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Abstract: After a brief history of the frost service,
the relationship between expected minimum temperature
and frost risk is discussed. -

The appropriate physical and statistical aspects of the
problem are considered so that the determining variates
used in multiple regression will have a sound theoretical
basis. ' :

The regressions, using information available at 1800 .
Central Standard Time explain about 70 per cent of the
variation in minimum temperature. This result is-
superior to that obtained from subjective techniques,

The absence of suitable measurements of soil-moisture
and of radiation appear to be the chief obstacles to
a more complete solution of this problem.

l. INTRODUCTION

The Adelaide Bureau of Meteorology has issued frost risk
forecasts to the Barossa Valley since 1948, These forecasts
commence about 1 September and continue to about 15 November.

A brief outline of the frost forecasting situation since
1948 will help to set this investigation in proper perspective.
From 1948 to 1954 frost risk forecasts were made subjectively from
synoptic considerations. The associated minimum temperature
estimates, which were not recorded, were in the nature of over-all
estimates for the area rather than forecasts for a particular site.
Then in 1952 0900 C.S.T. and 1500 C.S.T. synoptic weather reports
were commenced from the Nuriootpa Viticultural Station,which is
centrally located in the Barossa Valley. In 1955 the 1800 C.S.T.
synoptic report was started. This was phoned to the forecaster
immediately on completion, so that the information could be
considered before the forecast was given to the radio station at
1815 C.S.T. Also in 1955 subjective minimum temperature .forecasts
were initiated specifically for the Viticultural Station's Stevenson
screen and were subjectively related to the estimated frost risk.

&  Previously with South Australian Divisional Office, Bureau of
Meteorology.
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In 1956 and 1957 a simple linear regression became available
as an aid for estimation of the minimum temperature. This regression
used the temperature fall to the minimum from 1800 C.S.T. as the
dependent variate, and related this to the total amount of sky covered
‘by low and middle cloud at 1800 C.S.T., which was .the determining
variate. Additionally, the estimated minimum was assumed to have an
error distribution which was normal with mean zero and variance 16.
This gave a unique relationship between the probability of the
temperature falling to or below 34°F, and the forecast minimum
temperaturs,

The relationship between a minimum temperature of 34°F or
less in “he Stevenson screen at the Nuriootpa Viticultural Station and
frost occurrence in the Barossa Valley is complex. The value 34CF was
chosen because earlier records at the Viticultural Station indicated
an average difference of 2°F between Stevenson screen minima and
minima at vine height. The Stevenson screen is adequately sited, so
minima should be reasonably representatiye; nevertheless it is the
growers' responsibility to relate frost risk on their own blocks to
that estimated by the Bureau for the Viticultural Station. In this
investigation, these complications are ignored and minima of 34°F or
less are taken to be frost condition for the Barossa Valley. This
simplification permits the calculation of a unique frost risk from a
given forecast minimum if the error distribution of the forecast is
known. ’

It is of some interest to note that all of the eleven frosts
which occurred in 1956 and 1957 were associated with 'risk' forecasts,
but in 1955, only 3 out of the 6 frosts were forecast. If the
relationship between estimated minimum and frost risk based on the
above simplications had been used in 1955, the 3 frost nights on which
'no likelihood of frost! had been forecast would all have been 'risk!
forecasts. ' '

., At this stage it is evident that the following two objectives
should be attained: : :

{a) the overall error of the temperature forecast should be
minimised, ' B

., (b) Dbest estimates of the error distributfion of individual
temperature forecasts are required.

For this purpose the statistical model of multiple regression
was used. ' ' -

The 1800 C.S.T. synoptic report from the ViticulturallStaﬁion
is the source of the primary data. This observation is made by the
Officer in Charge. = All data available to the Adelaide Weather Bureau
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have been used as required to assess the meteorological "representat-
iveness' of the Nuriootpa 1800.C.S.T. report. If this report was
considered 'unrepresentative the night was deleted from the analysis,
This has resulted in the rejection of 30 per cent of the Nuriootpa
data from the 3 seasons 1955 to 1957,

The following criteria were used for re jections

:~5 (a). if the 1800 C.S.T. cloud amoun® was aJmostﬂcertéinLy
different by more than 2 octas from the estimated mean cloud
overnight, -

) (b)  if the 1800 C.S.T. cloud amount differed by -about 2 -
octas from the mean cloud amount, in conjunction with 5°F~of”
more difference between the 1800 C.S.T. and the -subsequent

0900 C.S.T. dew points, o S

(62 (e)  if the 1800 C.S,T. and the subsequent 0900 C.S.T.
dew points differed by 10°F or more, T ;

() (8) frontal passages giving definite changes in air mass.

The interpretation of these criteria was necessarily
subjective with respect to cloud amount because of the absence
- .of observations at Nuriootpa between 1800 G.S.T. and 0900 C.S.T.
The remaining 70 per cent of the data have not been modified,:
except to make transformations as comsidered necessary for the
statistical analysis, S e

A wide range of different techniques has been developed
for the purpose of forecasting minimum temperature, - Furthermore,
if two good methods are used in the same situation both together
are no better than either used singly. This circumstance is a
direct consequence of statistical dependence between meteorological
measurements. For example, if there is little change -in specific
humidity at a station there will be a close relationship between
temperature and relative humidity. The different methods arise
- from the different measurements or combinations of measurements
which can be used to cover the same basic information.

: Each site presents individual problems, which require-
separate investigation, and it is the task of the imvestigator to
judge which of the various alternatives is likely to give the best
performance, ' : T
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‘2. DISCUSSION OF THEORETICAL ASPECTS AND DATA

The minimum temperature prdblem has both physical and
statistical aspects. These will be discussed separately.

(a) Physical Aspects

The general physics of this problem is well known in its
broader features, which are all that need be considered here. The
cooling process may be represented by the following simple model.

Heat is lost from the ground surface by radiation, which
causes the temperature of the surface to fall. Because of the
ensuing temperature gradient, heat is transferred from the lower
layers of the ground to the surface. The net heat loss at the
surface is R' - G where R' is the net radiative heat loss and G
is the heat supplied by conduction from the lower layers of the
ground. Factors such as conduction through the air, evaporation,
transpirative heat transfer and the turbulent transfer of heat
from air to ground, are ignored. These approximations probably
are permissible in this problem, although turbulent heat transfer
can become appreciable if there are strong winds. Thus the
temperature fall at the earth's surface is essentially determined
by R' - G, the net heat loss, and the specific heat of the upper-
most layers of the ground. G is largely controlled by the magnitude
of R‘c

Tne next aspect is the cooling of the air. The heat
capacity of air, volume for volume, compared with the ground, is
smaller by a factor of the order of 2000, Hence the heat trans-
ferred from air to ground, H, although generally small compared
with R' or G, is one factor controlling the temperature fall of
the overlying air., The magnitude of H depends largely on the fall
in temperature at the earth's surface, and the degree of turbulent
mixing. This latter process tends to maintain adiabatic lapse
rates in the turbulent layer, thus causing larger temperature
differences between the surface and adjacent air than would other-
wise exist. In the Barossa Valley turbulent transfer of heat often
persists throughout the night because of a continuous supply of
gracitational energy from cold air drainage, and the extremely rough
surface. The degree of turbulent mixing also affects D, the effect-
ive depth of the air layer in which the heat loss H occurs.

Some secondary features of the situation may have apprec-
iable effects. The more important of these may be systematic
changes in vegetative cover, soil moisture and length of night, as
the frost season progresses. Another effect may be directional,
arising from cold air floods; the latent heat of condensation of
water vapour to dew may also have a significant effect.
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All the above factors, and doubtless others, contribute to
variation which occurs from night to night in minimum temperature.

(b) Statistical Aspects

{L(i) Multiple regression. This technique has the outstanding
advantage that precise estimates of the error of prediction are available,
However, since it is desired to use linear multiple regression, the '
determining variates must be transformed if necessary so that their
effect is linear. There is also the restriction thatame determining .
variate produces its effect independently of the others. This nay

be incorrect; for example, if two determining variates are specifying
net radiation and wind, it is not true that a given wind produces the
seme effect on temperature irrespective of the radiation current. To
overcome this limitation the product of the two determining variates is
used as an additional variate, which gives a linear approximation to the
joint relationship between them. Usually data must be free from
appreciable error and fairly extensive for these joint relationships

to be significant. ' ~

(iﬁﬁii) The determining variates. The main physical factors are
considered in turn. The initial temperature (T) at 1800 C.S.T. ranged
from 42° to 82°F in the sample of data derived from the three frost
seasons' 'representative' nights. It is obvious that considerable
variation in minimum temperature is associated with the initial temper-
ature. The 1800 C.S.T. Nuriootpa dry bulb temperature is used and
denoted by x3. This is usually representative and has negligible
instrumental error. The response should be approximately linear, if
the effect of dew deposition is not marked.

The net radiational heat loss (R') is known to be one of the
most important factors in the minimum temperature problem. A rough
estimate of the components of variation in the net radiation at 1800
C.S5.T. can be obtained using the following assumptions:-

The surface of the earth radiates as a black body at the
1800 C.S.T. temperature,

Water vapour completely transmits between 8.5 and 11 ;,
partially absorbs between 7 and 8.5 u and 11 and 14 p,
and absorbs completely elsewhere, This is Simpson's
simplification of the water-vapour spectrum,

With clear ckies the average fraction of total black
body radiation that escapes is 30 per cent.,

Cloud radiates as a black body at cloud=base temperature.

A cumulative energy curve is shown in Fig 1. This of course
follows Planck's Law. Superimposed on the curve is Simpson's simplif-
ied water vapour spectrum. Hence, variation in water vapour
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will only affect 27 per cent of the total black body radiation. The
16 per cent associated with the transparent band always remains
unaffected, and, on the average, 14 per cent of the 27 percent in the
partial absorption bands, is back radiated to the surface,

The square root of the mixing ratio in the lewest layers
is approximately proportional to the back radiation current, and its
coefficient of variation (S.D./ mean) is 0.14. Therefore the
coefficient of variation of the net radiation current affected by
fluctuations in water vapour is about 0.07. Hence this effect will
be proportional to (1 + £ (wv)) where £ (wv), a function of the water
vapour, is less than O.1l4 on approximately 95 per cent of all
occasions. ' ’

Variations in temperature at 1800 C.S.T. affect the total
black body radiation of the earth's surface according to Stefan's
fourth power law, The coefficient of variation of the absolute
temperature at 1800 C.S.T. is 0.014, thus the linear approximation
"to the fourthf power law will be close over the whole range, and the
coefficient of variation of the total black body radiation will be
about 0,06, So the net radiation with clear skies under varying
conditions of temperature and water vapour during the frost season
will be proportional to {1 + £ (wv)} {l + g (1)} where g (1), &
function of the temperature, is equal to k; x j and is less than 0.12
on approximately 95 per cent of all occasions. The value k, is a
constant, The product term (k7 x1 f (wv)) is neglected, and the
coefficient of variation of (1 + £ (wv) + ky xl) will be somewhat:
less than 0.15.

The situation is quite different with cloud. When cloud
amount has been weighted according to the difference in absolute
temperature between ground and cloud base, the coefficient of variation
is about 0.73. The final form of the net radiation will be proport-

ional to

(1 +f (uy) +)3 1) 43 + b (c)) , o

o 2 (v) + Xy oyl (L + () where h (c), a function of
cloud, ranges from about -1 to +1l. Thus it is quite evident that
cloud is by far the most important contributor to variation in the net
radiation current.

The function h (¢) is proportional to xp, which is obtained
from the 1800 C.S.T. Nuriootpa cloud observation using Fig 2.

The function f (wv) is proportional to x3, where x;3 is given
by 1000/ / RHZ and RH% is the relative humidity at Nuriootpa™ at 1800
C.S:T. This particular choice of x4 was based on German work
(Geiger 1950), which indicates that RH% gives a direct estimate of R!
independent of xj;. The transformation to 1000/ ,/ RH¥converts the
response to linearity. The nearest radiosonde station, Adelaide Airport,
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is about 50 miles SSW of Nuriootpa and gives observations which are

- nearly 12 hours old by 1800 C.S.T. The question whether this infor-
mation should have been used instead of the 1800 C.S.T. relative
humidity is an open one. It is essentially one where an unknown decay
of superior information must be balanced against immediate inferior
information. Fortunately the question is not vital since it is over-
shadowed by variation in cloud,

Both variates xp and x3 are subject to errors of unknown
magnitude, but there is little doubt that these errors, particularly
those of xp, are considerably larger than those of X]e

To complete the specification of R' additional yariates xj X3
and x x2 are required. Thus R!' is considered to be proportional to
the sum 1 + ky-x1 + kp xp + k3 %3 + k;, X X3 * kg Xp x3 where ky to ks
are constants. It is of interest to note that xy, already used to
specify T occurs again in the specification of R'. The effect on the
minimum will be in the opposite direction. The product variates
X] Xp and Xp X3 may not be significant due to error, chiefly in x5,

The effect of decreasing length of night will be approximated by a
product variate xyt where t is the time in days from some fixed date.

The heat supplied from the ground (G) requires the knowledge
of the density, specific heat, thermometric conductivity and temperature
gradient of the ground. None of these measurements are available.

The most relevant measurement is that of thermometric conduct-
ivity for this should exhibit high variability. Its value is sensitive
to variations in water content, which also affect density aad specific
heat. However the two latter properties are not affected to the same
extent. Further complications arise from changing vegetation.

The only meteorological measurement available is rainfall.
This falls short of what is required. An attempt to use cumulative
rainfall with a linear decay function in time was unsuccessful.

For estimating the heat transferred from air to ground (H),
and the effective depth of air through which heat loss occurs (D), the
factors available are the 1800 C.S.T. surface wind observation, and
the 2000 ft winds from Adelaide airport. The response to wind strength
is expected to be non-linear, and due to the topography (see Fig. 3),
asymmetrical with respect to both direction and speed.

An empirical approach was used. Residuals from regressions
which had taken out the effects of (T) and (R') were fitted, by using
the technique of Gram Schmidt Orthogonal Polynomials, to the following
forms of wind:-
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