THE CLIMATOLOGCY OF THE VINE (VITIS VINIFERA I.)
THE COOL LIMITS OF CULTIVATION

Bv ]. A. Prescorr!

[Read 8 April 1965 |

SUMMARY

An examination has been made of the temperature conditions at the poliu
limit ot the ewltivation of the grape vine Vitis cinifera L. in Euvope.  The
printipal limiting factors are the nwean temperature of the wirmest mmonthly
perir‘u.{1 swhich st he ju eacess of 66° ¥F. aud of the coldest monthly period
which must be i eacess of 309 F, These are associaled with periods of
approxiniately siv months doring which the meas mmnthly temperatore is o
exicess ol 507 F.

Where mean winter temperatures fill below 307 T, special precantions
must be {aken to protoct the vines,

The temperatnre charactoristivs have also been expressed in the hiannonie
Form ol gumual aaean, :un]]]itudv and ph{l'_-,ﬂ amd the vse of temperature snm-
mitions over the hase level of 507 1. s discussed.

Experience in Australin and California has bheen examined with reference
to the temperature Tinvits estublished abuve.

In an :'lftpeml.i\;, (he history aof {the: use of femperatore sommations i
agricaliural climatology is briefly reviewed.

I ann earlier commuuication (1947) it was demonstraled that the wave-
form analvsis of the annual temperature corve based on mean wonthly teni-
peratures could be applied o the search in Australia for the temperature honio-
climes of species of pines native to the Mediterrancan cnvironment.  Such a
method is particularly successtul when dealing with perennial species such as
Pinus radiate and Pinus canariensis which have a geographically restricted native
habital. The march ol temperature thronghout ﬁw year takes care of adapla-
bility 10 the summer heat and winter cold, Jeaving the guesion of moisture
relations for studies of greater refinement? In the case of a long established
cultivated perennial such as the grape vine (Vitis vinifera), the question is
complicated by the deciduous character of the plant and by the historical factors
involved in the spread of its cultivation from its place of origin in the Armeman
region, to all parts of the cvilised world, In most cases at some time or other.
the limits of cultivation have been advanced beyvond a reasonable range both
in the polar direction and equatorially, but the present polar limits in Eurnpe
at least have been stable for well over a century.

It is necessary, morcover. to take note of the introduction of species other
than V. vinifera to meet special circumstances, such as the use of “direct pro-
dncers”™ or hybrids of V. vinifera with various Amcrican species which bear
commercially useful grapes and which are tolevant of enld conditions and which
arc resistant to phylloxera. Such vines are the basis of the wine industries in

_____ 1 J'\-wl.c-mher of the Council of the Anstralinn Wine Research Tnstitnte.
2 See for exumple Johnstom (1964),

Trans, Roy, Soc, S, Aust. (1965), Vol. §9.
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CLIMATOLOCY OF THIC VINE N

the States of New York and Ohio in the United States and of the Proymee of
Ontario in Canada.  Such an hybrid, Brandi, of Canadian origin, has been used
tn extend the limit of cultivation to Britain, while the Asian species V. lanata
is grown commercially in Egvpt, particularly in the weighbourhood of the
Mediterrancan Sea.

The purpose of the present study is to examine the temperature conditions
which appear to have determined the polar limits of the eultivation of the vine
in Europe, to establish any generalisation which cmerges and to test this
veneralisalion against the newer experiences of Aunstealia and California

The present northern limits of the cultivation of the vine in FEurupe are
the result of a process of trial and ervor extending back first to the Roman
oceupation and later ta the spread of Christian establishments in northern
Kurope. In Britain at the time ol the Norman congquest, the Domesday Book
hias 38 references to vinevards.  An 18th century report from a physiocratic
I'rench source on the English counties mentions only Gloucestershire as having
vineyurds, These are recorded as having been recently abandoned in favour
ol apple orchaeds,  Generallv gpeaking. Gloucester, Somerset and Kent are
rcs.',arc}ed as the most favourable countics. In Cermany during the middle ages
the cultivation ol the vine was extended 1o Liibeck, Steltin, Danzig, Konigsherg
an<l Tilsit,  Muost of these northern vineyards were destroved, however, by the
harsh winter of 1437, In 1592 there were 92 vinevards in Berling areas which
snbsequently reverted o orchards,  Tn what is now Polish Silesia, the coltivation
ol the vine was introduced by Frankish and Flemish migrants and remained
unportant until the period of the 30 years™ war. The most famouy wine district
in the area is that based on Ziclona Gora { Grimberg), including arcas at Swie-
bidlzin and Sulechdw, The maost prosperons period s said 1o have heen be-
tween 1830 und 1890, when the arca planted reached L 400 hectares.  In Saxony
the most inportant area has been near Meissen and Hoflassnite, advantage being
tuken of the favourable climate of the valley of the Elbe, Tn the late 16th
cemtury, 6,000 hectares are said to have been cultivated m this ures, ot this
had deercased by the end of the 19th century to 526 hectares.  Forther g the
valley of the Elbe vineyards were established in Bohemia and these are enr-
rently represented by areas at Milnik and Litomerice.  The northern limils of
cultivation in Czechoslovakin, Hungary and Rumania are much tuether south
than in Germanv and there is no donbt that this limit is determined by the
colder winters,

Lo Russia, the limits have been set by experience gained in extending culti-
vation intn the Ukraine hevond the existing limits in central Europe. With
the oceapation of the Cemeu and its aonesation in 1783, a winemakmyg school
wiy established in that vedr at Sucitk on the coast and this was moved in 1612
to the neighbourhood of Yaltu, now one of the important centres in the Soviet
Union,  Vinevards were established in 1771 by the Germun settlers on the
Volga between Saratov and Tsuritsin { Volgagrad, Stalingrad) but these do nat
appear to have survived. although mentioned by correspondents of Alph. de
Candolle,  An important surviving areq extends along the banks of the Don.
Vines have been grown in Kiev in cardens, but no wine can be made.

The present northern limits of the cultivation of the vine in Europe wre
shown on the map of Fig, 1. These lhinits ace very similar to those shown on
a map by Leunis (1883) except that the Bussiun limit is shown on this eurlier
map as extending to the vorthern margin of the Caspian Sea. This map alsa
shiows the polae limits ot the cultivation of the olive as well as of a number
uf native tree species.  He also plotted two sets ot isotherms: isotheres or lines
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CLIMATOLOCY OF THE VINE 9

ol equal summer temperatures and isocheims or lines of equal winter tempera-
tures, Commenting on the interpretation of this map, Leunis remarks on the
complications associated with the problems invalved.

The map of Fig. 1 gives the locations of the temperature stations which
provide the most uscful available information associated with the limit of culti-
vation wnder discussion.  In addition, the isotherms of the coldest month ave
plotted as these obviously play a part in determining the limit.

For each of the stations listed and for others in the vicinity the temperature
characteristics of each station have been caleulated by wave-torm analysis, and
i each case a smooth curve has heen driwn from the values caleulated from the
first three harmonics.  From these curves has been cstimated the length of
season aver 307 F. and the accamulated “dav-degrees” aboye this limit, These
dala have been brought together in Talile 1,

It is now possible to sminmarise the duta in the form of mean annual tem-
peralure and of lemperature wnplitude.  This has been done in Fig. 2 where
temperature characteristics have been plotted against longilude across Europe,
as it is obvious that the degree of continentality of the temperature regime as
determined by Tongitude is more important than latitude in determining the
limit, The German climatologists have nbserved that a mean lemperature of
the warmest month of 20° (I, (68° F.) is the probable requirement together
with & mean temperature of the coldest month not below 0° C, (32° F.) with a
muean annnal temperature of at least 48° F,
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Fig. 2. Mustrating the relationship between temperature and longitnde along the northern
margin of the cultivation of the vine in Enrope.  W. Temperature of the warmest monthly
pericd.  The broken line is the caleulated regression of temperature on longitude over the
range 2°W to 16°TF. A, Mean annual temperature. C, Temperature ol the eoldest monthly
period,  Open vircles are for well-estahhshed stations well withiz the northern limits,
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In Fig. 2, the valeulated line of regression ol lemperature on longitnde las
heen plotted for the swarmest month over the range of longitnde 2°W, to 16°E.
There s no significant departure over this range trom a mean temperatore of
65:67 F. On the other hand, the meun temperature of the coldest month Falls
over this r:uth of longitude from 39° F. to about 30° F. At the lowest tem-
peratures and generally speuking further east at the Ukrainian winter tempera-
tures of about 23° F,, it is recognised that protection of the vine in winter is
vory necessary.  French ohservers regard an absolute minimum of — 157 C, to
—158° C. (say, 0° F. to 5° F.) as the ultimate lmit of danger i winter,

‘I'his northern limit of cultivation is reasonably continuons from the coust of
the Atlimtic to the vallev of the Rhine, but east of the Rhine the enltivation is
less continuous, edaphic factors of soil and slope being sought ag in the Rheingau,
the villeys of the Saale and Unstrut and of the Elbe, om dune sands in Silesia
undd on south-facing slopes at Tokaj in Hungary. The continnity is also inter-
rupted by the mountain ranges such as the Erzuebirge, the Riesengebirge and
the Carpathians, It will be noted that the eastern limit of this continuous cul-
tivation is determined by 0 mean temperature of the coldest month of 327 F.

Another temperatinre factor which hay heen considered to be of importance
is that controlling the period of vegetative growth. The nincleenth century
butanists agreed that for mast woody species, bud burst in Spring began when
the mean monthly temperature reached 107 C, (50° F.) and this temperature
limit Dhus been extensively used in many elimatie studies on the vine. TFrom
‘Tahle 1 it will be noted that over practically the whole range of Tongitude from
Chartres to Astrakhan, the pevied during which the temperature limit of 50° F.
is exceeded varies from approumately 505 10 6:0 months. 1o every case the
beginging of this season is in April and the end in October, mean dutes beinwg
21 April and 14 Oectober, a period of 5-8 months.

In order to provide some perspective the records of a number ot well-
estahlished areas south of the northern limit have been examined and these are
hronght together in Table 2 us well as being plotted 1n Fig. 2. The length of
seasan over 50° F.is in general between six and seven months and sumimer
tetiperatures about 37 to 47 F, higher than on the northern limit.

This northern limit of the cultivation of the vine is only valid for earh
voricties,  An historical experience in this connection is that ol Boussingault
(1837h), who recounts the establishment of a vineyard on the family estale in
Alsace in 1818, The viarieties first planted were those brom the region of Per-
signan, presumably Grenache, Carignan und similar varieties. These thrived.
mt the grupes did not ripen and the vineyard was veplanted in 1828 with early
varietics inclading Pinof, Sanuignon blune, Tokay, Biesling and Teamniner. 1L iy
of interest that the vintage was followed over a period of years and recnrded
quentitatively from 1833 ta 1836, Boussinguult records his opinion that the
temperature of the warmest month should be 4 or 5 degrees higher than thae
recorded probable mean of 64 F | lor the season to be favourahle in Alsace

[t has been pointed ont above that a temperature tactor which has heen
considered to be of great importance is that controlling the period of vegetative
growth,  This temperature ‘imit was cstablished for a number of species by
Alph. de Candolle (15558 and for the vine the limit was estublished at 107 C
(50° F.), and was used extensively by him and adepted by ehe American
wirkers Amerine and Winkler (19414, 1963) for deterrming the elimatic reginns
for the enltivation of wine grapes in California,
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12 J. A. PRESCOTT

Three examples have been selected from the range of stations in Table 1
so that a comparison mayv be made between the original use of this temperature
limit by de Candolle and the current use by the Californian workers,”

These examples are illustrated and explained in Fig. 3. De Candolle’s
rule (1855 loc. eit. p. 365) with respect to the limils of cultivation of the vine
may be quoted in [ull:

“The cenltivation of the vine, for the manufactnre of wine. can be under-
taken in Europe, on st_i_l;‘ycs with u favourable exposure, up to those localities
which provide a sum of 2,900 dayv-degrees ( Centigrade) from the day when the
mean temperature first reaches 10° C, until the day when the temperature
falls below 107 C. in the shade, provided that at the approach of maturity, the
numher of davs with rain does not exceed a dozen per month,”

De Candolle’s choice of 107 C, was made onlv after he had satished himself
that it was hetter than 87 C. or 9 C. He was. moreover, well aware that this
temperature surn could be modified by other factors, the chief of which he
recarded as the amount of solar radiation, but as he had no method of estimat-
ing this, he noted the effect of latitude in influencing the Tength of day in summer

L S - i e —— — ]

* 1or o Luller account of the history of the devdlopment of this concept, sce appoendix
page 20,

b A Three selected examples of temperatbure corves of localities on the northern limit of
the cultivation of the vine in Europe.  The curves are drawn from the caleulated values based
on the wuve-form analvsis of the origingl mean monthly temperatores following the equation:

W — iy iy E0SY < s 00a 2X 4 oy eos X
A4 by sink 4+ by sin 2x 4 by osin 3x
Feor the three localities the constants ol the equiatiom are:
with mid-donvary as 0, mid-Febrpary 300 ote,

Hy iy iy D4 h, b, h,
Nantes aze) -|2-h2 44 +u-12 - 77 - 1)-08 +0-133
Gersenhein Li: 85 =16+ 340 1= 00 +0-33 S LAY i) —10)-42 4017
Astraklisn WS-07 M-85 ={1-33 - ) — 167 165 ~ 182

Fur the first hannouic these correspond to the values:

Anmial menn _ Phase lag behul
tomperature: ! Amplituaile the sun
- F days
Nantes S22 14 -1 $0-4
Geigenhoim ' -2 163 24-4
Adtrakhat 4% -10b LN | 30.3

The shaded areas correspond 1o temperature summations, the whole area represents the
priginal summation recommended br de Candolle ( Centigrade ) and the npper area (Fahren-
heit ) that carrently (1963) adepted by Californian workers. These values are:

| day-degrees
! o

Califnrnia De Candolle

Nantes 1875 3034
acisenhoenn | 1786 2886

Astrakhan 3162 a5sdl
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i northern latitudes and he also made note as in the rule quoted above of the
number of days without rain. Black (1960) has rvecenlly caleulated values {or
solar radiation for northern Europe. The southern limit of Black’s values
coincides approximately with the northern limit of the cultivation of the vine
so that a re-appraasal may become possible in these terms.

It will be noted from Fig. 3 that de Candolle, although coufining hiy
summations to periods with mean temperatures in excess of 10° C., added the
actual temperatores in degrees centigrade so that a new base line of 07 C. was
estublished.  For regions, such us Madeira, where the mean temperature of all
months of the vear exceeds 109 C.., he refused to commit himself.

The Californian workers nsing the Fahrenheit scale bave measured tem-
peratures above the base line of 307 I und where this temperature is exceedid
throughout the vear an arbitrary selection of the time period has been made,
siav, April to October, althaugh it is recoanised that crop periods such as bud-
burst to ripeness, or [lowering tn ripeness fur each specihc varicty would he
more satisfactory.

Phenological observations are not sufficiently numerous to give more than
a weneral confirmatian of the soundness of the concepts emploved.

In the German regions of the Palatinate, Bavaria and Franconia. the variet
Riesling begins its vegetative growth about 25 April, begins flowering about 11
Juoe, and the berry begins to ripen about 2 September. The time from bud-

Ll P b= T rr T Urrrqg b va-f QoY rTrrTIrIoTTI:]

°F °C
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20

15

20 NANTES GEISENHE IM ASTRAKHAN
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L L et T 1 L LV L i 0 t 0 A 1.0 L &l 4 8.0 1 4} 1 L |
JFMAMJJASOND JFMAMJJASOND JFMAMJJASOND

Fig, 3,




14 J. A, PRESCOTT

burst to the beginning of ripening has & meun value of 126 days. In the Nahe
region over a recent permé of ten years, the mean dute of the beginning of
ripening for this varicty was 22 August and of the completion of ripening 3
October (Hillebrand, 1963). In these observations the degree of ripeness was
hased vn the specific gravity of the grape juice.

In northern France varieties such as Camay begin vegetative growth from
7-18 April. begin flowering on 9 June and ripen from 17-28 September.

[n the commune of Beaune, Burgundy. the proclamution of vintage (Bun
de vendange), over the years 19048 to 1933, ranged from 15 September to 16
Octobur with 1 mean date of 28 September, This is to be compared with 20
October. the date ending the mean perind above 50 F. at Beamne,

D¢ Candolle quotes a gronp of observations on the beginning of vegetative
arowth of the vine at Brussels, Over a period of ten vears this is given 25 April.

These dates correspond well with the choice of 30° F. as the basal temn-
perature.

EXTENSION OF EUROPEAN EXPERIENCE TO OTHER COUNTRIES

From the observations made in Evrope. it can he assnmed that the polar
limnits of cultivation of the vine are determined climaticully hy the temperature
limit of not less than 66° F. for the mean of the warmest month combined with
a mean temperature for the coldest month of not less thun 30% F.  Below tlus
mean for the coldest month provision has to be made for the protection ol
dorman? vines in winter. The rainfall limit may be tiaken ay an anmual mean of
30 inches as a maximum with 20 inches as a possible minimum below whig¢h
irrigation is likely to be needed.  Tmportunt areas, such as the Bordeanx region,
do, in [act, have areas with an annual rainfall as high as 40 inches, but in snch
regions fungoid diseases will become increasingly important, A further requive-
ment will be that the length of tlie season aboye 507 F. must be in the region
of six months and the temperatire summation over 50° F. within the pernd
muist be of the order of 1.600 to 1800 div-degrees, corresponding approximately
tu Alph. de Candolle’s original requirements of 2900 day-degrees on the Centi-
urade scale. With a seasonal length of six months 1B00 - dt‘"rum correspontds
to o de Candolle value of 2.830.

An alternate approach would be the use of appropriate combinations of the
hirmonie characteristies of the temperature corve for the vear,  This wanld
mean seeking such appropriate combinations of the annual mean temperadore
and umplitude as w m.[it] correspoik] tor the limits set above for the wuarmest
and coldest months.  Appropriate combinations would be mean annual valoes
of 52" F. to 48° F. with amplitudes of 147 to 18" and phuse values of 26 to 30
davy of lag behind solar radiation.  Suel combinations wonld  be u'qmwri to
repracduce more precisely the temperature conditions wlong the main northern
howmdary of cultivation in Europe.

The relevant areas ol widest expetience with V. siaffera outside Euarope
ares likelv o be found in Sonth America (Argenting und Chile ), in South Africa,
it Australin and in California, It s proposed to examine the conditions
Australia avd California and to disenss briefly the conditions in Englund.

Vine Growing in England

It has already been pointed out that English cxperience goes back for
mdny centuries and that for sentimental and other reasons attempts are always
being made to prodiice wine from arapes grown in Englund.  Generally speaking
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the enthnsiastic wine-maker is satisfied 3f he can produce wine, say, once in
three or five years. Freguently the vines are grown on walls with a southemn
ispect as is also the case in Silesia, The varcties grown must be very early
and according to Ordish (1953 ) include the Cunudian hvbrid: Brandt, Golden
Chasselus, Gumay Hatif and Meslier Précoce. Commercial wine production in
Kngland, however. iy hased on concentrated grape juice imported principally
from Cyprus and Greece.

For an assessment of temperature conditions, Cardiff, Oxlord and Kew have
been selected us affording probable northern limits for Britain.  Appropriute
Clinatic information is given in the following table:

Temperatine

Characteristics Temperaturmes . Length of
Stat o e weme— () WaTTIPRL - SEis0I] P Aceumulared
Maesan Amplitude | Phase monthly aver 201 ! day-degrens
¥ F by s period “F months ¢ above S0°F
CCundifr 4R n-7 B 1R G- -t 1,230
Oy foml 442 114 a2 62-1 -3 1,11
Kow A8 11-9 Ji-2 &l Ah 1,340

Using the accuroulated day-degrees above 50° F.oas the simplest criterion,
none af the values approuches the Tower limit set at 1600 for European con-
tinental conditions.  Similarly, the mean temperature of the warmest monthly
period is significantly below the established limit of 66° F.

California

The wrape vine Vo vigifera s the species commercially established in the
western United States, almost entirely in Californiu, although small areas have
been noted in the States of Oregon and Washinglon.  There is, of course, i
long experience soing buck to the days of Spanish settlement, and the culti-
vation of the vine has been adjusted throngh experience to the geographical
limits impuosed by climatic conditions,  Amerine and Winkler (1944, 1963) have.
on the bhasis of this experience. grouped the California areas into five regioms
bused on accomuladed temperatores over 50° F. Here the difienlty arises that
wis epcountered by de Candolle with respect to Madeira in that either all
manths have mean temperatures above 507 F, or o snbstantial number of months
wre so placed.  In their fivst paper they used as a criterion the period from
full bloom to ripeness us indicated by a given specific gravity of the grape juice.
This is of particular value in the comparison of varieties i ditferent fncalirit-w
and seasons.  They obtain as values lor their coolest region (No. 1) 1,800 to
2000 day-degrees,  In their second paper they chose the period April to October
inclusive which gives a value of less than 23000 day-degrees Ijm‘ the coolest
redion,

On the mup of California (Fig. 4) have been plotted the criteria mentioned
carlier, namely, 66 F., for the warmest month, 30° F. for the coolest month
and 30 inches of annual rain.  The aress considered climatically suitable for
the eultivation of the vine within these limits have been margined,  The
counties included by Amerine and Winkler in Region No. 1 are indicated by
hatching.  Below an annuad rainfall of 20 inches, ireigation is likely to be needed.
above 30 inches special conditions are likely to he encountered.” The map has
been constructed  essentially from the data provided in “Climate and Man™
(1841) supplemented hy data in the official reports of the U.S. Weather Burean.
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It will be noted that the isotherm of 66° F. for the warmest month is
determined in the first place by proximity to the Pacific Occan and is parallel
to the coust, and in the second place by the altitude in the mountains to the
east of the central vallev.

As an example, Napa (lat. 38-3"'N., long. 122-3°W.) has been taken as a
recording station in an established wine-growing district.

L v | . | i Ell
124 120 e
Py ,T H o
IR 3 cossiesasaiss JANUARY 30°F
\ ] o e AJAVEY 66°F
; ——— ANNUAL RAINFALL 30 INCHES
“{‘\ o ———— ANNUALRAINFALL 2O INCHES

40
COUNTIES o©oF REGION 1

36"

32

ey | | 1 |

Iig. 4. Map of California on which have been projected temperatuve limits for the cultivation

of the vine established at the northern margin in Europe. The area within which favourable

conditions can be expected is margined, Counties included by Amerine and Winkler in their
coolest Region 1 are shaded.
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- JAMUARY 66 F
semebaiinines  JULY 30°F
ANNUAL RAINFALL 30 INCHES
——— == ANNUAL RAINFALL. 20 INCHES
Fig, 5. Map of south-castern Australin on which have been projected temperature limits for

the cultivition of the vine established at the northern margin of cultivation in Europe.  The
area within which favourable canditions can be expected is margined.

The temperature characteristios are viven below:
¥

Temperalore

Charavteristios Temperature  langth of
Stakion —_ j——————  0f warmest SES00 Accumulated
Mean Amplituale ~ Phase monthly over i F - day-degrees
K " P Days periond 1 manths above 500K
Nt a7-5 1040 -2 G- 7 -4 2 Bk

These temperature characteristics are obviously quite different from those of
the European limits, due principally to the length of the season,  If the criterion
of seven months, April to October, be tuken the temperature aceumulation is
2,680 day-degrees corresponding to Region Il of Amerine and Winkler, the
region regarded by them as most important for table wines. For the establishedd
viticultural area of California, criteria independent of northern European ex-

perience must therefore be established if the summation of temperatures is to
be used,
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The map reveals, however, a number of intersections between the isotherms
of 30° F. and 66° F. for the coolest and warmest months respectively.  These
are inland aveas and at some altitude.  Recording stations near such intersections
are given above (Table 3), together with temperature chavacteristics,

This Californian experience may be extended to the State of Washington
where approximately 8,000 acres of vines are crown, nearly all of which arc
under irrigation, in the south central portion of the State! Approximately 85
per cont of this acreage is planted to the American variety Concord (V.
fabrusca ) and most of the vinifera varieties have to be covered to snrvive the
severest winters, The inean temperature of the warmest month at the Trrigation
Experiment Station at Prosser is 71° F. uud of the coldest month 29° F, The
length of the season over 507 F. is 6-4 months.

Australia

The appropriate temperature and ainfall limits liave been plotted on the
mup of Fig. 5 for south-eastern Australia, Tasmania is well outside the Bmit
of 66° F. for the warmest month, and all of the rest of Australin west of
Kangarou Island comes within the limit. As with California, there is a tom-
perature control imposed by proximity to the oceans and away from these a
further control imposed by altitude.

The most interesting locality near the limit is that of Coonawarra (37-3°S.,
140-37E.) in South Australia which in recent years has hecome an arca neoted
for red table wines, The temperature charactéristies of Coonuwarra, based on
interpolations from long-established recording centres in the general region
are given below:

' Temperstore chaeaeioristues Tempevittine o Lengih of
I____. —— S I S . ol watrnest o RO
St | Mean o Amplituile | Fhase mionithly ovier 30 1
¥ F ! Dayn poriod ‘T months
__________ e e S e L .
Coonawarr 375 i ¥4 i -2 -4 . 04

These conditions are very similar to those at Napu in California recorded
in lhe preceding section, but the conditions in winter are much milder than
those in Burope. In no locality in Australia does the isotherm of 30° F. for
the conlest month interseet that of 66° F, for the warmest month.

Mean Summer temiperatures of 66° F. are veachied at altitudes ol approxi-
mately 3,800 fcet in the northern tablelands of New South Wales, al 3,000
feet in the central tablelands, at 2500 feel in the southern tablelands and w
1,700 feet in Victoria. The Canberra region comes just within the limi.

In general, the eonditions in Australia will need a separate study allowing
for wider comparisons with the warmer regions of Europe, western Asia and
Califormia.

P Peisonally comuunicated by W, 1. Clore, May, 1965,
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APPENDIX

THE SUMMATION OF TEMPERATURES IN AGRICULTURAL
CLIMATOLOGY

Soon after his invention of the alcohol thermometer in 1730, Reaumur
organised a series of temperature ohservations in Paris and overseas.  1le noted
( Reaumur, 1735) that the agricultural season of 1735 was much later than in
recent vears and that the wii:-cnr and grape harvests had been delayed hy at
least & month., He noted that this was associated with lower temperatures in
spring and early smnmer and proceeded to compure the conditions in the months
of April, May and June in 1734 and 1735 on the basis of the “sum of the degrees
of heat”.  For cach day he determined the mean temperature by tuking half
the sum of the maximum and minimum and proceeded to add them duv by
day for each of the three months.

suma of temperatare ahove freezing point * 14 at Pans

t April ! My - June
lor 1734 343 405 ' al2
for 1744 i 270 i 328 _ 417

He suggested that by this means different countries and years could be compared.

In view of the Fact that the same grain crops can be harvested in countries
with very diflerent temperatures, one should be able to compare the snms of
degrees of heat for the months during which the cereals made the greatest part
of their growth and came to maturity in warm countries such as Spain and
Africa, in temperate countries as in France, and in cold countries as in those
of the north.

This idea of trealing temperature readings as measuring the quantity of
heat appears to have heen projected forward into the nineteenth centnry in
spite ot the discovery and naming of “quantity ot heat” and “Litent heat” by
Josephi Black in 1760. The idea of “absolute temperature”™ was not to come
until atter 1850,

The first notable application of this suggestion of Reaumur was made by
Boussingault (1837 ), who compared the temperatures under which wheat, birley,
muize and potatoes were grown both in Europe and in the Americas. He was
able to make observations on lis own farm at Bechelbronn in Alsace.  [le ex-
pressed the requircinent in the quantitative form:

“The vwnmber of duays between the beginning of the growth of an annual
plant and its maturation is inversely proportivonl lo the mean temperature
during this period of growth, so that the product of the number of davs by the
teniperature is constant.” '

Of seven examples which he wives for maize, two may he quoted

Mesant anneal Moan temperature  Number
Tacalily LTt during erop i ol diys Prcndine
[l {l
Bechelbeoonn { Alsigae) HE -1 |2 2 44

Vialley wl tho Magdalens 170 270 [ 7484
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The principal eontribution of the botanists who followed Boussingault was
to recognise that plant activities ceased below certain temperatures and this
information was critically examined by Alph. de Candolle (1855) and applicd
to o large number of wild specics —annual, perennial and woody — in Europe.
He then proceeded to extend the concept to eultivated species and established
uscetul minimum temperatures for a number of erops.

De Candolle’s table for cultivated species is worth guoting in view of the
continued application of the concept to the present dav,

Alphonse de Candolle’s table of termperature summation:

Extreme limit in Europsa | Mipimum Summation of tTemperatures

_ 2 — usrful i whove useful minimum
Cvop Linnitey Latitude | Temporature | thay dlegrecs
N L (:
Harley Norway i} | & i -4l 1,250
Vine (for wine) i Genauny §2-2 | In I A 2,000
Mozt | Gertiny il 13 i 2 50
Dade paloy (Ffor tenit) Spain -5 1% (i=1 o, LKy

De Candolle always insisted that mean daily temperatures below the freezing
point of water (0% C,) were not to be tuken into account, thus estublishing a
secondary hase level below the effective minimum,

De Candolle advocated the regular publication by official meteorological
departments of mean temperatures and summation in excess of specified minima
and this was, in fact, taken up by the London meteorological office and noted
v de Candolle (1884). At this period the London office was already publishing
weekly a summation to temperatures above 429 . These were recorded as “day-
degrees”, w term invented by the Meteorological Office in London,

De Candolle (1886) attended the 69th Session of the Swiss Society for
Natoral Sciences in August of that year, at which J. H. Gilbert (15586) of Rot-
hamsted gave an account of the relationship which exists between sums of tem-
prritnres and agricoltural production. ‘This paper is reported in full. Gilbiert
reported that in 1881, the London meteorological office on the supgestion of
Lawes and himself began to publish weekly sums of temperature above a fived
base, together with hours of sunshine and rain, for the information of agricul-
turists, the base temperature chosen heing 42° F. as stated abave,

Gilbert tabulated the surm of temperatures from certain fived dates until the
time of harvest of wheat at Rothamsted for the vears 1852 to 1885, For the
vears 1878 to 1885 these are hased on the weekly publications of the meteoro-
logical office. Gilbert recorded for winter wheat, over the tull period, sums of
temperatures of the order of 1,100 to 7,200 day-degrees.! The London Meteoro-
Ingical Office is still (19653) interested in acammnlated temperatures, above and
below 42°F , and these are entered m the montbly returns from all crop-weather
stations in Brituin.  The continned nse of accumulated temperatures is, how-
ever, currently under discussion.”

Maodern applications in terms of this concept of temperature summation
come mainly froom North America. The bridge between the European work of
the nincteenth century and the American work of the twentieth is provided

1 The responsible peaple at the Metenrological Oflice in London were R, 1. Seott awl
Ceneral Strachey.
2 Personally communicated by H. L. Pénman.
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by Abbe (19053). Livingston (1916) compared the supunation of direct tem-
peridores with the summations of temperatire efficionces based on the plivsico-
vhemienl concepts of Arrhenius and Van't Hoff and with those of physiological
efficicncies based on experimental studies. He was a strong advocate of the
provision of experimental facilities to enable studies of plant growth to be made
i controlled environments.

OF more recent vears, Nuttonson (1953, 1957, 1958) of the Ameriean Insti-
tute of Crop Eealogy has applicd the sunnnation of temperatures above a fised
hase line to the study of the climatic requirements of wheat, barley and rve.
antd Tomud that a hase temperature of 407 F, gave the most satistactory vilnes.
This temperature was seleeted after testing 327, 367, 40 amdd 45° F, Followme
Livingston, he veters to the method as the remainder-index systen,

Amerive and Winkler (1944, 1963} have applied the method to the study
ul the climatology of the srape-vine in Caliliwnia, and Amerine (1963) alsa
gives references to work it the Soviet Union,  They classify the vine wreas of
California into live vegions From the coolest to the warmest on this basis, I
the carlier publication the physiological period. blooming 1o harvest, was used:
in the Later publication a ]llfi{‘d calendur period, April to October inclusive, s
emploved

Cloare and Drutupund (1963, 1964) also have applied the method to the
interpretation of seasonal conditions for grape growing in the Stute of Washing-
ton, Io view of the increasing use of the voncept in horticultural practice in
the United States. involving shorter periods and more acenvate assessments of
temperature summations, Amold (1960) has proposed o convenient wethod for
estirnating degree-days [rom daily temperatures when the minimum temperature
is below the base temperature,

It is evident from the long history ot the use of temperature suwmmations in
crop physiology. that it will find its most usefol applications when restrieted
tor crop periods, such as the emergence of an annual crop to its harvest period,
O in t]hv case of o deaduous perennial from bud-burst to leaf-fal]l or to ripeness
ut the Troit In this conmection hoth de Candolle and Gilbert were aware of
the need to bring in solar radiation and Gilhert even noted the layg hebwein
the time of grealest sunshine and the time of warmest temperatire,

As soon s the method is ased over a fixed calendar period there is no advim-
tage tu be mined over quoting the mean temperature during the period, The
use of harmonice characteristics, moreover, cun be used to express much of the
relevpnl information and can be used, if required, o calenlate the summation ot
teanperatures over any specified period and more particulurly the lemperatares
at the warmest and coalest periods
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