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I

FROST

Despite the fact that Hong Kong is situated within the tropics,
the occurrence of frost in the Colony is by no means a rare event, al-
though it is definitely a news-worthy onc. However, the frost reported
by local newspapers invariably refers to visible hoar frost and not to
invisible ground frost.

The following discussion on frost is sub-divided into two sections:-

(A) hoar frost
and (B) ground frost

(A) HOAR FROST

Hoar frost is a crystalline icy deposit formed by the process of
sublimation, i.e. the direct transformation of water vapour into ice with-
out going through the intermediate stages of liquefactions It generally
assumes the shape of scales, ncedles, feathers or fans and can form only when
the surface temperature of objects in contact with the air falls below the
frost point. The frost point is the lowest temperature to which moist air
must be cooled in order that it shall be saturated with respect to ice at
its existing pressure, and it is always below O C. 1In fact, hoar frost is
produced in the same manner and under the same circumstances as the more
familiar deposit known as dew, except that the tcmperature of the surface
on which it forms is below O C. ‘

Fourteen reports (mainly from newspapers) of hoar frost during the
20=year period 1949-1968 are summarized in Table I, together with the
associated meteorological conditions at the Royal Observatory. However,
it is probable that frost occurred during the period without being re-
ported and so the total of 14 reports in 20 years is likely to be an
underestimate of the actual frequency of occurrence.

From Table I, one can generalize that the following conditions are
favourable for the occurrence of hoar frost in Hong Kong:-

(1) Location

Hoar frost usually occurs in the New Territories,
especially on high ground, and seldom on Hong Kong Island.

(2) Season

Hoar frost, essentially o winter phenomenon in Hong Kong,
has been reported only in January and February.

(3) Cloud and Rainfall

Usually no rain occurs at the Royal Observatory on
occasions when frost is reported. However, the state of
sky may vary from clear to overcast.

(4) wind

Winds are usually from the north to northeast, and are
light to moderate in strength.

(5) Temperature and Humidity

Apart from 2 doubtful occasions on 5th and 6th Jan., 1956,
frost has never been reported on a day when the minimum air
temperatgre at the Royal Observatory on the same morning was
above 10°C. These two reports have been omitted in Table II,
which shows the frequency of occurrence of frost under various
humidity conditions whenothe minimum temperature at the Royal
Observatory was below 10 C during the 20-year period 1949-1963.
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The table indicales that:-

(i) When the temperaturc at the Royal Obscrvatory dropped below
7°C, then frost occurred § times out of a possible 37, dbut
when the temperature fell below MOC then frost occurred 3
times out of a possible 4,

(ii) Relative humidity appears to be less significant in dictating
the formation of hoar frost although frost occurred twice as
frequently when the mean relative humidity was less than 50%.

(iii) Yhen the minimum temperature was below 600 and the mean rela-
tive humidity was below 50%, then frost occurred on L out of
the 7 recorded occasions.

(B) GROUND -FROST

Frost is an economic hazard to fruit and vegetable growers in Hong
Kong where the winter is usually relatively mild. The critical temperature
varies not only with the different types of plants but also with
a specific plant depending on its stage of growth, water content, ctc.

Since injury to the tissues of plants 1s not normally caused until
the temperature has fallen appreciably below 0% C, a ‘ground frost' used to
be regarded as having occurred only when the reading of a thermometer, placed
with its buldb just touching the tips of short grass, (i.e. the grass minimum
temperature), had fallen to —0.900. This definition of ground frost was
adopted by the British Meteorological Office from 1906 to 1960. iith effect
from 1st Jan., 1961, however, the t?ﬁT tground frost!' was redefined as a
grass minimum temperature below O °c

During the 10-year period from 1959 to 1968 the grass temperature at
the Royal Observatory fell to zero or below on only three occasions:=~

(1) o° .Gy on 10th Jan., 1963,
(2) -1. 300, on 17th Jan., 1967,
(3) -0.2°C, on 15th Feb., 1968,

The frequency of occurrence of ground frost over the New Territories
should be much higher since it is usually colder there, Unfortunately, there
was no direct measurement of ground temperatures in the New Territories until
June, 1969 when grass minimum temperatures were first measured daily at an
experimental farm of the Agriculture and Fisheries Department at Ta Kwu Ling.

Due to the lack of direct observations of ground frost, one cannot
carry out an examination of past weather conditions in order to formulate any
forecasting tool. However, an indirect method for forecasting ground frost
is proposed, as follows:-~

(1) Forecast the minimum air temperature, Tpi,, expected at the
Royal Observatory,

(2) Forecast the mean cloud cover, m, between midnight and
7 Adle,

(3) With Tmin and m, forecast the grass minimum temperature,
Gmin» expected at the Royal Observatory, A method for
doing this is presented in Section II.

(4) 1f Gmin is expected to be below ireezing, then ground
frost i1s forecast to occur at the Royal Observatory and
in the New Territories. If Gpin is just above freezing,
then ground frost is likely to occur anywhere in the
Colony where the over-night minimum temperature will be
lower than that at the Royal Observatory by at least
(Tmin = Gpin) degrees. The variation of air temperature
over the Colony is given by Sham(2) and Fig. I which
shows the minimum air temperatures recorded at various
places on the morning of S5th Feb., 1969, presents an in-
dication of such variation.



It must be stressed that the occurrence of frost can be very localized
as nocturnal ground cooling is very dependent on exposure. Sheltered valleys
can be much colder than exposed ground because c¢old air there, being relative-
ly heavy, forms a stagnant pool and is cooled continuously, being unaffected
by the light winds above. Hence, a knowledge of local conditions is essential
for the forecast of frost in a »articular locality.

0f equal importance is the nature of the surface of the ground. Gloyne(s)
has found that the night temperature on different surfaces but with the same
weather conditions decreases in the following order:-

long grass
short grass
bare soil

The effect of the nature of the surface of the ground on nocturnal cool-
ing will be further discussed in Section VII.
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IT., FORECAST OF GRASS MINIMUM TEMPERATURE

During the night, heat is lost from the ground in the form of
long-wave radiation, but this loss will be reduced if there is water
vapour or cloud in the atmosphere, since both absorb the outgoing
radiation from the ground, are heated, and, in turn, emit radiation
in all directions part of which returns to the ground. However, water
vapour is transparent to certain wave-lengths of the earth's radiation
and this means that whatever the humidity, nocturnal cooling of the
ground can still take place provided that the downward radiation from (4)
clouds is less than the upward radiation from the earth., In fact, Byers
has stated that the night-time cooling of the ground is modified more
by cloudiness than by any other factor.

Tables IIT and IV have been preparcd to assist in the forecast
of the temperature (Tmin- Gmin)‘

Table III gives the difference as a function of the mean cloud
coverage, m, between midnight and 7 a.m. and in Table IV the mean
differences are tabulated in relation to the mean wind speed between
midnight and 7 a.m. Both tables have been prepared from observations
made at the Royal Observatory during the 10-year veriod 1959 - 1968,

Table IV shows that, with the exception of overcast conditions,
the difference is usually greater in calm or light winds. This is
because wind causes mixing and so the drop in temperature is spread
through a thicker layer of air.

The relative frequency of the mean cloud amount from midnight to
7 aems for the months of January, February and December during the period
1959 to 1968 is given in Table V.
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UIIND F 0-2 (0O-6 Knots) | F 3 (7~10 Knots) 12F 4 (2 11 Knots)
STENGTH
CIOm NO. OF MEAN NO. OF MEAN NO. OF|  MEAN
AMOULT cases | "min” Cmin| casms |Tmin~Cmin | cases |Tmin-Smin
°c °c °c

I 39 5.0 13 4,5 6 3.8
0/8<m {1/8 71 5.8 25 ko7 12 4,1
1/8<m §2/8 26 b, 12 L.s 4 2.4
2/6{m¥§3/8 16 4.6 17 4.0 2 k.9
3/8{ m&4/8 24 3.8 1 3.b 5 3.2
L/8¢m{5/8 26 3.6 6 3.0 2 3.0

-
5/8<n{6/8 31 3¢5 20 249 10 1.7
6/8¢{m £7/8 83 2.2 56 241 28 1.6
7/8m £8/8 98 0.8 kg 1 27 141
| ; , :

Table IVe (Tpin= Gpin ) IN RELATION TO CLOUD AMOUNT

AND WIMD STRENGTH.
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ITI. RIMB

The International Cloud Atlas(S) Gefines rime as Ma
deposit of ice, composed of grains more or less separated by
trapped air, sometimes adorned with crystalline branches. Rime
is produced by the rapid freezing of supercooled, very small
water droplets; it sometimes grows to thick layers. Near the
ground, rime is deposited on objects, mainly on the side exposed
to the wind and mostly on points and edges, by the frecezing of
supercooled fog droplets or (in mountainous regions) of super-
cooled cloud droplets''s If the process persists, rime may grow
out to an inch or more to the windward side of exposed objects
but the deposit is usually so delicate that it can be dislodged
by- a slight shake.

A necessary condition for rime formation is the
ogourrence of wet fog or drizzle with the air temperature below
0°C.

So far, the Royal Obsaervatory has received two authen-
ticated rime reports:-

(1) Rime was reported at 12, Mt. Kellet Road
Hong Kong Island on 23»d Mar., 1963. ‘‘hen
the Royal Observatory personnel arrived
at 10.15 a.m. the site was enshrouded in
low stratus (hill fog) and some rime was
still visible in the garden.,

(2) Rime persisted near the top of Tai Mo Shan
for two comsecutive days from 4th to 5th
Feb., 1969 when the minimum air temperature
there was =3.5 C and =5.,0C respectively
and the site vms in cloud. The photographs
in Fig. II and Fige. ITI were taken around
noon on the 4th.,

V. ICE

During the winter months, ice sometimes forms in pools
or fish ponds, while buckets of water left out of doors over-
night become covered with a layer of ice by the next morning.

Reports of ice and the associated weather conditions
at the Royal Observatory during the years 1948 to 1968 are
summarized in Table VI.

The table indicates that ice was often associated with
temperatures at the Royal Observatory below 7 degrees and low
humidity conditions, and the mean dew point from midnight to 7 a.m.
was generally less than 4 C.

Although ice will form when water is exposed to air whose
temperature is below O C, this is not a necessary condition for
Hong Kong. When the air temperature falls to near freezing in
winter, additional cooling due to evaporation can be sufficient to
cause the formation of ice.

On 16th Jan., 1967 ice formed in the e¢vaporation pans at
'King's Park Meteorological Station. The following records from
that station illustrate the importance of evaporation cooling:-

Minimum air temperature 3.720
Minimum wet bulb temperaturc - 0.6 °C
Period when wet bulb temperature

was below freezing 6.30-9.20 a.m.
Grass minimum temperature 141 C

Minimum evaporation pan water o
temperature ~0.3°C
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Va SLEET AND

SNOW

Table VII

Decembey 4,600 metres.

metres.

The Royal Observatory has so far received three authenticated
reports of sleet or snow, particulars of each occasion are given in

L]

The mean frcezing level for February is 4,330 metres and for
Thus the freezing lcvels on the days when sleet
or snow was observed were lower than the average height by at least 800

occurrence of sleet or snow.

However, lower freezing levels have been observed without the

\l
s [FREEZING
AT* RSY’ AL' LEVEL AT REMARKS
v m "
DATE TIME PHENOMENON | TOCATION | o e i mopy 8 a.m,
(OC) (metres)
CAPE TEMPERATURE AT 10.30
2 Feb 1967]10.30 a.me| SNOW COLLTINSON 749 3,480 /. olte AT CAPE COLLINSON
TRAINING METEOROLOGICAL STATION
CENTRE WHICH IS ABOUT 1,400
METRES FROM THE TRAIN-
ING CENTRE vAS 8.8°C.
AMOUNT VERY SLIGHT.
- VERY NEAR TOP ATIR TEMPERATURE NEAR
13 Dec 1967 g‘fg R m SLIGHT OF TAI MO 10.8 31060 TOP OF TAI MO SHAN AT
eV Belle | anOW SHAN 8,00 ..M. "AS Lk.4°C.
3 680 LASTED FOR ABOUT HALF
! ! 2., SNOV MELTED
AROUND MIDITIGHT NEAR TOP (12 FEB) gf“ gggﬂmg G};omm.b
BET"TEN Z%‘B 12 & 13 SLEET (S)gA'IgAI MO| 11.0 3,150 \TR TEMPERATURE NEAR
1968 (13 FEB)| TOP OF TAI MO SHAN AT
2 AQM. ‘T!AS 506 C.
Table VII. SNOW OR SLEET AND ASSOCTIATED WEATHER CONDITIONS




FATALITIES DUE TO COLD WEATHER

or drug addicts.

Cold spells that strike the Colony have been rcported to cause
the deaths of some unfortunate people, mainly the aged, the very young

reports during the years 1948 - 1960,

Table VIII has becen compiled solely from newspaper

- or——

- MIM. TEMP
mz v i A TION
DA NUMBER OF PEOPLE IOCATION AT R.O. (6C)
26 Jan 194C| 10 persons died including Not stated 3.8
a 55-year old beggar Sai Yeung Choi Ste, Kln.
7 =8 3 beggars died, aged 35, 40 Kowloon Walled City 6.k
Jan 1956} & 45 5.7
11 Jan 1956| 2 bodies found (a) Circular Pathway 8.3
(b) Yuen Chau Tsai, Tai Po
1 person died Pokfulam Road
6 Feb 19571 A 60=-year old dicd Bonham St., Past 7.2
10 - 11 (a) 6 died, all suspected to [Kowloon Walled City 3.8
Feb 1957 be drug addicts
(b) A 3-year child died Pok Fu Lam 2h
11 Jan 1959{ More than 20 people, including|mostly in Kowloon 5¢8
2 children, died.

Table VIII.

REPORTS OF DFATHS DUE TO I10W TIMPERATURLS

Poultry and pond fish have also been reported to have been killed

in cold spells.

Table IX is a summary of such occurrcnces, details of which
have been obtained mainly from newspaper reports during the period 1948-1968.

This table indicates that farmers should be cspecially on guard during the

month of January.

TYPE OF POND FISH, POULTRY e ) MIN. TEMP, |

DATE OR LIVESTOCK AFFECTED LOCATION AT R.0. (50|
8 Jan 1956 | Chickens and ducks Farms in New Territorics 5.7
& -1 (a) Pond fish, mainly mud Yuen Long and 5¢7
Jan 1956 carp and mullet Castle Peak 3.9
(b) Ducks Tsuen Jan 5.8
(c) A litter of pigs and a Tsuen ¥an 8.3

pig weighing 10-20 catties

16 =17 { Chickens Farms in New Territories 7.5
Jan 1958 73
16 Jan 1967 | 100 piculs of edible gold fish Mew Territories k.6

and common caryp

Table IX.

10SS OF POULTRY,

POND FISH AND LIVESTCCK
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VII. THEORETICAL NOCTURNAL COOLING OF THID GRCUND

Numerous methods have been devised for calculating minimum
tcmperature on a purely theoretical basis, Results are generally
unsatisfactory, especially in hilly country or ncar an irregular
coast line. However, the process of calculation does illustrate
the importance of the various factors involved. At night, the
following processes transport heat vertically through the earth's

surfaces~
FN = net flux of terrestrial radiation
OL = transport of heat by turbulence in the air (turbulent diffusion)
W "= latent heat transfer due to evaporation, condensation or sublimation
C = heat conducted within the soil to or from the eartht's surface
Since the net heat transfer across a surface of zero thickness is zero,
we have
Fy 4+ W 4 C 2 0 mmmmmm e (1)
Assuming:

(a) W = 0 i.e. neglipgible condensation, evaporation or sublimation,

(b)FN =FN1 i.e. the net flux of terrestrial radiation remains conssant
throughout the night at the sunset value of FN1

(¢) the initial temperaturc distribution in the soil is isothermal
(i.e. it does not vary with depth)

(d) no change in air mass,

Philips (S)has derived a solution for equation (1), as follows:-

T, -T = == __Fm R (2)
i RCq JK; + BC, K
where T1 = initial temperature of soil
T = temperature of soil at time t after sunset
?1 = density of soil
C1 = specific heat of soil
K1 = specific conductivity of soil

(or thermal diffusivity of soil)

P = air density

C_ = specific heat of air at constant mressure
K = coefficient of eddy diffusivity, assumed
to be constant with height.

By means of equation (2) one can obtain the nocturnal fall in tempera-
ture of any type of surface.
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Effect of Variation of Different Parameters on Nocturnal Cooling

(a) Terrastrial Radiation

(i) temperature and humidity

By statistical methods, Brunt(7) has developed the
following formula for FN:

Fy, A G TP 1o U — (3)
where § = Stefan-Boltzmann constant
a = OoLI'LI'
b = 0008
e = surface vapour pressure in mb

Substituting this into equation (2) we can see that the
nocturnal cooling of the ground will be greater if the initial
ground temperature is high or if the air is dry.

(ii) cloud cover

The net flux F_, 4 at the earth's surface under overcast
conditions may be exp&lessed in terms of the clear sky value
FN1 as follows:~

I ()

Angstrom( & and Asklof (9) have shown that the scale factor A
depends on the height of the cloud base, as shown in Table X :

CLOUD BASE (Km)| 1.5 3 ! 7

SCALLE FACTOR A | 0,14 | 0.25| 0.80

Table X. SCALE FACTOR A

For a cloud cover of m oktas, the net flux at the earth's
surface FN’l" is related to the clear sky value by the following
equation:-

; M1 8 N
FN’l =-—-8—-=( -m4 MA) =—ccmcceewe- (5)

BEquation (5) indicates that since cloud inhibits cooling,

ground temperatures will fall lower on clear nights or on nights
with high clouds only.

(b) Nature of the ground

The term P.C ,[I—( is known as the soil product and is denoted
by s. Some typical values of the soil product are as follows:-
-1 e

Joule m 2 deg = sec

dry sand ....l‘......".....‘l...."... 1.89x10-:

-8

dry sandy 501l eeceeccscsccsscsscssans 247 %10
clay 1and sesecssessccsacessasansssnss 3o41%x10
sandy clay (15% moisture) sevecscesces 6.34x10-8
wet Marshy S0il ceeeessoscscossesocees 6.41x10-8
Still WALEr seevsesscssncncccrssrsases 6.68x‘10'8
wet 8andy SOil ceeesecsssssnsscssscsen 6.69x10—8
organic SOil seeecesccssesacsoroessose 6.69x10-8
CONCTCEE sorenvecsssnssssesossonsssnns 9.7Ox10_8

turbulent wAter sesecsscsscessrvctcscs 2.91)(10-7
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Since T1-T is inverscly proportional to s, surfaces with high
s values will have smaller nocturnal drop in temperaturcs. This ex-
plains why the sea surface temperature does not fall appreciably at
night.

Atmospheric conditions

The coefficient of eddy diffusivity K incrcases (not necessarily
linearly) with the wind spced and the instability of the atmosphere, so
that nocturnal cooling will be gresrter under calm stable conditions.

Table XI lists the nocturnal cooling of the ground, as computed
from equation (2), under various conditions and it shows that the
following conditions favour a bigger drop in ground temperatures:-

(a) clear skies, or only high cloud,

(b) low vapour pressure, i.c. low humidity,
(¢) higher initial surface temperature,

(d) light winds, stable conditions,

(e) low 's' value c.g. light dry soil.,

As can be seen, the e¢ffects of (b) «nd (¢) above are less
significant than the other factors. Becausec of the various assump-
tions made in deriving cquation (2), the falls of temperature listed
in Table XI can serve only as a gulde for comparison of nocturnal
cooling although their order of magnitude is correct. 1In particular,
it must be noted that assumption (d), which imposes a condition of no
change of air mass, is seldom true for Hong Kong because of the effects
of returning land breeze at night or because of the advection of cooler
air from the north when the winter monsoon intensifies.
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