r!Enro3�5v 
onJ�/\U 
003,;10 

DIMENSION HT(iOl1TE�Pl?�l,SAL!ZO) 
C0HM0N/�HL/ZH,ZL,TS,US,S�,ES,htTT!•TTOL0,JOLO,TOLD,50LD•Tl,Sl,Zl 
COHHON/STRuCT/T(2oOOl,512nQOl 

READ T�E SFECIFIEO JN!r!AL STRUCTURE 
REAOll,lOl (HT(�l,lEHP(Kl,SAL!Kl,K•l,NPTS) 

10 FORMAT!F5,2,2FlO,ll ,. 
!F!EOf'(l)) lltl2 ·-

ll STOP �EOF IN INITIAL ST�UrTUPE FILE� 
12 lF(HTlll,�E.0,01 STOP tl�TTIA\ STRUCTURE SPECIFIED INcoRREcT• 

LOAD Tr'E GRID 

Za:o,o 
J•'l 
K•=l 
ZHH;ZH•O, 01 •GR IO 
GO TO 27 

20 lf!Z,LE.(HT(K•ll•O,Ol*GRTrJl GO TO 30 
K=K•l 
?FcZ.GE.ZL) GO TO 20 

27 TOASH=ITE�PlK•ll•TEµP(KllJ!HTIK•ll•HTfKl) 
SOASH�csAL!K•ll•SALIKIJ/!MT(K•ll-HT(K)) 
GO TO 20 

30 T(Jl=TEHP(Kl•(Z•HT(Kll/(HT(K•ll•HTIKlJ*ITEMPCK+lJ-TE�PIKll 
S(J)=SALIKl•IZ•HTIK))/fHT(K•ll•HT(Kl)o(SALIK•lJ•5ALlr.)) 
Js:J• l 
z:z+GRiD 
!F(K,EQ,NPTSl STOP tTOQ µA.Ny POINTS LOADED�
lf(Z,GT,Z�Hl GO TO 50 
GO TO 20 

SO t<=K•l 
J=J-1 
PRJNT 60,J,K 

60 FORHAT1/15i,!4tt GRID POI�TS LOADED FROM t,!4,, LEVELsiJ 

003�81: 
OOJnqn 
oo:iio� 
on Ji Hl 
on;;j;;,n 
003130 
ooJi•o 
ooJi5o 
�oJitil' 
003i70 
oo:i,ac 
oo3i9o 

oo3;oo 
01)32!0 
003-::2(• 
003;,30 
o oJ; .. o
003;,Su
003:,6()
003:>70
003:iBO
003:>%
003�00
003'>10
003i2U
OOJiJO
003'>4D
ooJ-iso
oo3itio
oo3i7u
ooJieo
OOJ�qn
ooJ;ioo
0034!C
0�3420
003430
003440
ooJ;;so 
003.,60 

C RESET •ML BASE TEMP A �AL 003;;70 
00341:JQ 
o o3i; 9o
oo:i�oo
003�H
003<:20 
oo3i:3o 
oo3=•c
003§50

C 

J"ZL/GRID 
J=J•l 
T(J+ll:TIJ>•TCASH•GR!D 
SIJ•ll:SIJ)•SCASH•GRID 
JOLD"J 

RETURN 
ENO 

C2.5 



C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

c 

C 

c 

202 

SUBROUTIHE FLl,,XES I_I, T ••••, ,:;f, T>,EXT I 

SUBROUTINE To CCMPUTE �ETlCnOLOGICAL FL1 1XES BY LINEAR !�TEAPOLAT!ON 
BET�EE� KNOWN VALUES, 

OIHENStON F12,61,FTl21 
INTEGER FC,FH,F� 
COMMON;FLUX/A(61tTINT,AISi 
COMMON;WHL/ZH,ZLtTS 

FIRST TIME THROUGH, HEjo Ih KNO�N FLUXES, 

IF(I,NE,11 GO TO 10 
DO 6 K=lt2 
REA012,Sl FO,FH,FMt !F(K,J

0

J ,J:\,51 
5 FORMAT(I5,JX,2I2,5Fl0,21 

If(EOF(?I I 3,4 
3 STOP i[HPTy FLUX FILE� 
4 FT(Kl•TIMES(FO,FH,FMI 
6 CONTINUE 

TNEXT=FT(21 

IF1T,GE,FT1lll GO TO 1� 
PRINT 7,T,FTlll 

7 FORMATt/,SX,t�ODEL TIMri.�10.1,� pRECEEDS flqsr FLUX hECORO AT1,

lFlO,ltt MINUTES�) 

STOP 

INTERPOLATE FOR FLUXES �jTHIN THE COARECT INTERVAL 

10 IF<T,LT, tFTl2l•0,0011 I GC TO 30 
FT(ll=FT(2) 
00 15 J=l•6 

15 F(l,Jl:F(2,Jl 
REA0(2,5l FD,FH,FM, tFl2•Ji ,J=l ,5)

IFtEOF(2ll 16,17 
16 STOP ttNSUFFICIENT RECnRC� IN FLUX FILE� 
17 FT(2l=T!MES(FC,FH,FHI 

TNEXT=FT 12 I 
ST:0,0 
GO TO 10 

30 IF(I,EQ,l) ST:((T-TINT!•Fi�lll*60, 
00 40 J=l,S 

40 BIJl=Ftl,Jl•IIT•TINT/2,l•;T(l)l/lFTl2l•FT(lll•tF(2,Jl-Fil,Jll 
WHERE Bl=SPEEO,B�=A,TEMP,e3:ij,H,,84=L,�,IN■BS=S,�,IN 

GO TO 200 

ENTRY IFLUX 
00 50 J=l,S 

50 B(Jl=F1l,Jl•ITM/60,l/(�T1;,1-FT(l)l*<Ft2,Jl•Fll,Jl) 
200 CALL TURBIII 

60 A(3):A13l/(l000,) 
A(6)=A(6)00,0343 
0L0=5,669E-8•0,96•tTS•�73.>•�• 
A(Sl=0L0•8(41 
Al4l=Bt5l 

: 
i RETURN 

ENO 

C2.6 

003 !,(I 
COJ 71, 
003 All 
003 <lO 
003�90 
'003�10 
OOJi.?.O 
0031,J(I 
OOJi.40 
0031,SO 
C03�60 
003i.7U 
003�80 
003;,gu 
003700 
0037111 
00372(1 
003730 
003;40 
003750 
01)3760 
003770 
003780 
0�3790 
003,;co 
oo3Jilo 

003p20 
003,;3ii 
003p40 
003,;50 
003p60 
003p70 
0031180 
003p90 
oo3;;oo 
003ql0 
003<;20 
003c;30 
003;;40 
oo:i;;sc 
003�60 
003�70 
003�RO 
003i:ic;o 
004,iOO 
004nlO 
oo4ii20 
oo4n3o 
oo•n'-0 
004o50 
oo4ii6o 
00•;;10 
004,iso 
oo4n9o 
004iOO 
004ilO 
oo4i?o 
004i30 
004i40 

_ 004j50 



C 
C 
C 
C 

C 

C 

C 

c 

C 
C 
C 
C 

C 

C 
C 
C 

C 

c 

C 
C 
C 

c 

C 

C 
C 
C 
C 

C 

203 
sun�our!NE ST[PlijNJnl 

SU!lilOUHNC TO RESET \,/HL QI\';� Tf"P " S<L '.'ALllES TO r,,cILiTATf. 

lO 

30 

so 

COMl'UTATION OF GRA01E:11TS IIEL/'-i THE •l'L 

C0M�ON;STRUCT;T!2d�nl •�1?�001 
COftMON/WHL/ZH,ZLtTS,US,SS,[S,koTTl•TTOLDtJOLD,TOLO,SOLOtTl,Sl,Zl 

J•ZLIGRID 
J�J•l 
IF!J,Ea,JOLDI GO TO 10 
lt(J,GT,JCLDl GO TO 3J 
l•!J,Eo, IJOLD•l,, GO To Sn 
STOP 'ENTRAINED MORE TMA� i &R!DPO(�T-

--:.: 
T!J•ll•TOLO 
SIJ•ll•SOLO 
RETURN 

JOLO::.J 
RETURN 

JOLO=J 
T!J ♦ Jl:,Tl 
SIJ•ll•Sl 
RETURN 
END 

SUBROUTINE SOLARtTINT1GR!�l 

SUBROUTINE lO I�PUT HEAT TO ALL GAIOPCINTS FROM SOLAR S�ORT•AVE 
RADIATION ABSORPTION 

COM'l0N/FLUX/A(6l 
C0HH0N/WML/ZH,ZLtTS,US,SS,ES,H•TT!•TTQL0,JOL�,TOLO,S0LO•Tl,Sl,Zl 
COMH0N/STRUCT;Tl2oOOJ,Sl2�00J 
COMMON/PARAM/Cl,C2,C3tC4,tS,ALo8,CP,D,Al,8ltA2,H2,A3,e3 

Tl l =T !JOLD l 
TTOLO=T IJOLD•l l 

HEAT ALL GR!OPOJNTS ,RCY THE eoTTO� UP 

JJ:::ZH/GRlD 
JJ,;JJ•i 
00 20 J:::l,JJ 
Z• !J•l)<>GRID 
TIJl=T1Jl•TIN1°A14)"�DAS�iz,zH)/(D•CP) 

20 CONTINUE 

'fl =TI JOLD l 
TOLD=T cJOLO•ll 
Sl=SIJoLO> 
SOLD=S (JOLO• 1) 
Zl=IJOLD-ll 4GRIO 

RETURN 
ENO 

SUBROUTINE S!GMAIWN) 

SUBROUTINE TO COMPUTE TP� SURFACE INPUT PCWER 

COMHON/FLUX/A(6l 
COMMON/PAA AM IC l ,C2 ,C3, C4 ,rs, Al ,B, CP • 0, Al ,ill, A2, B2, A3 ,!l3 
CDMM0N/WML/ZH,ZL,TS,US,S5,ES,H,TTJ,1TOLD,JOLO,T0LO,S0LO,Tl,Sl,Zl 

H9:dA Ii l •A (2) •A 151) •A (4) • I 1 -�•O lZL• lH) -aa(ZH,ZLI l 
W9:(9,st•AL•H)/10•CP)"H9•(9.81"8•Hl•At3l•ss 
I/JI:, IW9• (Cl•A 16 l l 03) 

R[lURN 
ENTRY NEilS IG 

THIS SECTION CO�PUT[S TH[ CrAIVATIVE rF SIG�A USING iHE PREViOU�LY 
STORED VALUE CF H9, 

WW■AL*9,81/(0•CPJ•(-H9-A(iJ•(-00ASH(ZLtZH)iH+Ca<ZH,ZL�-2.o� 
101ZL•ZH1ll•B•�.8l•A(3l•S5 

RETURN 
ENO 

C2. 7 

f'lli-+\"t:;i., 

C04j7� 
0 04 j fl", 
C04i'<n· 
004?()1' 
Co4;;111 
004;,?U 
004?3" 
004:,40 
004:>50 
C04?hll 
004;,71! 
004;iAO 
004:,9(! 
004,00 
O 04 i Io 
004-,20 
on4,JO 
004i40 
004-.50 
004i6C 
004�70 
004�AO 
004-.91J 
004400 
0044]Q 
004;20 

0�4i.30 
004440 
004i:50 
004;60 
004.i70 
004480 
004490 
oo4§or 
OOt+cJO 
004<:20 
004<:30 
004,;4�. 
oo4.;5u 
004.,60 
00,..;10 
004i:Bo 
004c:'Jij 
004,t,00 
004,i.lO 
004�:?0 
004,.30 
004�40 
0041-5C 
004�60 
0041-. 70 
004�80 
0 04,i. 'IC 
004700 
004110 
0047;?0 

c<l4'i30 
004i40 
004750 
004;1,o 
004770 
004780 
0 0.419G 
004p00 
004.ilO 
004�20 
004�30 
oo4,i4o 
004pSO 
004p60 
004i,70 
0114i>flll 
004i'IO 
004Q0U 
oo4;;1r, 
004<i20' 
Q04<iJO 
004q4� 
004950 



C 
C 
C 
C 

C 

C 

C 

C 
C 
e 

C 

C 

C 

e 

c 

C 
C 
C 

C 

C 
C 
C 

e 

C 
C 
e 

C 

C 
C 

204 

SUEHIOUTl"E TO ITERATE A NIM< <;OLIITlON Fly;i ZL SUCH THAT StuHA • O• 
USES A NEIi TON 1,APH<;ON l_:POCEOllPE • 

C0HH0N/W~L/ZH,ZLtTS,US.SS,ES,HtTTl•llOLO,JOLO,TOLO,S0lO•Tl.Sl.Z1 

DATA Acc10.ooos1 

l•l 
10 CALL SlGHA(FZLI 

CALL N(wSIG(DFZLI 
ZLNEw=zL•FZL/CFZL 
IF (ASS ( IZLNEW•ZLl /ZLl-,'LE,ACCl GO TO 20 
I=t•I 
JF!IoG(,501 STOP -TOO HANi IT!RATlUNS
ZL=ZLNEW 
1-i"ZH•ZL 
GO TO 10 

20 ZL:ZLNEII 
H=ZH•Zt. 
RETURN 
ENO 

FUNCTION TtMESIOtH,MI 

FUNCTION TO CALCULATE HOOEL TIHF. (MINUTES AFTER STARTI, 

INTEGER D•H 

RETURN 

ENTRY START 

ST.,H•6o•!H•24•Dl 
T!MES=sT 

RETURI\ 
ENO 

FUNCTION Q (Z t ZHI 

FUNCTION FOR FR,cTION Of-SM~RTWAVE PENETRATiING io :. 

CDHMON1PARA~/Cl,C2,C3,C4.r~,.L,B,CP,0,Al,Bl,A2,B2,AJ,e1 

X•z•lH 
0=Al 1 PEX(BltXl+A2•PEXIR2,xl+A3*PEXl83,Xl 
RETURN 
ENO 
FUNCTION 00ASr(Z,2HI 

CALCULATES C0/02 FOR HEAT ApSORPTION CALCULATION 

COMM0h/PARAM/Cl,CZ,C31C4,CS,AL,8;CP,0,Al,Bl,A2,B2,A3,83 

X=z-ZH 
:001sH•Al•B1•PEX(Bl,X)+A2•~z•pEX<82•ll•A3•B3*PEX(B3,X) 
iRETU!'lN 

ENO 
FUNCTION QQ(Zr,ZLJ 

FUNCTION tNCORPCRATES THE I~fEGPAL OF S~ORTWAVE oVER THE \/ML. 

COMMON/PARAM/Cl,CZ,CJ,C4,CS,AL,B,CP,0,A1,Bl,A2,A21A3,BJ 

X"ZL•ZH 
Q0:•2,n/X*!Al/Bl*Cl,•PEXIPltJll•A~/~2•Cl,-PEXIB2tXll• 

lAJ/B3•(1,•PEX(B3,Xlll 
RETURN 
ENO 

FUNCTION PEX!B,Xl 

COMPUTES El',PONn T tr ARGUEl'S:NT ttOT TOO SHALL 
Y•e•X 
lF(Y,GT,•2Sol GO TO 10 
PEx .. o,o . 
RETURN 

JO PEX=E~p (YI 
RETURN 
ENO 

C2.8 

004;,1,v 
co~;,u 
004,:!l~ 
00 1 .. ,.'l~ 
r.os,ioo 
OOSnlli 
oosn20 
oosii:;o 
cr.s,;,~ 
onsnso 
OOSnbll 
oos;;1,i 
QOSiiA~ 
cos~qo 
oosioo 
oosi10 
oo5i<'il 
onsi:w 
ocsi•u 
q0Sj511 
Otl~it-v 
O(•Si70 
cosif'n 
oosiqo 

oos~oo 
oos;H 
ons;2c 
005;30 
oos:ii•o 
005:iSO 
O!lS:iM 
005:i70 
oos;eo 
oos;qo 
oos .. oo 
oosi10 
oos .. 20 
oosi:;o 
005.;40 
oos-iso 
ooS:ioo 

OCS;i70 
005-.80 
005:i'lO 
oos,ioo 
cos.10 
oosZ20 
005430 
005•40 
oos:.:so 
OOS4b0 
oos;;10 
Q05480 
005490 
oossoo 
o osii 1 o 
oosii20 
oosi:Jo 

·. 005c;40 
oosiso 
005<:60 
oosiito 
005~8(1 
005<:'lO 
oos;.oo 
005~10 
005i<2G 
005,<30 
oos;.40 
oos~so 
oos~,;o 
0051,70 

005,<AO 
005~90 
oosioo 
005710 
O 05720 
005130 
oos; .. o 
Q057SO. 
005160 
ons710 
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su,111.JuT: NE MEF<Sl Ix, ~ENn, ~, ACC ,H,Ht' I,,, JTf.ST ,OK ,nl ;r 1 ons,r,u 
C O Q57Qo 
C CERN \. [(HllRY t-0 D. 208_, OO"iAO(• 
c eo5iio 
C REV!SEI) VERSICN JULY \q7\, oosii;,n 
C OOC\Q3G 
C THIS VERSION CF MERSON ts A MOOJFICAIJDN OF T~E PROGRAM REcEIVEC onSi••· 
C FROM KJELLER co~PUTER JN~YALLATJOh ~nPNAY,THE µAIN DIFFE~FNCE Oa"ii'\n 
C 8EEINO A CHANGE OF TH[ TE~T rnR STE~LENGTH HALVING, oo~~hD 
C 005A70 
C onSjAH 
C PURPOSE= STEP BY STEP I~rEGQATIO~; OF A SYSTE~ or FIRST ORoER 005A'l0 
C OIFFERENp_AL ECl:ATroNS COScOO 
C Oo5ql~ 
C OYK!X)/OX=fK(X,vi!Xl,Yi!!Jl,,,.,,,YN(X)l , K~i!llN 005~20 
C 005Q30 
C WIT~ tUTOMAT!C ~RROP CONlNOL USING THE M[THCO DUE To CO"ic4P 
C HERSON, 005~50 
C 005~~0 
C PARA~ETERS 005e70 
C OOSQAr 
C X "STAMT VALUE FCR THE OCHAi~ CF INTEG~AT!CN !INPUT PCJNT),005Ql!O 
C XEND = ENO VALuEYOR 1• E nOMII~ Q~ !NT[GRA1!UN 10U1PUT POl~T), DO~ioo 
C Y = ARRAY CONTAJNI~n THf OEFE~nfNT VAA!IALE~.~"'N E~fEAf~G 006~10 
C THE ROUT!~E THE fUNCTIO~ UiLUES YK(Xl • K=tlllN A~Q ~• EN 00b~20 
C RETLRNlNG TOT •~ CILLING ~AOGHAM THE COMPUTED FUNCTION ao6i3r 
C VAUES YK (XENOl ,K,q tl )N. 006~4(' 
C N • THE NUMBER OF CjFF[a[NT!AL FOUATION,E~UIL OR LESS loo, 006~5U 
C ~Cc = PRESCRIBED RELITJVF ACC~M•c, (TO BE OYTA!NEC fOq ALL OOb;Au 
C FUNCTION VALUES IN TH[ AH~•• Y), 006o7e 
C H " INITIAL SiEPLEl\r.TH. OObnFlO 
C HMjN = ABSCLUTE VALuE tlF ••PH!-IUl'I STEPLENGir i<ANTEO, 006n9,' 
C JTEST • TEST PARAMETER aEL61EO TO TrE STEPLENGTH IN tHE FOLLO~- 006iDO 
C ING WAY, 006ilu 
C JTEST = 0 , IF fURI~G THE CALCULAT!CN WE GEi 006i2U 
C A85fHl.LT.HM!h IBY REPEliEn HALVING oF THE on6i1C 
C sl[PLEN~THJ,l"[~ AN ERAC~ MESS~GE IS PA[NT• OObi•D 
C ED,rK SET EGUAL TO ,FALSE. fOL~CWEO 9Y AE- OP6i50 
C TURK To THE CALLING P~n~AAM, po6i~~ 
C JTEST cl , cHEfKI~q IS fO~ JTEST=r,eur THE CALCULAT]DN P06i73 
C wILi co~TINUE ~ITH THE FIY!D STEPLE~G, .. H~IN006i8D 
c00••· THE FoLLDW!NG LINE IN~EAiED R.J.wAIG~T 26/02/74 To ALLO~ cO~OiLAiC06i90 

LOGICAL OK OD6iDU 
t OK ='LOGICAL VAA!AQLE ~HICH IS SET EQUAL ;a .TRUE. WHEN EN-oo&il~ 
C TERJNG THE flQU.TiNE. THE Vt.I.II[ LATER IS OEPENcING oF JTESTG06:i?.~ 
C IN lHE f0LLOWl1'r. WAY 006~30 • 
C JTEST " l , o'K ~ .TPUE. ALdYS, Oo6;4e 
C JTEST • 0 t OK~ .FALSE • IF THE STEPLENGTH eECDMES TOO oo6;so 
C S"'ALL (SEE DF.SCQIPT!ON F0°' JTEST). 006;i6u 
C Olff " USE;; SUPPLIEn "t•f:lROliHNE •;::~ THE CALCi.JLAT!OI\ OF THE Cob;,70 
C RIGHT H1ND SJ~4~ OF T~E SYSTEM nF OIFFEPENTiAL EUUATIONS006~80 
C (l,E,THE rIRsT /HlDEP OERiV~TIVl::Sl,CALLING SEOIJ~"lc.E 0~6::i'JG 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c. 
C 
C 
C 
C 
C 
C 

C 

C 
C 
C 
C 

C 
C 
C 

C 

C 
C 

CALL OIFF(X;w,F\ , ~HERE 
X" THE CURREN'! VALll[ OF THE ARGUMEf\T 
W "' At. ARRAY W!'iH T>-E ELE"E"'IS WK(X) ,K=l(llf\ I,F.:, T>'E 

fUNTION VALIJES FOR ~H•CH THE D[~!VAT!VES AR[ 'IC BE 
COMPUTED, 

F. IN ARRAY WiiH THE ELE~E~Ts fK(X) • K=lrllf\ IWE HAVE 
FKIXJ:FK1x, .. 11x1,w2tJO,, .. ,,wt•l(X))) TO EE COMPl.,TEO 
f:lY OIFF Ahn RETURNED TC HERSON, 

THE CHOSEN NaME FOP OIFF ~u5r APPEAQ IN AN EXTERNAL 
STATE~ENT INT~~ PAOGRAH CALLING HERSON • 

THE ARRAYS IN THE COMMON ~LOCK BELO• 1AE ONLY USED JNiERNALLY JN 
HERSCN IA~O DIFFl ANO ARE TO FREE UIS?OSAL 
THE HAxlMUH N1.,MeER OF ~OLiTIONS WHICH MAY 
THIS NUMBER HAY RE CHA~GEO 8Y CHAI\Gl~G THE 
COMMON BLOCK EELOII ACCoRCtNGLY, 

DIHENSJON Y2.(6) ,1(6) t<lfbl ,flbl 

COMMON/I/ML/ Y(6) 
COMKON/OES/ ~161 

OUTS![)E HE"50N, 
BE !NT[GRtrED ARE 100, 
Ol~E;JSlON IN TH[ 

006~00 
oo&-i10 
006~20 
006~30 
006-i40 
0 OE,"~50. 
006~6il 
006~70 
006~!!0 
006~9/l 
006;;00 
0064 lo 
r.oei:2/J 
00643G 
CO!>.i:40 
00645°' 
006460 
00647(, 
0064 A,l 
006i;';O 
006iiOO 
oo6ilo 

P.Z[RO 1s·A NUf'8E:R wt TH A 11AGNTTUOE OF ORQER ECUAL TO 'THE NQISF. 006c.?C 
LEVEL OF THE ~ACHINE I,E, IN THE RA~GE OF THE ROUNDING 0FF ER00RS 0 006i3D 

oo6«4n 
DATA RZERO / l,E•l3 / 

CHECK NUMBER CF EQUATioN~,EOUAL OR LESS THAN ioo. 

If tN,GT,1001 GO TO 86 

OK,s,TRUE • 

STOP( INTERNALLY PARAHFTEPS JN LIST 

C2.9 

006,:;SO 
006,:;i-.O 
oo6c7o 
oo&cAO 
OO!ii:9r. 
006~00 
0061,lP 
0()61,2!1 
0061'.-30 



C 

C 

3 

C 
C 
C 
C 

C 

c 

C 

C 

C 

C. 

C 

C 

C 

C 

C 

C 
C 

C 

C 

C 

C 
C 
C 
C 
C 

C 

t!l�,:N 
00 1 Kst,t,N 
W (Kl •Y !Kl 
Z=X 
ZENO"XENO 
EICC•-ICC 
ZMIN•HMIN 
ITF.ShJTEST 
S •H 
lSWH•O 

2 HSV=S 
IF(HSV.GT.RZEROIGO. TO 4
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PRINT J -·--
FORMAT (t ••••• SUBROUTtNE MERSON - STEPLENGTH LESS THAN �ACHINE 

lUNOING ERROR LEVEL •••••i� 
STOP 
COF • ZENG - 2 
IF (ABS(Sl,LT.ABS(COF)) Gn To B 
S=COF 
IF (ABSICOF/HSVl.LT,RZERCj GO TO SO 
IS\IH"l 

·-

IF ISWH=l THE" s rs EQUAL To MAXJWIM POSSIBLE STEPLE,..GT>-1 
WITHIN THE REMAINING PART OF THE oo�ArN OF INTEGAATIQ,-., 

B llO 10 K"l•NN 

10 YZ1Kl.,WIKl 
12 HT=,33333333333333•5 

CALL OIFF(Z,FI 

Z=z•HT 
00 20 K=l,NN 
A(Kl=HT*flKl 

20 W(Kl=A(K)•YZ(K) 

CALL OIFflZ,fl 

00 22 K=l•NN 
A(t():,5<>A(Kl 

?2 W(Kl=,S•HToF(K)+A(Kl+�ZCK\ 

CALL OIFF<z,F") 

Z=z+,SoHT 
00 24 1(.:1,NN 
B(K)=4,5"1<T•FtK) 

24 W(Kl=,25"B(Kl••75•A!Kl+Y2(Kj 

CALL Oiff<Z,Fl 

Z=z•,SoS 
00 26 K=l,NN 
A(Kl=2.•HT•FCKl•A(KI 

26 W(K)=3,•A(K)-8(Kl•YZ(K; 

CALL OtFflZ,F) 

DO 28 K=l,NN 
B(Kl=-.s•�r•F(K)-B(K)+? ■ •iiK� 
W(Kl=W(Kl•B<KI
A<K>=aes<s.•ecc•wtKII
B(K)=ABS(2(K))
IF (A8S(W(K)),LE,1HER01 Gn To 28
If"(B(K),GT,A(Kl) GO TO 60

28 CONTINUE 

REQUIRED ACCURACY OBTAtNEn fOP ALL CC�PUTEO FUNCTION VALUES, 

If (ISWH,En.11 GO TO So 

TEST IF STEPLENGTH OOURLl�G rs POSSIBLE■ 

40 DO 42 Kal 1tlN 
IF(B(KJ,GT. ,0312S•AIK>I �O 

42 CONTINUE 
S•S•S 
GO TO 2 

TO 2 

00/J��· 
006; "• 
ont,d•!i 
OOhH 
006tfl>, 
ooc.�,,-
00610� 
ont.1h 
0061'¥ 
0011fh 
006f'I 
001,nn 
OOb;M 
oo6j1!, 
006tlii 

Ron 0671'1� 
C06�H 
on6/iH 
006�/ff, 
006�3· 
006p4!1 
006A!'H1 
0 06iiti 
01)6,i 7� 
006pllf' 
0 0611llfi 
no6ciU 
001,iiH 

006iiU 
on6c;3� 
006qH 
o 06ql�
006Q�ij 
006q7❖
006ql0
0 06c;!IO
oo 7 ,ion
001.;u 
001,;10 

. 0.07(i3P 
oo 1 n•«
o 07n!IO
on7n6� 
oo 1 o 10
CO 7 nllO
i:o7,i9� 
oo 7i o&
007i 10
001j2e
oo7i30

·oo7i40
007iSO
007i60 
co7i7t,
0 0 7j 80
0 07i91i
007;iOO 
001;10
oo7z20
007,JO 
oo7:i4o
001:iso
001;60 
001,10
007:iBO
001;qo 
00 7iOV
001i10
001;2,, 
007i30 
001-i•c
O o 7:t!>O
001-i�n
001-i111 
001.;e,1
0 O 7i�O
001,00
0074)0 
001'i:2V
oo7i:3P
001;;•� 

CALCULATICN FINIS�EO.RFPLicE INPUT FUNCTION VALUES WiiH TME Ft/NC- oo7i�� 
TION VALUES CCMPUTEO FnR iHE OUTPUT POINT XENO.P[DLACE INPUT STEP•007i;lf 
LENGTH H •ITH NEW COMPUTE� STEPLENtilH, 007i71 

50 H•HSV 
X•Z 
00 52 K•ltNN 

52 YlK)aW(Kl 

C2.10 

0074A\' 
001.;q1, 
007�nG 
007�10 
oo7c:Po 
O O 7< 3i 

•( 

.,..,,_, 



C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

C 

C 

C 

C 
C 

c 
C 
C 

C 

C 

C 

RETIJRN . 

REQUIRED Accu~ACY NOT 081iiNtO, 

60 COFc,S•S 
IF (ABS(COF),GE,ZMIN) AO TO R(I 
lF !ITEST ,EO,Ol GO TO 84 

-'"!'~ 
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JTESTci,CONTihUE WlTH cOh<TANT STEPLENGTH EOUAL HM!N, 

S:;zHlN 
IF (HSV.Ll.O,l 
lF (ISWH,EQ,IJ 
GO TO 2 

DO CALCULATIOhS RELATED T~ H•tVING nF STEPLENGTH, 

80 00 82 K=l,NN 
82 W(Kl=YZ(Kl 

zuz-s 
SACOF 
IS\IH"O 
GO TO 2 

007-s•n 
007c;50 
oo7i:t,(l 
007o7C 
oo7i:A~ 
001.,qo 
007~0(i 
007,-H 
007,.?0 
007,-3(! 
007~40 
001,.so 
001,..-.0 
007~7Q 
007,.flO 
007i.<ln 
007100 
0077ltl 
007120 
00713U 
007140 
001;sc 
0077t,O 
007770 
C07'780 

JTEST=o AhO ABS(S!.LT,HMl~.PR!NT EANQR MESSAGE,SET OK~.FALSE • AhD oo7i9o 
RETURN TO C~LLING PROGRA~. 007r,~O 

Ol!7pl0 
007p2~ 
001,;:w 
007p40 
007?50 
007p6J 
001,;1u 
oo7~Ao 

84 PRINT 88 • !TEST, S • Z~iN, Z 
OK:r,FALSE, 
GO TO 50 

86 PRINT 90, N 
STOP 

88 FORMAT(//t5X,3lt''""' SUR11C!JT!Ne f'ERSON ERROt1 .... ,2X,8HJTEST = .r2. 007p 1!(1 
12X,4HH: 1El2.s,zx.7HH,..l~: ,El2.S,?X,4HX = ,t!2.S,//) 007~00 

90 FORHAT(//o5X,3l~oo• SU~DCl,TIH~ V[RSU~ ERROR ••oo4H N~,I••i••~SHGROOl<;lD 
lEATER THAN THE MAXIMUM NL~BEP OF EWUATJONS PEAMITTED • 1//l co7i;2~ 

C!l7,;3o 
007<;40 
oo7i;Sn 
C07~6l> 
007,;70 
C07G80 
001;.90 
ooa,ioo 

END 

SUBROUTINE JUl'P I TJ ~E, T JUll;i, SJ!IMP l 

SUBROUTI~E TO C0HPU1£ TEMP A~D SAL JUHPS BELOW 

COMMON/JU~P/51,SECEND,GR!~ . ooa.;10 
COHMON/~ML/ZH,ZL,TS,US,SS.ES,M,TTl•TTOLD,JOLO,TOLD,Srco,\1,Sl,Zl' 008~20 

C08i;3U 
008,i40 
ooa;;so 
ooaiit-o 
oosri10 
OO!ln81l 
OOfln90 
ooeioo 
008110 
008120 
ooRi3o 
oolli"O 

TB•TTl+(Tl-TTll•<TIHE•STl1<SECE~o-STJ 
T~~TTOLO•ITOLC•TTOLOl*(TI11E•STl/(S£CENO•STl 
TDASH=(TA•TB)/GRJD 
TJUMP=Ts-Te•TCASH*(ZL-~11 

SDASH=tSOLO·SJl/GRlD 
SJUMP=ss•S!•SDASH*(ZL-Zll 

RETURN 
ENO 

C2. ll 

008150 



SURROUT INE TUl,U ( !COUNT I 
C 
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C sU8ROUT!NE TO co�PuTE FLU�ES F?OM MET DATA 
C 

C 

REAL L,K 
COMMON/FLUX/H,HLFx,w,A••�•,Ux,T!NT•U•AT•RH,84,R5 
COHM0N/\o/ML/0Ut'l,DIJM2,WT 
OATA HL,P•CP,Q,K/2445,,IOiJ,?S•!OlC,,Q,61,,41/ 
DATA ZLOIO,O/,JOG/0/ 

tFllCOUNT,NE,11 GO TO 15 
IF(JOG,EO,ll GO TO 15 
JOG=l 
REAO<l,10) z3,z,,CHWNlo,C�W31'X,CO•��,ZLHAX 

10 FORH�T(6fl0,31 
Il'"!EOF(l)I 11,12 

11 SToPi EDF IN TAPEl-OETECiED JN SI� T1JR8i 
C COl'PUTE ROUr,H�ESS LENGTnS 

12 CON!Oso,0013 
Z0:10,C/(EXP(K/(SQR(rCnNl�I)))" 
ZS■lO,O/(EXP(K•K/(CHWNJO•jLOr(lO,/Z�llll 
Gl.,ALOG(l0,/201 

·-

G2=ALOG!10,IZSI 
GJ,,ALOG(23/ZSI 
G5:ALOG IZ3/ZOl 
G6,.AL0G(Z4/ZO) 

C INITIALISE crEFFICIE"'lS 

C 

CONlD=o,001 
CON4•CONIO•(G!•Gl)/(G6•G�i 
CON3=Co�lO•(G\OGll/(G5oGSi 
CHWN■CHWN!Q•(Gl*G2)/(Gm0 G1\ 
C04=CON4 
C0J=CDN3 
CH,1:CHWN 

15 CONTINUE 
C 
C 'o IND SPEEo AT 2�:o LEvEL 

U3=U*G5/G6 
C �ElHRAL 101" nRAG COEff • 

If(U,Lt,5,) CCNI0■,001 
lf!U,GT,5,1 CCNIO■(l,•J,o.i,70111-5,1111000, 
C0N4•CONIO•!G!•Gl)/(G6�GAJ 
CON3=CON1 O• (G l <>G l I/! G5°'t;� l 

C Hl'OSPHERtC !1E:IISTTY 
D=i,294•2l3,/!AT•273,1 

C PARTIAL WATF.0 VAPOUR P�cSSURE 
Tl�l,•373.16/(AT•273.I 
T2:1.-373,16/(WT•273,l 
ES!=SATVP(Tll 
El=IRHoESl)/loO. 
ES2=SATVP(T21 

C SPECIFIC .flUl'tDIT'I' 
0"0, 662/P*El 

C VIRTUAL AtR TE,.,PERATURE 
,v .. (AT•273,1•1l.•0,6l•a) 

C 

C FLUX COMPUTAiiON/ITEAATION 

C 

NCDUNT:l 
GO TO 30 

25 CONT !NUE 

IF( (ASS( <2L-ZL0l I I ,LT-�.o:ii Gt\ To 50 
ZLo=ZL 
NCQUNT:rJCOUNT • l 
tF(NCOuNT,GE,15) STOP •TC� HA�Y ITE�ATIONS IN SR TUR8� 

C �ECOHPUTE TRANSFER COEFFICIENTS 

C 

C 

C 

ZL.,Z4/L 
P4cPSIM(Zll 
C:SORT(COt.41 
C04=CUN4/(l,•CON4*!P4<>p4.�,•�•P4/Cll!K•Kll 

ZL .. 23/L 
Pl=PSIH(ZLI 
P2,.PSIHW(2l) 
C:SORTtCOt.Jl 
CHW=CHWtl/(l,•CHillM•!Pl"P2•1<"P2/C•K•Pl•c/CH\o/Nl/(K•KII 

30 H=CHWoo•CP•IJ3•(�T-ATI 
Wt:CH�•o<>U3•o.�62/P•!ES?-E1) 
S•CD4•o•u•u 

C2.12 

0 OR i l>O 
C OA 170 
OOlliAO 
ooaicio 
o nA ;oo 
000;10
onA;?o
ona;J11
0 08:i4�
C OA:iSn
0 08:;it,�
OOA;7(,
008:iAU
000;qo
ooeiou
008�10
o oe-i,n
OOB-i30 
0 08-i40 
ooeisu 
coa.;M, 
008i7U 
o oa,110
ooaicio
coei;oo 
008410
ooa;;,n
ooa;;:iu
0 08440
onei;SQ
0084t,U
008470
o oei;Ao
ooa;;cio
OOSc:OQ
008�10
0 08c:?.0
0 08�30
ooai•�
ooai:so
OOB�f,,O
o oei: 10
OOBc:80
OOSc:90
0 08�00
one� 10
008�20
008�30
O 0.8�40
008�50
o·osft.0
o oe;. 10
o oa;.AO
C08i-'IO
ooe,oc
ooe,10
008720
O 0813Q
0 08740
ooe,so
0 08760
008770

ooe:;eo 
o 087'lll
ooa,ioo
008.iU
008plHI
008JiJQ
008p4�
008.i5b
OOA,iM
one.in
ooe,;110
OOBoCIO
0 OBqOf 
0 OBq 10 
ooa�lij
OOBq)�
008q4U
O OB�S� 
ona�M
008�7� 

-,~::........ 
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C 
C FRI(;.Tl_O~ vELl"ClT'I' 

·ux:SJRT(S/D) ~· 
C ~.0,LENGTH 

C 

C 

C 

C 
C 
C 

•S L••O•Ux•Ui•UX•TV/(KOGO(H/rP+Q,61•(AT•273,l•Wl) 
ZL•Z3/L 
GO TO 25 

SO CONTINUE 

lflZL,GT,ZLl'AX) GO TO ti~ 
H=CH~3MX 9 C9 CP•U3°(WT-AT} 
W•CH•JMXoCoU 3• 0, 667.if'" ( f:S ?•E 1 l 
S=cO~~X 0 0•U 0 U 

115 ~ONT!N!IE 
HLF'X•W•HL•looo, 
UX=SCRT (S/Ol 

RETURN 
e:~io 

FUNCTION SATVF{T} 
C COl'PLTES SIITll<:AiiON \/APOlJil PRESSURE !NI-Ill 

C 
C 
C 

C 
C 

C 

C 

C 

C 

C 
C 
C 

C 
C 

C 

C 

C 

C 

SATVP~lol3,2S•EXP1To(l3,3185+T-{•l,47eO•T•l•0,6445-l,299oT)))l 
RETURN 
END 

FUNCTION PSIMIZLl 
REAL K 
DATA K,A,PI;n,41,s.o,3,l~iS927/ 

IFCZL,LT,0,I GO TO 10 
IrlZL,GT,0,l GO TO 20 

PSil'=O, 
GO TO 30 

10 X=ll,•J6, 1 ZLl* 0 0,25 
PS!H:2,+ALOG((l,+XJ/2,l•AL0G(!l,+1•11/2,)•2••AiAN(X)•ji/2, 
GO TO 30 

20 lf(ZL,GT,O,SJ GO TO 21 
PSpt••AOZL 
GO TO 25 

21 If!ZL,GT,10,l GC TO 22 
PSrH=O,S/(ZL*2Ll-4,25/7-L•7,0oALOG!ZLl-0,852 
GO TO 25 

22 PStM•ALOG!ZLl•0,7& 0 ZL•t2,~q3 
25 COrlllNUE 

30 RETURN 
END 

FUNC1ION PSIH~(ZL) 
ROL K 
DATA K,A,PI/0,4l,5,0,3,14j5927/ 

If (ZL,LT,0, ! GO TO 10 
!F!ZL,GT.O,l GO TO 20 

PSIH'•=o, 
GO TO 30 

10 x=11,-i6,•zL1• 0 0.2s 
PS!Hw=2.•ALOGlll,•X•XJ12,1 
GO TO 30 

20 If!ZL,GT,0,5) GO TO 21 
PSll-<"•A•ZL 

· GO TO 25 
21 IF!ZL,GT,lo,> GC T0.22 

PSIM•0,5/lzL•2Ll-4,25/7L•7,0•ALOG!ZLl•0,852 
GO TO 25 

22 PStM=ILOG(ZLl•0,76~ZL•t2,i93 
25 PSIH•=PS!M 

30 RETURN 
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