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THE  COOL  LIMITS  OF  CULTIVATION

By  J.  A.  Phksooit  1
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SUMMARY

An examination ha.s been made of the temperature conditions at the pohu
limit  ot  llie  eidthation  of  tlie  grape.  \inr  VU&  tintfera  L.  in  Europe.  The
principal  limiting  factors  are.  th&  mean  temperature  of  the  warmest  monthly
penod which  must  he  m excess  of  OG 3  V.  and of  the  coldest  monthly  period
which  must  be  in  excess  of  30°  F,  Tliesc  are  associated  with  periods  of
approximately  six  months  during  which  the  mean  monthly  temperature  i>  in
excess oi" 50 * K.

Where  menu  winter  temperatures  full  below  30°  F.  special  precautions
must be taken to protect the vines.

The temperature characteristics have, also been expressed in the harmonic
form of annual  mean, amplitude and pha*o and the use of temperature sum-
mations  over  the  base  level  ot  50"  l'\  is  discussed.

Experience  in  Australia  and  California  hah  been  examined  with  reference
to the temperature limits established above.

In  an  appendix,  the  fusion  of  ihe  use  of  temperature  summations  iu
agricultural climatology is briefly reviewed.

In  an  earlier  communication  (1947)  it  was  clem  oust:  titled  thai  the  wave-
form  analysis  of  the  annual  temperature  curve  based  on  mean  monthly  tem-
pera  Lures  eould  be  applied  to  the  search  in  Australia  for  the  tern  p  era  tu  re  homo-
climes  of  species  of  pines  native  to  the  Mediterranean  environment  Such  a
method  is  particularly  successful  when  dealing  with  perennial  species  such  as
Piiuts  radiata  and  Pimis  canariensis  which  have  a  geographically  restricted  native
habitat.  Tin-  inarch  of  temperature  throughout  the  year  takes  cure  of  adapta-
bility  Lo  the  summer  heat  and  winter  cold,  leaving  the  question  of  moisture
relations  for  studies  of  greater  refinement  2  In  the  case  of  a  long  established
cultivated  perennial  such  as  the  grape  vine  (Vitis  vinifem),  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  hi  the  Armenian
region,  to  all  parts  of  the  civilised  world.  In  most  eases  at  some,  time  or  other.
the  limits  of  cultivation  have  been  advanced  beyond  a  reasonable  range  both
in  the  polar  direction  and  equatoriully,  but  the  present  polar  limits  in  Europe
at  least  have  been  stable  for  well  over  a  century.

Tt  is  necessary,  moreover,  to  take  note  of  the  introduction  of  species  other
than  V.  vmifera  to  meet  special  circumstances*  such  as  the.  use  of  "direct  pro-
ducers"  or  hybrids  of  V.  tinifcra  with  various  American  species  wjuch  bear
commercially  useful  grapes  and  which  are  tolerant  of  cold  conditions  and  which
are  resistant  to  phylloxera,  Snch  vines  are  the  basis  of  the  wine  industries  in

1 Member of the Council of the Australian Wine Research Institute.
-See  for  example  Johnston  (1964).

Trans. Roy, Soc. S, Aust. (19G5), Vol. 89.
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the  States  of  New  York  and  Ohio  in  the  United  State  and  of  tfcc  Province  of
Ontario  in  Canada.  Such  an  hybrid,  Brandt,  of  Canadian  origin,  has  been  ix$b$
tti  extend  the  limit  of  cultivation  to  Britain,  while  the  Asian  sped*?*  V.  hinata
i.s  grown  commercially  in  Eerypl,  particularly  in  the  neighbourhood  of  the
Med itcnanea 1 1 Sea .

The  purpose  of  the  present  study  is  to  examine  the  temperature  conditions
wlu'eh  appear  to  have  determined  the  polar  limits  of  the  cultivation  of  the  vine
in  Europe,  to  establish  any  generalisation  which  emerges  and  to  test  this
generalisation  against  tht*  newer  experiences  of'  Australia  and  California

The  present  northern  limits  of  the  cultivation  of  tht*  vine  in  Europe  are
(he  result  of  a  process  of  trial  and  error  extending  back  first  to  the  Koman
occupation  and  later  to  the  spread  of  Christum  establishments  in  northern
Kurope.  Jn  Britain  at  the  time  of  the  Norman  conquest,  the  Domesday  Book
has  38  references  to  vineyards.  An  lKth  century  report  from  a  phvsioeralle
French  source  on  the  English  counties  mentions  only  Gloucestershire  as  having
\iiicyards.  These  arc  recorded  as  lia\  ins;  been  recently  abandoned  in  favour
of  apple  orchards,  Generally  speaking.  Gloucester.  Somerset  and  Kent  are
regarded  a  s  the  most  favourable  counties.  In  Germany  during  the  middle  a'j;es
!he  cultivation  of  I  he  vine  was  extended  to  Liibeek,  Stettin,  Danzig,  Konigsberg
and  Tilsit,  Most  of  these  northern  vineyards  were  destroyed,  however,  by  the
harsh  winter  of  M37.  In  1592  there  were  02  vineyards  in  Herlin,  areas  which
subsequently  reverted  Let  orchards,  In  what  is  now  Polish  Silesia,  the  cultivation
nf  the  vine  was  introduced  by  Frankish  and  Flemish  migrants  and  remained
important  until  the  period  of  the  30  vears*  war.  The  most  famous  wine  district
10  the  area  is  that  based  on  Ziclona  Cora  (Crimbcr^),  including  areas  at  Swie-
bitd/iu  and  Snlechow,  The  most  prosperous  period  is  said  to  have  been  be-
tween  1830  and  ISVJU,  when  the*  area  planted  readied  1,400  hectares.  In  Saxom
the  most  important  area  lias  been  tie.u-  Meissen  and  Hoilossnit^,  advantage  bring
taken  of  the  favourable  climate  of  tbc  valley  of  the  Elbe,  fn  the  late  16'tb
century,  6\(XK)  hectares  are  said  to  have  been  cultivated  in  this  area,  but  this
had  decreased  by  the  end  of  the  JiHh  century  to  526  hectares.  Further  up  the
valley  of  the  Kibe  vineyards  were  established  in  Bohemia  and  these  tire  eiu'-
rently  represented  by  areas  at  Mihiilc  anil  Iatomeriee.  The  northern  limits  of
cultivation  in  Czechoslovakia.  Hungary  and  Rumania  are  much  further  south
than  in  Germany  and  there  is  no  doubt,  that  this  limit  is  determined  by  the
colder  winters,

In  Bussia,  the  limits  have  been  set  by  experience  gained  in  extending  culti
vation  into  the  Ukraine  beyond  the  existing  limits  in  central  Europe.  With
the  occupation  of  the  Crimea  and  its  annexation  in  J7S3,  a  winemakiny  school
was  established  i\\  that  year  at  Sudak  on  the  coast  and  this  was  moved  in  1812
to  the  neighbourhood  of  Yalta,  now  one  of  tht  1  important  centres  in  the  Soviet
Union,  Vineyanls  were  established  in  1771  by  (lie  German  settlers  tat  llie
Volga  between  Saratov  and  Tsaritsiu  {  Volgograd;  Stalingrad)  but  these  do  nut
appear  to  have  survived,  although  mentioned  by  correspondents  of  Alpb  dc
Candolle.  An  important  surviving  urea  extends  along  the  hanks  of  the  Don.
Vines  have  been  grown  in  Kiev  in  gardens,  but  no  wine  can  be  made.

The  present  northern  limits  of  the  cultivation  of  the  vine  in  Europe  are
shown  on  the  map  of  Fig.  t.  These  limits  ate  very  similar  to  those  shown  on
a  map  by  Fennis  (18#3)  except  that  the  Russian  limit  i.s  shown  on  this  earliet
map  as  extending  to  the  northern  margin  of  the  Caspian  Sea.  This  mop  also
shows  the  polar  limits  of  the  cultivation  of  the  olive  as  well  as  of  a  number
nf  native  tree  species.  He  also  plotted  two  sets  of  isotherms:  isotherm  or  lines
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CLIMATOLOGY  OF  THE  VINE y

y)i  equal  summer  temperatures  and  isoclirims  or  lines  of  equal  winter  tempera-
tures.  Commenting  on  the  interpretation  of  this  rnaj^  Lennis  remarks  on  the
complications  associated  with  the  problems  involved.

The  map  of  Fig.  1  gives  the  locations  of  the  temperature  stations  which
provide  the  most  useful  available  information  associated  with  the  limit  of  culti-
vation  under  discussion.  In  addition,  the  isotherms  of  the  coldest  month  arc
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  calculated  by  wave-form  analysis,  and
ill  each  case  a  smooth  curve  lias  been  drawn  from,  the  vahiCvS  calculated  from  the
first  three  harmonics.  From  these  curves  has  been  estimated  the  length  of
season  over  .50°  F.  and  the  accunndated  "day-degrees"  above  this  limit,  These
data  have  been  brought  together  in  Table  J.

It  is  now  possible  to  summarise  the  data  in  die  form  of  mean  annual  tem-
perature  and  of  temperature  amplitude-  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  eontineutality  of  the  temperature  regime  -as
determined  by  longitude  is  more  important  than  latitude  in  detennining  the
limit.  The  German  climatologists  bare  observed  that  a  mean  temperature  of
the  warmest  month  of  20"  C  (6S°  F.  )  is  the  probable  requirement  together
with  a  mean  temperature  of  the  coldest  month  not  below  (r  C  (32°  F.  )  with  a
mean  annual  temperature  of  at  least  4S  C  F.

°F

w  o IO 20  30
LONGITUDE

40 50

Fig.  2.  Illustrating'  the  relationship  between  temperature  and  longitude  along  the  northern
margin  of  the  cultivation  of  the;  vine  in  Europe.  W.  Temperature  of  the  warmest  monthly
period.  The  broken  line  is  the  calculated  regression  of  temperature  on  longitude  over  the
range  2°W  to  J6  C  K.  A.  Mean  annual  temperature.  C,  Temperature  of  the  coldest  monthly

period.  Open  circles  are  for  well-established  .stations  well  within  the  northern  limits.
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In  Fig,  2,  the  calculated  line  of  regression  of  temperature  on  longitude  lias
been  plotted  for  the  warmest  month  over  the  range  of  longitude  2  C  \V.  to  \6°K.
There  is  no  significant  departure  over  this  range  from  a  mean  temperature  uf
&5:6  a  F.  On  the  other  hand,  the  mean  temperature  of  the  coldest  month  tails
over  this  range  of  longitude  from  39  c  F.  to  about  30  c  F,  At  the  lowest  tem-
peratures  and  generally  speaking  further  east  at  the  Ukrainian  winter  tempera-
tures  of  about  "25°  F,,  it  is  recognised  that  protection  of  the  vine  in  winter  is
very  necessary.  French  ob.sei  vers  regard  an  absolute  minimum  of  —  15°  C.  to
—  18  C.  (say,  (T  F.  to  5  J  F.  )  as  the  ultimate  limit  of  danger  hi  winter.

This  northern  limit  of  cultivation  is  reasonably  continuous  from  the  coast  of
the  Atlantic  to  the  valley  of  the  Rhine,  but  east  of  the  Rhine  the  cultivation  is
less  continuous,  edaphic  factors  of  soil  and  slope  being  sought  as  in  the  Rheingau,
the  vnlleys  of  the  Saalc  and  Unstrut  and  of  the  Elbe,  on  dime  sands  in  Silesia
and  on  south-facing  slopes  at  Tokaj  in  Hungary.  The  continuity  is  also  inter-
rupted  by  the  mountain  ranges  such  as  the  Frzgebjrgc.  the  Riesengebirge  and
the  Carpathians,  It  will  be  noted  that  Hie  eastern  limit  of  this  continuous  cul-
tivation  is  determined  by  a  mean  temperature  of  the  coldest  month  of  32°  F.

Another  temperature  factor  which  lias  been  considered  Lo  be  of  importance
is  that  controlling  the  period  of  vegetative  growth.  The  nineteenth  century
botanists  agreed  that  tor  most  woody  species,  bud  burst  in  Spring  began  when
the  mean  monthly  temperature  reached  10  n  C,  (50°  F.  )  and  this  temperature
limit  has  been  extensively  used  in  many  climatic  studies  on  the  vine.  From
Table  i  it  will  be  noted  that  over  practically  the  whole  range  of  longitude  front
Charrres  to  Astrakhan,  the  period  during  which  the  temperature  limit  of  50°  F.
is  exceeded  varies  from  approximately  3-5  lo  fv()  months.  In  every  ease  the
beginning  of  this  season  is  in  April  and  the  end  in  October*  mean  dates  hehm
21  April  and  14  October,  a  period  of  5-8  months.

In  order  to  provide  some  perspective  the  records  of  a  number  of  well-
established  areas  south  uf  the  northern  limit  have  been  examined  and  these  arc
hrnni>ht  together  m  Table  -2  as  well  as  being  plotted  iri  Fig.  2.  The  length  o!
season  over  50°  F.  is  in  general  between  six  aod  seven  months  ami  summer
temperatures  about  3  to  Af  F.  higher  than  on  die  northern  limil.

This  northern  limit  of  the  cultivation  of  the  vine  is  only  Valid  for  earl\
\<irieties.  An  historical  experience  in  this  connection  is  that  ol  BoUssingault
(1837b),  who  recounts  the  establishment  of  a  vineyard  on  the  family  estate  in
Alsace  in  1818.  The  varieties  first  planted  were  those  from  the  region  of  Per-
pignan,  presumably  Crenac!u\  Cttri>±nttti  and  similar  varieties.  These  thrived.
but  the  grapes  did  not  ripen  and  the  vineyard  was  replanted  In  1828  wilh  early
varieties  including  Pinof,  Hatn'h^iton  hltttu\  Tokuij,  Uivsliiii^  and  I'm/ninrr.  Il  is
of  interest  that  the  vintage  was  followed  over  u  period  of  years  aud  recorded
rpianUUiHvely  from  1833  to  1836.  Boussmgaull'  records  his  Opinion  that  the
temperature  of  the  wannest  month  should  be  t  or  5  degrees  higher  than  thr
recorded  probable  mean  ol  64  J  F  f  for  the  season  to  be  favourable  in  Alsace

It  has  been  pointed  out  above  that  a  temperature  factor  which  has  been
considered  to  be  of  great  importance  is  that  controlling  the  period  of  vegetative
growth.  This  temperature  limit  was  established  for  a  number  of  species  h\
Alph.  dc  CandoIIe  (1855)  and  for  the  vine  the  limit  vms  Published  at  10'"  C!
(50  :  f\),  and  was  used  extensively  by  him  and  adopted  by  the  American
workers  Amerme  and  Winkler  (1941,  1063)  for  determining  the  climatic  regime.
for  the  cultivation  of  wine  grapes  in  California.
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Three  examples  have  been  selected  from  the  range  of  stations  In  Table  1
so  that  a  comparison  may  be  made  between  the  original  use  of  this  temperature
limit  by  de  Candollc  and  the  current  use  by  the  Californian  workers,**

These  examples  are  illustrated  and  explained  in  Fig.  3.  De  Candolle's
rule  (1S55  log.  eit  p.  365)  with  respect  to  the  .limils  of  cultivation  of  the  vine
may  be  quoted  in  full:

"The  cultivation  of  the  vine,  tor  the  manufacture  of  wine,  can  be  under-
taken  in  Europe,  on  slopes  with  a  favourable  exposure,  up  to  those  localities
which  provide  a  sum  of  2,9<X)  day  -degrees  (Centigrade)  from  the  day  when  the
mean  temperature  first  reaches  10  1  C.  until  the  day  when  the  temperature
falls  below  10"  C.  in  the  shade,  provided  that  at  the  approach  of  maturity,  the
number  of  days  with  rain  does  not  exceed  a  dozen  per  month/'

De  Candolle's  choice  of  10°  C.  was  made  only  after  he  had  satisfied  himself
that  it  was  better  than  8  C.  or  9  C.  He  was.  moreover,  well  aware  that  this
temperature  sum  could  be  modified  by  other  factors,  the  cliiet  of  which  he
regarded  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  length  of  day  in  summer

°  Fur  a  fuller  account-  of  the  history  ot  the  development  of  this  concept,  see  appends
pajie 20.

riV-  -^-  Three .selected exanmles oi  temperature pirr\t$  of  localities  on the northern limit  of
thi  cultivation of  the vine in Europe.  The curves are drawn from the calculated values based
on the wave-form analysis of the original mean monthly temperatures following the equation:

-t- h, -.iux 4- !>;. sin -n. -t- h ;J .sm 3n
Fur the three localities the constants of the equation are:
with mid Jtvnuan, a» ',  m'nl-Kebruary 3a etc,

a„  ^  tv.,  o  :  ,
Nantes  -1^.20  -  \±»\)£  +0-40  -H>J-
(JeWrihoim  (&'$!  10-30  0-00  -t-0-33
Asmiklmu  tS-!»7  -*J>-85  -0-.>5  -  010

h,

Fui the first harmoiu'e llie.se correspond to the values;

N antes
t<ei*enhoim
Astrakhan

Anmml mean
temperature

4!h0

AmplitewL

13-0
it** 3

Phase la# behind
the sun

u'avs

30-4

3*1-3

The  shaded  areas  correspond  to  temperature  summations,  the  whole  area  represents  the
original  summation recommended by de Candolle  (Centigrade)  and the upper area (Fahren-
heit)  that  currently  (1965)  adopted  by  Californian  workers.  These  values  are:

fVilifnmia

.toy-degrees

Dc Caudolle

Nantes
Gcirtcnheim
Astrakhan

1877
17SS
3162

303-4
28.SG
3551
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in  northern  latitudes  and  he  also  made  note  as  in  the  rule  quoted  above  of  the
number  of  days  without  rain.  Black  (I960)  has  recently  calculated  values  for
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-appraisal  may  become  possible  in  these  term*,.

It  will  be  noted  from  Fig.  3  thai  cle  Canclolle,  although  confining  his
summations  to  periods  with  mean  temperatures  in  excess  of  10°  C,  added  the
aehial  temperatures  in  degrees  centigrade  so  that  a  new  base  line  of  0°  C.  was
established.  For  regions,  such  as  Madeira,  where  the  mean  temperature  of  all
months  of  the  year  exceeds  10°  C,  he  refused  to  commit  himself.

The  Oalifornian  workers  using  the  Fahrenheit  scale  have  measured  tem-
peratures  ahove  the  base  liue  of  50  :  F-  and  where  this  temperature  is  exceeded
throughout  the  year  an  arbitrary  selection  of  the  time  period  has  been  made,
say,  April  !<>  October,  although  it  is  recognised  that  crop  periods  such  as  bud-
burst  to  ripeness,  or  flowering  to  ripeness  for  each  specific  variety  would  be
more  satisfactory.

Phonological  observations  are  not  sufficiently  numerous  to  give  more  thaji
a  general  confirmation  of  the  soundness  of  the  concepts  employed.

In  the  German  regions  of  the  Palatinate,  Bavaria  and  Franconia.  the  variety
Riesling  begins  its  vegetative  growth  about  25  April,  begins  flowering  about  11
June,  and  the  berry  begins  to  ripen  about  2  September.  The  time  from  bud-
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hurst  to  the  beginning  of  ripening  lias  a  mean  value  of  126  days.  In  the  Naho
region  over  a  recent  period  of  ten  years,  the  mean  date  of  the  beginning  of
ripening  for  this  variety  was  22  August  and  of  the  correction  of  ripening  3
October  (Hil)ebrand,  1963).  In  these  observations  the  degree  of  ripeness  whs
based  on  the  specific:  gravity  of  the.  grape  juice.

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

In  the  commune  of  Reaune,  Burgundy,  the  proclamation  of  vintage  (  Rim
(It  vcnclange),  over  the  years  1909  to  .1933,  ranged  from  15  September  to  16*
October  with  a  mean  date  of  2S  September.  This  is  to  be  compared  with  20
October,  the  date  ending  the  mean  period  above  5(f  F.  at  Beaune.

Dc  Candollc  quotes  a  group  of  observations  on  the  beginning  of  vegetative
growth  of  the  vine  at  brusscls.  Over  a  period  of  ten  years  this  is  given  25  April.

These  dates  correspond  well  with  the  choice  of  50'  :  '  F.  as  the  basal  tem-
perature

EXTENSION  OF  EUROPEAN  EXPERIENCE  TO  OTHER  COUNTRIES

From  the  observations  made  in  Europe,  it  can  be  assumed  that  the  polar
limits  of  cultivation  of  the  vine  are  determined  clrmaticidly  by  the  temperature
limit  of  not  Jess  than  66°  E.  lor  the  mean  of  the  wannest  month  combined  With
a  mean  temperature  for  the  coldest  month  of  not  less  than  30  :i  F.  Below  this
mean  tor  the;  coldest  month  provision  has  to  be  made  lor  the  protection  tif
dormant  vines  in  winter.  The  rainfall  limit  may  be  taken  as  an  annual  mean  ol
30  inches  as  a  maximum  with  20  inches  as  a  possible  minimum  below  which
irrigation  is  likely  to  be  needed.  Important  areas,  such  as  the  Bordeaux  region,
do,  in  fact,  have  areas  with  an  annual  rainfall  as  high  as  40  inches,  but  in  such
regions-  fungoid  diseases  will  become  increasingly  important,  \  further  require*
merit  will  be  that  the  length  of  tlie  season  above  50°  F.  must  be  in  the  region
of  six  months  and  the  temperature  summation  over  50'  F  within  the  period
must  be  of  the  order  of  1,600  to  1,800  dav-degrees,  corresponding  approximately
to  Alph.  de  Candolle's  original  requirements  of  2,900  dav-degrees  on  the  Centi-
grade  .scale.  With  a  seasonal  length  of  six  months'  l.ftOO  day-degrees  corresponds
tii  a  do  Candolle  value  of  iS30.

An  alternate  approach  would  be  the  use  of  appropriate  combinations  of  the
harmonic  characteristics  of  -the  temperature  curve  for  the  year,  This  would
mean  seeking  such  appropriate  combinations  of  the  annual  mean  temperature
and  amplitude  as  would  correspond  to  the  limits  set  above  for  the  wannest
and  coldest  months.  Appropriate  combinations  would  be  mean  annual  values
of  §2,'  F,  to  45°  F.  with  amplitudes  o|  14°  to  18*  and  phase  values  of  26  to  30
days  of  lag  behind  solar  radiation.  Such  combinations  would  be  required  Jo
reproduce  more  precisely  the  temperature  conditions  along  the  main  northern
boundary  of  cultivation  in  Fau'opc.

The  relevant  areas  ol  widesl  experience  with  V.  rinij*ni  outside  Kiirope
are  likely  to  be  found  in  South  America  (Argentina  and  Chile),  in  South  \friea
in  Australia  and  in  California,  It  is  proposed  to  examine  the  conditions  in
Australia  and  California  and  to  discuss  briefly  the*  conditions  in  England,

Vine  Croicing  in  Emiltuul
\t  has  already  been  poinled  out  that  English  experience  goes  back  for

mariv  centuries  and  that  for  sentimental  and  other  reasons  attempts  are  alwavs
heing  made  to  produce  wine  from  grapes  grown  in  England.  Generally  speaking
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Hie  enthusiastic  wine-maker  Is  satisfied  $  he  can  produce  wine,  say,  once  in
three  or  five  years.  Frequently  the  vinos  are  grown  on  walls  with  a  southern
aspect  as-  is  also  the  case  in  Silesia.  The  varieties  grown  must  be  verv  earlv
and  according  to  Ordish  (1953)  include  the  Canadian  hybrid:  Brandt,  Golden
(luisselas,  C.finmij  llatif  and  Meslier  Precoce.  Commercial  wine  production  in
EngUuid,  however,  is  based  up  concentrated  grape  juice  imported  principally
from  Cyprus  and  Creeoe.

Foran  assessment  of  temperature  conditions,  Cardiff,  Oxford  and  Kew  liave
been  selected  as  affording  probable  northern  limits  for  Britain.  Appropriate
climatic  inhumation  is  Riven  in  the  following  table:

£ft>f4v)l1

Using  the  accumulated  day-degrees  above  50'  F.  as  the  simplest  criterion,
none  oi  the  values  approaches  the  lower  limit  set  at  1.600  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  grape  vine  \\  liuifew  is  the  species  commercially  established  in  the
western  United  States,  almost  entirely  in  California,  although  small  areas  have
been  noted  in  the  States  of  Oregon  and  Washington.  There  is,  of  course,  it
long  experience  going  back  to  the  days  of  Spanish  settlement,  and  the  culti-
vation  ol  the  vine  has  been  adjusted  through  experience  to  the  geographical
limits  imposed  by  climatic  conditions,  Arnerine  and  Winkler  (1944.  1963)  have-
on  the  basis  of  this  experience,  grouped  the  California  areas  into  five  regions-
based  on  accumulated  temperatures  over  50  a  F.  Here  the  difficulty  arises  that
vwis  eucouutered  by  dc  CaudoIIe  with  respect  to  Madeira  in  that  either  all
months  have  mean  temperatures  above  50  -  F.  or  a  substantial  number  of  months
are  so  placed  In  their  first  paper  they  used  as  a  criterion  the  period  from
lull  bloom  to  ripeness  as  indicated  bv  a  given  specific  gravity  of  the  grape  juice.
This  is  oi  particular  value  in  the  comparison  of  varieties  in  different  localities
and  seasons.  They  obtain  as  \alues  for  their  coolest  region  (No.  1)  1,800  ti>
2  :  000  day-degrees.  In  their  second  paper  they  chose  the  period  April  to  October
inclusive  which  gives  a  value  of  less  than  2,300  day-decrees  for  ihe  coolest
region.

On  the  map  of  California  (Fig.  4)  have  been  plotted  the  criteria  mentioned
earlier,  namely,  66-  F.  v  for  the  warmest  month,  30  c  -  F.  for  the  coolest  month
and  30  inches  of  annual  rain.  The  areas  considered  climatically  suitable  for
die  cultivation  of  the  vine  within  these  limits  have  been  margined,  The
counties  included  by  Amerine  and  Winkler  in  Region  No.  I  are  indicated  bv
hatching,  below  an  annual  rainfall  of  20  inches,  irrigation  is  likely  to  be  needed,
above  30  inches  special  conditions  are  likely  to  be  encountered.  The  map  has
heen  constructed  essentially  from  die  data  provided  in  "Climate  and  Man"
(  104J  )  supplemented  by  data  in  the  official  reports  of  the  U.S.  Weather  Unreau.
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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  Ocean  and  is  parallel
to  the  coast,  and  in  the  second  place  by  the  altitude  in  the  mountains  to  the
east  of  the  central  valley.

As  an  example,  Napa  (iat.  38-3  'N,,  long.  122-3°\V.)  has  been  taken  as  a
recording  station  in  an  established  wine-ixrowing  district.

124 120
JANUARY  30°F
JULY  66*F

ANNUAL  RAlNFAU.  30  INCHES
ANHJUAL  RAINFALL.  20  INCHES

COUNTIES  OF  RCGlOis!  1
40 —

36*1

3Z

Fig. 4. Map of California on which have been projected temperature limits for the cultivation
or" the Wne 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 Regit*?* 1 are shaded.
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JANUARY  66  F

OULY  30  F
ANNUAL  RAINFALL  30  INCHES
ANNUAL  R.AIMFALS-  2Q  INCHES

Viif,  5.  Map of  south-eastern  Australia  on winch have been piuieeU'd temperature  limits  for
tlir  eultivation  of  the  vine  established  at  the  northern  margin  of  cultivation  in  Europe.  Tin-

area within which favourable (/auditions can he expected is margined.

The  temperature  characteristics  are  rnven  below

station
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These  temperature  characteristics  arc  obviously  quite  different  from  those  ol
the  European  limits,  due  principally  to  tlic  length  or  the  .season,  If  the  criterion
of  seven  months,  April  to  October,  be  taken  the  temperature  accumulation  is
2,680  day-degrees  corresponding  to  Region  JI  of  Amermc  and  Winkler,  the
region  regarded  by  them  as  most  important  for  table  wines.  For  the  established
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  3Q°  F.  and  66  c  F.  for  the  coolest  and  warmest  months  respect  ivel\  .  The.se
me  inland  areas  and  at  some  altitude.  Recording  stations  near  such  intersections
are  given  above  (Tabic  3),  together  with  temperature  ehamcteristies.

This  Calif  ornian  experience  may  be  extended  to  the  State  of  Washington
where  approximately  8,000  acres  of  vines  are  grown,  nearly  all  of  which  are
under  irrigation,  in  the  soulh  central  portion  of  the  State  1  Approximately  oo
per  cent  of  tin's  acreage  is  planted  to  the  American  variety  Concord  '  (V.
lohniHca)  and  most  of  the  vinifera  varieties  have  to  be  covered  to  survive  the
severest  winters.  The  mean  temperature  of  the  wannest  month  at  the  Irrigation
Exponent  Station  at  Prosser  is  71  r  F.  and  of  the  coldest  month  29°  F.  The
length  of  Lite  season  river  50  r  F.  is  6-4  months.

Attsiralht

The  appropriate  temperature  and  rainfall  Jimits  have  been  plotted  on  the
map  of  Fig.  5  for  south-eastern  Australia,  Tasmania  is  well  outside  the  limit
of  (W  F.  for  the  warmest  month,  and  all  of  the  j^est  of  Australia  west  of
Kangaroo  Island  comes  within  the  limit.  As  with  California,  there  is  a  tem-
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..
140-8*15,)  in  South  Australia  which  in  recent  years  has  become,  an  area  noted
for  red  table  wines,  The  temperature  characteristics  of  Coonawarra.  based  on
interpolations  from  longest  ablished  recording  centres  in  the  general  region
are  given  below:

Ttrmprrat  lirr  cliii.racOirislins  *lVmpP1*Htuiv  i  Length  <tl
I  —  ;  ClL  wtirrnrwt

Sltihuii  -Ah'iiu  .  AmpliOnle  j  Phase  monthly  nvur  .~.0  I
!  P  F  Divvw  iJt'rioii  I''  months

C'tjuiiiuvarra  f)7-r>  (  HHI  31  -2  <H5  4  <l-  i

These  conditions  are  very  similar  to  those  at  Napa  in  California  recorded
in  the  preceding  section,  but  the  conditions  in  winter  are  much  milder  than
those  in  Europe.  In  no  locality  in  Australia  does  the  isotherm  of  30  c  F.  for
the  coolest  month  intersect  that  of  66'  F,  for  the  warmest  month.

Mean  Summer  temperatures  of  66'  F.  are  reached  at  altitudes  of  approxi-
mately  3,800  feet  in  the  northern  tablelands  of  New  South  Wales,  at  3,000
feet  in  the  central  tablelands,  at  2,500  feeL  in  the  southern  tablelands  and  al
1,700  feet  in  Victoria.  The  Canberra  region  comes  just  within,  the  limit.

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

1  PeiMjinilly  cujiiiuuiricukd  }jy  "\V.  J,  Olore,  May,  19G5.
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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  observations  in  Paris  and  overseas.  lie  noted
(Reaumur,  1735)  that  the  agricultural  season  of  1735  was  much  later  than  hi
recent  years  and  that  the  wheat  and  grape  harvests  had  been  delayed  by  at
least  a  month.  He  noted  that  this  was  associated  with  lower  temperatures  in
spring  and  early  summer  and  proceeded  to  compare  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  each  day  he  determined  the  mean  temperature  by  taking  half
the  sum  of  the  maximum  and  minimum  and  proceeded  to  add  them  day  h\
day  for  each  of  the  three  months.

Suin« or trtripr:!'Hhuv aliove FfcCf/wig point Mi ;\t lViri.s

loi- 1734
for 17&1

April  May  June
34a  405  5J4
270  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  hi  countries
with  very  different  temperatures,  one  should  be  able  to  compare  the  sums  ol
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
or  the  north.

This  idea  of  treating  temperature  readings  as  measuring  the  quantity  of
heat  appears  to  have  been  projected  forward  into  the  nineteenth  century  in
spite  of  the  discovery  and  naming  of  "quantity  of  heat"  and  "latent  heat"  by
Joseph  Black  in  1760.  The  idea  of  "absolute  temperature"  was  not  to  come
until  after  iSSft

The  first  notable  application  of  this  suggestion  of  Reaumur  was  made  bv
Boussingault  (1837),  who  compared  the  temperatures  under  which  wheat,  barley.
maize  and  potatoes  were  grown  both  in  Europe  and  in  tie  Americas.  He  was
able  to  make  observations  <>n  his  own  farm  at  Bechelbronn  in  Alsace,  fie  ex-
pressed  the  requirement  in  the  quantitative  form:

"The  number  of  days  between  the  beginning  of  the  growth  of  an  annual
plant  and  its  maturation  is  inversely  proportional  to  the  mean  temperature
during  this  period  or  growth-,  so  that  "the  product  ol  the  number  of  davs  bv  the
temperature  is  constant.'"

Of  seven  examples  which  he  gi\cs  for  maiye.  twit  may  be  quoted:

l..K i( !il,v
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The  principal  contribution  of  the  botanists  who  followed  Boussingault  was
to  recognise  that  plant  activities  ceased  below  certain  temper  a  trues  and  this
information  was  critically  examined  by  Alph.  de  Candolle  (1855  J  and  applied
to  a  large  number  of  wild  species  —  annual,  perennial  and  woody  —In  Europe.
He  then  proceeded  to  extend  the  concept  to  cultivated  species  and  established
useful  minimum  temperatures  for  a  number  of  crops.

De  Candolle's  table  for  cultivated  species  is  worth  quoting  in  view  of  the
continued  application  of  tlie  concept  to  the  present  day.

Alphonse  de  Candollc's  table  of  temperature  summation:

J  Kxtrwru*  limit  in  Enrojm  I  Minimum  Summation  of  Tumpeiwurri*
ufipfui  I  abovp  useful  minimum

Cvoji  !  t!oiintT>  LfvUtiule  :  Temporal  urfc  |  dav-flfuroi'tf

H;iHtv  Xorway  70  5  4-1  [,,350
Viiw  (for  wine)  CWimwiy  Z'3-2  10
Mfuzi'  Gmiuii.ny  51  13
1MB  palm  (for  fruit)  Spain  WJ-5  IM

r#  i-.yoo
no  iV>00
<>4  .UflO

l")c  Candolle  always  insisted  that  mean  daily  temperatures  below  the  frec2m£
point  of  water  tw  0.)  were  not  to  be  taken  into  account,  thus  establishing  a
secondary  base  level  below  the  effective  minimtimv

De  Candolle  advocated  the  regular  publication  by  official  meteorological
departments  of  mean  temperatures  and  summation  in  excess  of  .specified  minima
and  this  was,  in  faot.  taken  up  by  the  London  meteorological  office  and  noted
bv  de  Candolle  (  18K4  ).  At  (his  period  the  London  office  was  already  publishing
weekly  a  summation  to  temperatures  above  42  :  '  F.  These  were  recorded  as.  "day-
dei£rce.s  ,  \  a  tern)  invented  by  the  Meteorological  Ofhee  in  London.

De  Candolle  (1880)  attended  the  69th  Session  of  the  Swiss  Society  ha
Natural  Sciences  in  August  of  that  year,  at  which  J.  II.  Gill>ert  (1383)  of  Hnt-
hamsted  gave  an  account  of  the  relationship  wffidJi  exists  between  sums  of  tem-
peratures  and  agricultural  production.  This  paper  is*  reported  in  full.  Gilbert
reported  that  in  18S1.  the  London  meteorological  office  oji  the  suggestion  of
Lawes  and  himself  began  to  publish  weekly  sums  of  temperature  above  a  rived
base,  together  with  hours  of  sunshine;  and  rain,  ha*  the  information  of  agricul-
turists,  the  base  temperature  chosen  being  42  *  3  V.  as  stated  above.

Gilbert  tabulated  the  sum  of  temperatures  from  certain  fixed  dates  until  the
time  of  harvest  of  wheat  at  Rothamsted  for  the  years  1852  to  1885.  For  the
years  1878  to  1885  these  are  based  on  the  weekly  publications  of  the  meteoro-
logical  office.  Gilbert  recorded  for  winter  wheat,  over  the  full  period,  sums  of
temperatures  of  the  order  of  1J00  to  1,200  day-degrees.'  The  London  Meteoio-
Ingieal  Office  is  still  (1985)  interested  in  accumulated  temperatures,  above  and
below  42?F.„  and  these  are  entered  hi  the  monthly  returns  from  all  crop-weather
stations  in  Britain.  The  continued  use-  of  accumulated  temperatures  is,  how-
ever,  currently  under  discussion.  12

Modern  applications  in  terms  of  this  concept  of  temperature  summation
come  mainly  from  North  America.  The.  bridge  between  (he  European  work  of
the  nineteenth  century  and  the  American  work  of  the  twentieth  is  provided

1  The  responsible  people  at  the  XfHonrnlo^ical  Ollicx-  in  London  were  H.  J!.  Sootf  nnd
Orncnil Strachcy.

-Personally  cuimnunicattuJ  by  H.  L.  Penman.



the  earlier  publication  tin-  plivsiokj^icaf  period,  blooming  fcp  harvest,  was  used:
hi  tin*  later  publication  a  rived  calendar  period,  April  to  October  inclusive,  i.v
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by  Abbe  (1905).  Livingston  (lf>J(i)  compared  (he  summation  of  direct  tem-
peratures  with  the  summations  of  temperature  elfieicnces  based  on  the  physico-
chemical  concepts  of  Arrhenius  and  Vant  Hoff  and  with  those  of  physiological
efficiencies  based  on  experimental  studies.  He  was  a  strong  advocate  of  iht*
pro\  is  ion  of  experimental  facilities  ty  enable,  studies  of  plant  growth  to  be  made
in  controlled  em  irouiruMits*

Ol  more  rectal  years,  Nuttonson  (1955,  1957,  1958)  td  the  American  Insti-
tute  ol  Crop  I  v  colony  has  applied  the  summation  of  temperatures  abcrve  a  fkeel
base  line  to  the  study  ol  the  climatic  requirements  of  wheat,  harlcv  and  r\e
and  found  that  a  base  temperature  of  40  F.  gave  the  most  satisfactory  values.
Tlws  temperature  was  selected  after  testing  32  ,  36'\  40  and  4!V  F,  Following
Livingston,  he  refers  to  the  method  as  the  rnnttinclci  -index  system.

•\mcrine  and  Winkler  (1944,  1963}  have  applied  the  method  to  the  studv
ol  the  climatology  of  the  grape-vine  in  California,  and  Amerinc  f(693)  also
ii;i\es  references  to  work  in  the  Soviet  Union.  They  dassifv  the  vine  -areas  ol
California  into  five  regions  from  the  coolest  to  the  wannest  on  this  basis,  In

physiolo^
nved  cale

cmplnvd
Clorc  and  Drumunmd  (1963,  1964)  also  have  applied  the  method  to  thr

interpretation  ol  seasonal  conditions  for  grape  gnrwin£  in  the  State  of  \Ya.shhi<j-
ton.  hi  view  of  the  increasing  use  of  the  concept  in  horticultural  practice  in
the  Crated  Slates,  invoking  shorter  periods  and  more  accurate  assessments  of
temperature  summations,  Arnold  (1960)  has  proposed  a  convenient  method  lor
t\siimatim;  decree-days  Irom  daily  temperatures  when  the  minimum  temperature-
is  below  the  base  temperature.

It  is  evident  from  the  lon<r,  history  of  the  use  of  temperature  summations  in
crop  physiology  r  that  it  will  find  its  most  useful  applications  when  restricted
to  erop  periods,  such  as  the  emergence  of  an  annual  crop  to  its  harvest  period,
oi  \n  the  case  of  a  deciduous  perennial  Irom  bud-burst  to  leaf-fall  or  to  ripeness,
ot  the  I'niir  In  this  connection  both  do  Candolle  and  Gilbert  were  aware  frf
ihe  need  to  brini*  in  solar  radiation  and  Gilbert  even  noted  tlie  late  between
the  time  of  greatest  sunshine  and  the  time  of  warmest  temperature.

As  soon  as  the  method  is  used  over  a  fixed  calendar  period  there  is  no  advan-
tage  lo  be  gained  over  quoting  the  mean  temperature  during  the  period,  The
use  of  harmonic  characteristics,  moreover,  can  be  used  to  express  much  o('  the
relevant  information  and  (5in  be  used,  if  required,  to  calculate  the  summation  ut
tctuperuurcs  over  am  speeiGed  period  and  more  particularly  the  lempcnUures
at  the  warmest  and  coolest  periods
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