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ABSTRACT
Scenario for Europe in 8 warmer word, such ss may result fom increased atmaspberc carbon dioxide

evel, hav bee construedusing he carly 00h century warming a a ange. Mean temperature, pre.
ipiation aad prssre puters or te period 193453 wee compared with thos for 1901-20. These ae thewarmest and cole tnenty ear periods this century based on Northern Hemisphere annual mean surace
Srtemperatureat,einby 0.4-C. Thehmteenarioshowmarked subregionscleferencesom
Sssonto season and individualsionscenarios fen ow le lary 1th annulscenario. Temperature
Scenarios show warmingfor heannual mea and forspringsummerand autumn. The ages positive changesrcToundin ighertds.Winer over a rgprofEurope ar actualycooker andshow gree rannual
variably during hewarmer period.Thesechanges appearbe associaied withagreater fequneyofblocking
activity. Precipitationchange occur inboth directions 1 all sons. There i, however,an overall endency
fo spring and sure 1be dir and atu and ier be wee,

“The climate scenarios are used 1 consinct scenarios of th impact ofa global warming on energy
consumption 4nd agAcure. Coder Siners sion WOUpy rts cnery demandfo space hesing,Dut his sglOF byWareemperturc i ing nd tum Which educe the eaihof the heatingssson. Increased trmperatre vanbiiy combined with a senral cooling during Wier ovr north nd
Porthwesers Europe sugges & Geter fequencyof overs wince, and thos Jaret Huctuions in the
Geradfoestingener The tact onageris cul ess becauseofthe complyofcop
imate relationships and because ofth imporanceof nonclimatic factors sociated with technological
Change ad, perhaps, with ahancad Bhotoymihets du 10 increased carbon droid concmraions Inorien latudes, the incase i the eng of the growing sason would appear o be favorable or agri
ule, but warmersummers,dresprings and wer auturns wouldbe es favorable: A specif dyWasmadeof thecfc of twdiffrent maescars oncropyikds i Englandand Waleswith epesion
model coniructed using principal components eresion echniquc, Mostcops showed a decrease in
ik for bothwarm word secnarios, wih restdecreases oF hay 31d and Jat eee on wheat ied. A
Similar rereson analysis of French wi que showed 30 improvement in the Quilty of Bardeaus 4ndChampagne in a warmer world.

1. Introduction carbon dioxide production rates will increase in the
Combustion of fossil fuel and, to a esr extent, UR:Predicted values of atmospheric crbon donide

deforestation and changes in land use have leadto 4 7 the year 2025 rangefrom 440 to 600 ppmy,bial inreas in the concemraton of amo. Derdi"8on the forecast growl rae of energy use
spheric carbon dioxide over pre-industrial levels. His- Simi " 3torical data or she NorternHemisphere comptied by AD increase in atmospheric carbon dioxide ill
Cilla (1958)sop pre onsoenpiicioy tend t0 disturb the radiation balance of the carth—
aconeomiraion atmosphere system through enhancement of the
(Brewer, 197; Chen and Miller, 1970) and fe core Becniouse effect, Increted opacity of the atmo-
data (Nefal et al, 1982) are slightly lower, around SPITE 10 infrared emissions will cause a rise not only.980-570 por, 4 evel hich is Sopportcdbnsome. i8 the level at which radiative equilibrium exists (at
he carly measurements (Wigley, 158%). The present Present ~5-6 km above the surface), but also in the
(1981) concentration of atmospheric carbon dioxide ~ CTPeratures of the Earths surface and the atmo-
is about 340 ppm. There can be litle doubt that SP1eTe below the new equilibrium level. Mathemat.ical models of the greenhouse effect are in general
—_— agreement that a doublingofthe carbon dioxide con-
rent aia: Labortry of TreeRing Research, Unies 161Ofthe atmosphere would produce an increase in

ofArizona. Tocon,AZ 85721, " "global mean temperatures of 2-3°C (Gates, 1980;
“To whom al omspandence shouldbeaddressed Hansen er al, 1981; Manabe and Wetherald, 1975,
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1980; NAS, 1982). However, the climatic impact General circulation models contain various sim-
of increasing CO, cannot be viewed purely in terms_ plificationsinordertomake the problem numerically
of a rise in global temperatures. The increase in en-  tractible with today's computers. Despite these sim-
ergy availability resulting from the change in the ra-  plifications, they are capable of producing reasonable.
diation balance will perturb the whole atmospheric simulations of present-day climates and some con-

circulation system. Changes in pressure patterns, both fidence can be placed in their predictions for a high-
geographical and seasonal, will in turn affect rainfall, CO, world. However, the only model results which
temperatures, winds, indeedallof the meteorological are appropriate for scenario construction are those
variables that contribute to the overall climate at a which have a seasonal cycle and realistic geography.
given place. Seasonally specific regional results require either a

Clearly then, as a result ofa substantial increase in specified, noninteractive sea surface temperature, or,
atmospheric carbon dioxide, the disturbance of the more realistically, an interactive mixed-layer ocean.
atmospheric circulation system will cause complex re- Gates ef al. (1981; see also Schlesinger and Gates,
sional patternsofclimatic change. Such changes may 1981a,b) and Mitchell (1983) have modeled the ef.
in turn lead to extensive disruption of man’s limate- fectsofCO; with an ocean constrained to remain at
dependent economic activities. There are two such present-day conditions. Such analyses are basically
activities where the links with climate are critical, and sensitivity studies and cannot be used for scenario
where the climate of a place strongly influences the ~ development. Mitchell (1983) has modeled the effect
nature and scale of the enterprise at that place. First, ofhigher CO with an ocean uniformly raised in tem.-
energy consumption rates for space heating and air perature by 2°C. His results provide some useful in-
conditioning are intimately related to climatic con- sight into possible regional details of COxinduced
ditions. Second, agriculture i strongly dependent for climatic change, but the realism ofa uniform 2°C
its success upon favorable climatic conditions. A pro-  sca-surface temperature warming must be subject to
Tonged and pronounced climatic change would force considerable doubt. The only GCM results which can
farmers to adapt their agricultural practices (0 the reasonably be used for scenario development, then,
changed regimesof temperature and rainfall are those of Manabe and Stouffer (1979, 1980; sec

“This paper seeksto determine the probable impact also Manabeefa, 1981). Even in thiscasethe model
of carbon dioxide-induced warming on energy con- used has admitted deficiencies and was certainly not
sumption and agriculture in Europe. Scenarios are meant 10 be applied to develop scenarios for such
constructed to show possible patterns of climate in small regions as Europe. Furthermore, these models
a warm world. These scenarios are then interpreted are strictly equilibrium response models, and, as
in the light of the known relationships between cli- ~Schneider and Thompson (1981)have demonstrated,
mate and energy, and climate and agriculture, 10 itislikelythat theregionaldetailsofequilibriumand
demonstrat the resulting impact on these two cco- (more realistic) transient response models will differ.
‘nomic activities. Climatic impact on agriculture is a Although ultimately model simulations provide the
composite of the impact on individual crops. Thus best avenue for scenario development, the models
its difficult to build rom a seriesofscenariosofsuch used to date require further work before they can be
variables as rainfall and growing-season length to an used in this way.
overall view of the impact of increased atmospheric Fundamental to the analogue approach to scenario
CO, on agriculture, We have broken down this prob- ~ construction is the assumption that, given the same
lem by examining a number of crops, individually, boundaryconditions (as represented bytheoceans and
in spatially.resticted locations. By using principal  cryosphere), the general atmospheric circulation fe-
component regression techniques, we have deter- spondsin asimilar manner 10different forcing mech-
mined the optimal climatic conditions for each crop, anisms. Thus all warm periods arc assumed to have
and then interpreted the scenarios on the basis of the majority of near-surface meteorological charac-
these findings teristics in common, cven though the underlyingcauses

of the warmth may be quite different. Evidence to
of the scenari Support this assumption has been provided by the nu-

2. Coustvnetionof ue Soesarios ‘merical modeling work of Manabe and Wetherald
‘There are two possible approaches to the problem (1980). They applied two differnt forcing mechanisms

ofderiving climatescenariosfor a warmerworld.The 10 their general circulation model: on the one hand
first is to construct numerical models of the general increased levels of carbon dioxide, on the other in-
circulation's response to increased carbon dioxide creased values ofthe solar constant. In bothcases, the
concentrations. The second is 10 use past warm pe- near-surface response ofthe model climatewas similar
Tiods as analoguesof a future, warm, high carbon Episodes such as the Hypsithermal warm period
dioxide world. For a comparison of different ap- and the medieval warm phase have been usedasan-
proaches to deriving warm-world analogues, sce Pit- _alogues (Flohn, 1977; Kellogg, 1977; Kellogg and
tock and Salinger (1982). Schware, 1981; Butzer, 1980). With such analogues,
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however, there is simply not enough regional and sca- impact, this method has the added advantage that a
sonal detail known in order to use them for scenario comparison of the variability of meteorological pa-
development over a region the size of Europe. Fur- rameters can be made, an often crucial factor in de-
thermore, boundary conditions during the Hypsi- termining the effects of climate on man's activities.
thermal may have been substantially different from Clearly, the longer the two periods of consecutive
thoseoftoday. The approach adopled here is to use years are, the more realistic the scenarios arc likely
instrumental records of the past century to construct to be. However, a limitation is imposed by the length
warm-world analogues. This method makes use of of the instrumental record.As acompromise between
the natural variabilityofclimate and allows regional these two considerations, we selected twentyyears as.‘and seasonal scenarios to be prepared. the optimal lengthforcach periodofwarmandcold

“There are a number ofdifferent ways in which one conditions.
can choose years or periods from the instrumental We chosewarmand cold twenty-year periods using.
record for the constructionofthe scenarios. Wigley the gridded Northern Hemisphere temperature set
et al. (1980), Williams (1980), Namias (1980) and produced by Jones et al. (1982). These data are pre-
Jiger and Kellogg (1983) all used composited data sentedasanomalies from a 1946-60 reference period,
from individual years, either comparing warm years and extend back to 1881. Only the period 1901 to
with the long-term mean, or contrasting warm and 1980 inclusive is employed here,as Jones et al. state.
cold years or seasons. The choice of years can be that the carlier partofthe series is less reliable duc
based on a particular partof the globe and/or a par- to the reduced area of data coverage. Twenty-year
ticular season. For example,Wigleyetal. used annual running means of the mean annual northern hemi-
surface temperatures for high northern latitudes (63- sphere surfacetemperature anomalieswerecalculated
85°N), justifying the choice of high latitudes on the and inspected to determine the warmest and coldest
grounds that the response to CO, is greatest in high periods. The warmest twenty-year period is from
latitudes. On similar grounds, winter temperature 1934 to 1953, and the coldest from 1901 to 1920 (Fig.
data might be more appropriate for defining warm 1). Thesetwoperiods form the basisfor theconstruc.
(and cold) years. However, since the signal-to-noise tion of the scenarios used in this paper. One of the
ratio is highest in midlatitude summer or Northern attractive aspects of constructing scenarios by com-

Hemisphere annual temperatures (Wigley and Jones, paring the carlier cold period with the later warm
1981), neither high northern latitudes nor winter tem. period is that if the pre-industrial CO, levels were as
peratures need be the best choice. Tow as 260-270 ppmv, then a substantial part of this

Furthermore, the use ofsingle years (or, more par- early 20th century warming may well be due to in-
ticularly, composites of single years) has certain dis- creasing CO; (see Wigley, 1983). Furthermore, some
advantages. The climatic effects of increased atmo- of the large-scale spatial characteristics of the early
spheric carbon dioxide will develop relatively slowly, 20thcenturywarmingare remarkably similarto those
and arelikelyto be associated with important changes predicted for a CO; increase by Manabe and Stouf-
of the oceans and cryosphere boundary conditions.  fer’s (1979, 1980) GCM simulations (see Wigley and
Ifgroupsofconsecutiveyearsare used, the scenarios Jones, 1981).
are likely to be more realistic than those relying on The average Northern Hemisphere and Arctic (65-
individual years, particularly in terms of the degree 85°N) temperature differences between the warm
ofequilibrium achieved between the atmosphere and (1934-53) and cold (1901-20) year-groups are pre-
the underlying boundary conditions. For a study of ~ sented in Table 1. The Arctic differences give some

FIG. 1. Northern Hemisphere meansuf ai temperature variations(*C)showingthechosenwarmndcoo 30-yearperiods.Th curve shows 20-year lerd valuessi 151mm GassanFilerpaddedateach end with the rocaof he rtor 1 sven values.
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indication ofthe scale ofthe highlattde tempers and cool thei Summer In Europe,ai condion-{are contri. All of thse temperature dirences msn Summer 1 not usm, and th peak dore itsically Senihcan at he 1% evel or beter hand sn wines for heating purposes A susan
‘This justifies the useof the warm and cold groups as proportion of the total energy consumption in the
‘analoguesofseparate populations, even though both colder regionsof Europeisaccounted for by heating.
are drawn fromasingle population. To take the example of oil in the United Kingdom,
To construct the scenarios of climatic impact in itisestimated that during the heating season (the last

a warm world,as a first step three surface parameters three and first five months of the year), 40-70% of
were examined for regional patterns of change: sea the total gas-oil consumption and 20-30%ofthe total
level pressure, temperature and precipitation. Pres fuel-oil consumptionis accounted for by this purpose
sure and temperature scenarios were constructed us-  (Tellings, 1978). Thus a climatic change which pro-
ing gridded data sets with a spacing of five degrees duces a marked variation in consumption of energy
latitude by ten degrees longitude. These data sets were for heating will also have a considerable impact on
supplied by the U.K. Meteorological Office (sea level gross consumption figures.

pressure) andbyP. D. Jonesofthe Climatic Research Clearly, temperature is the chief climatic deter-
Unit (temperature). Precipitation patterns generally minantofenergy consumption for heating purposes.Sow ester says agen violas tim antag Thos rs res oer of Ts vrei wht mousmostor 8 Jul sar. Fo os Teas, he be expand 10 sho whCINE nr Tee in i:
scenarios were derived from a dense network (118 spheric carbon dioxide may lead to changes in Eu-
sites) of European rainfall records compiled by Ta-  ropean energy consumption.

omy (1980)andSuplementedby dotaTom Word)15gogyconsumptionEurope follows
a seasonal cycle of peak demand in winter months.month, sssonal and annual data. This tempera. 4562508 cycle of peak demand in winer, months

ture, pressure and rainfall scenarios provide thebasic Sra temeastanes Wiss eet WEI
information on the spatialpatternsofclimaticchange {0 C0" li y P-
satiated wil facsessed dation dose 2) Within the heating season, energy consumption Seonomic impact of chat change wil, of 2) Wilin the heating sesso, energy consum
course, not only depend on these simple parameters, 1 MEY sensitivetochanges in atmospheric temper:foun ure A cow mea TRuoTSp 13 nowt 10. Gutso upon Tor spicedMEA, Wo hrs.N ‘between thenumberofdegree-days in a month below
fore constructed scenarios of variability change, and base temperaty ind the relative amountofenerof the indirect temperaturedependent parameters 4Xe femperaureandhe lative amount ofeerky
heating degree-days, growing season degree-days and yor, 1g be 16°C (elings, 1978). "length of the growing season. Rainfallvariabilitysce- '% Any marked ch Rrra: ariabilit
narios were constructed from the Tabony data set, 3) A1Y ange in temperature variabilityarios were cons rySince the pidpot temperanrevalvesar expressed il b accompa
in the formofanomalies from the 1946-60 mean, ©'Y demand for heating.Vonaioy of deposdavs 3nd BOWIEtRsom kong The nual temperature seer or Europe in a
were derived using station data (largely from World  high-CO; world (Fig. 2) showswarming over the whole
‘Weather Records but subjected to quality testing and region, with warm~cold differences rising to over 1°C
supplemented by other data). The network is shown in the extreme north (cf. this 1°C with the correspond-
in Fig. 3b. ing Northern Hemisphere mean annual temperaturehans 0A, Ae io Sow 5, 3. issy peri J ine,3. Energy consumption in a warm word or ae:

Energy consumption and climate are related SSSI!departure: abot of gave lu centered
{trough the ned 10 heat iniermal pace in VANCE 2 ut, Seches cross the wholeof cen] Ewopeent th exten west. To ihr sid of tis bolTAL Vem esmech tc 50 Beifn re end, Ths pans canTE A any Foie dillon are "RRTbsso1) Be pineinhe ght of heMSLpresure acnarics
Vie oom sem wm wm nck Prune are Hight in a warm world for
Ye Soros Summer Avene AML og of Europe, apart from the Arctic and Mediter-

acc Tanean Basin, The scsonal dfrenes follow broadly
2m ess us us iid ame pate, athoush the exact location of heBT_— Coons ha re J ar pga nhs pmb an

Po ie ‘or intensityofEuropean blocking anticyclones in warm0s es Tee as ee eeeee mer
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Pass KAZE 1/7] nd insouiber poland and the Usraine, and n he

fwd Emm PUNE wesem Meditemancan Basin. Along the Alantic
——— coastlineofEurope the degree-day number &rops by

CREEL een 7 at least five percent. The conclusion must be, there-
Tir fe CEE hat the reduction in the lengthofthe heating
hil Ther [hi (RS season more than offsets the effect of lower winter
Cm nn1 Rnb & £¥L_| ropean consumptionofenergy for heating purposes
Ui Si in vam work shouldbe ess han ody,with he
{( A possibility of regional-scale opposing changes wiETC]in | oti ofoom cl pn is
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BR necessarly the most important, determinantofim-el me Enen, mora dermantof
ala] Br
Wap = H mnfi x [oe S
Ys | Br. = 7

Po 2 Tempe afin memset. [A
ARNsero, isossayasonam [07GEsummers and cooler winters, a absereed in th tem- ess

perature scenarios. enn
‘With respect to the implications for energy con- Cs

sumpion, wo aspectsofthe scenarios must be ox —~
amined: first, the direction and magnitude of tem- > 7A]
‘perature changes in the heating season, and, second, 11 v8“
‘whether the lengthof the heating season will increase KAor decrase.Ourscenariospointoanoveralldecrease H BS aT]in the lengihofthe heating season In a warm world en oan IG
‘becauseofhigher temperaturesin springand autumn. A [i &
However, certain areas of Europe experience colder il
temperatures in winter, which may lead to greater ALL
energy consumption within the heating season itself, un reagan
‘The balance between these two opposed tendencies | ee
determines whether or not annual energy consump- amy’ |FE b
tion would increase or decrease. This balance is ex- frieZSE
‘pressed,asalready discussed, by the heating degree- he T iilGay number. This was calculated by intesporating ill [I Ec
between successive monthly mean temperature val: Ji gid Mo...ues ovr the year and calculating the mumberofde ASG
greedays below a base temperature of 16°C, The HEoH Ho
difference between the values forthe warm and cold 1Cen] raze
years was standardized by expressing itas a percent-
20 of the mean annual degre-day number fo the 5,Wem eidminsled hangs or iow
period 1901-72. The choice ofreference period is not toto punsialies sao oes: fo), SutCritica, but some sort of standardization is required send dsnons _ y
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may leadto a moreerraticdemandforheating energy Such scenarios of impact on agriculture do not
that may in turn cause short-term supply dificulties. exist for Europe. The problem is complicated by the
The most obvious measure of variability is the vari- lack of clearly-defined crop zones, and by the mul-
ance. However, a direct calculation of variance over  tipliciyofcultivation techniques, Tn seeking 10 pro-
a twenty-year period will give a value which reflects duce meaningful scenarios, we isolated the following
variability on different time scales and which may be climatic variables, sensitive 10 increased atmospheric
unduly influenced by, for example, a decadal time carbon dioxide, as the most critical determinants of
scale trend. We are concerned here with interannual crop yield: precipitation; precipitation variability;
variability. To isolate this short time scale, we firs length of the growing season; and the degroc-day
filered the data with a 1:21 binomial flierand then number above a base temperature of 6°C. In addi-
calculated the standard deviation of the residuals tion, using principal components regression tech-
from the filtered values for each of the two 20-year niques(Briffa ef al 1983),wedetermined the optimal
periods for each station used in the analysis. The dif- climatic environment in limited locations for a num-
ference between the two standard deviations (warm berofeconomically-important agricultural products.
minus cold) is used as a measure of the change in Thescenariosarefurtheranalyzedin the ight ofthese
interannual variability. Fig. 3c shows the results for resus.
winter. This is the seasonof maximum energy con- _Theeffetsofprecipitation changes in a warm world
sumption and also the season when lower tempera- may be intensified or lessened by changes in preci-
tures are a possibility over extensive areas of Europe pitation variability. We therefore derived scenarios for
in a high-CO, world. The whole of northern Europe precipitation changes and for precipitation variability
shows increased variability, with an extensive area of changes. Because of the station network used, based
statistically significant differences over astern Brit- on the Tabony rainfall se, the spatial extent of these
ain, Germany and Scandinavia. The region of lower scenarios is more limited than those for temperature
‘winter temperatures (Fig. 2) coincides over muuch of and pressure. The precipitation differences at cach sta-
western Europe with the region of increased vari- tion were calculatedas (%, — Xs, where %, and %,
ability; both tendencies are consistent with an in- are mean precipitation in the warm and cold years,
crease in blocking frequency. Our scenario points to and s is the standard deviation of the rainfall series
a greater frequency of sever winters in these areas over the reference period 1901-72. Changes in pre-
under warm world conditions. cipitation variability were calculated using the same

“To summarize, overall European energy consump- procedure as for temperature variability.
tion for heating purposes is likely to fall in a high The scenarioof annual precipitation changes in a
CO, world. However, for extensive areas of western warmworld (Fig. 4) showslowerrainfalloverallareas
Europe a higher frequency of severe winters is pos- except highland Britain, northwest France, Norway,
sible, and thiscould cause problems in matching sup- ~ Sweden and partsofcentral and eastern Europe. In
ply (© demand. general the differences, both positive and negative,

are les than halfa standard deviation. However, in
4. Agriculture in a warm world two areas the rainfall declines by between one-half

‘The assessment of impact of a globally warmer and one standard deviation: northern Italy and south-
climate on agricultural production is vastly more central France. The pattems of change in precipita-
‘complex than it is for heating energy requirements. tion variability (Fig. 5) are highly complex; spatial
Heating encrgy consumption is largely dependent on coherenceofhigher-ordermomentsofmeteorological
one variable, temperature, whereas agriculture con- variables tendsto be les than for mean values. How-

sists of a diversityofcrops, all responding in diferent ever, northern Italy and south-central France, where
ways to changes in a rangeofclimate parameters. substantially less rainfall occurred in the warmer
Extensive research programs have been undertaken twenty-year period, both show an increase in vari
on the response of individual crops to climatic vari- ability.
ables (sec, ¢.8., Thompson, 1975; Haigh, 1977; Sak- For agriculture in western Europe, the seasonal
amoto, 1981). For North America, where reasonably distributionofrainfall is at least as important as the
well-defined crop zones exist, this research has been total amount available. Scenarios of the changes in
used to estimate the possible agricultural impact of seasonal precipitation and precipitation variability in
increasedcarbon dioxide. Butzer (1980) has produced a high-CO; world are shown in Figs. 4 and 5.
one of the most detailed analyses. He suggests that In spring, apart from smallareas in the eastofthe:
changes inthedistributionsoftemperature and rain- study area, rainfall is generally lower in the warm
fall will cause shiftsintheposition ofcrop belt, lead. period. The greatest differences are found over high-
ing to anoveralldecline in production in the United land Britain and central France. Except along the
States which increased yields in Canada would fail Mediterrancan fringes, theselowerrainfall valuesare:
10 offset. In a warm world he predicts that the United almost invariably associated with an increase in vari-
States, now the world's greatest food exporter, will be _ ability. Warm-minus-cold perioddifferencesarc par-
barely self-sufficient. ticularly severe in those parts of France where a rain-
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implied reduction in sunshine hours may delay rip- whether the changes which might occur in a high-
ening, The higher winter rainfall of our scenario CO,worldwouldaffect the crop adversely or favor-
would improve the antecedent soil moisture condi- ably. The method is demonstrated here with respect

tions. 10a rangeofcrops in England and Wales, andforthe
‘Where a large change in rainfall (greater than 0.5 quality ofwines from the Bordeaux and Champagne

standard deviations) associatedwith a large increase regions of France.
in variability (takenhere tobean increase statistically _ We developed statistical crop-climate models using
Significantat the 5% level) conditionsmaybepartic the technique of principal components regression
ularlysevere andsubstantial modificationoftheland-  (Briff ef al. 1983). The following crops were con-
use systems may be required. For example, in castern sidered using total yield data for England and Wales:
France in the spring season the indicationsare for a wheat (both winter- and spring-planted varieties),
decrease in rainfall greater than 0.5 standard devia- barley, oats, hay, and turnip and swede yields. Only
tions, and a statistically significant increase in vari. the analysis for wheat is discussed in detal, although
ability. Such a combination of circumstances must the results are presented for all crops. Crop-climate

lead10 a greater probabilityofdrought. regression models have already been developed by
‘Another general indicator of climate’s impact on other authors for some of these crops, and also for

agricultureisthe lengthof the growing season. In this otherpartsofEurope (c.g, Hanusand Aimille, 1978;
Study we took this to be the periodofthe year when Hanus, 1978), but in most such analyses insufficient
the daily mean temperature lies above 6°C. The mean information is given for one to judge the statistical
length was calculated for both warm and cold years reliabilityof the models.
by interpolating between successive values of the For wheat, the dependent variablewaswheat yield
‘monthly mean temperatures andcountingthe num- for England and Wales for the period 1885 10 1966
ber of days above the base line. The difference be- inclusive (we used MAFF, 1968, for all crop-yield
tween the two values was then expressed as a per- data).
centage of the mean growing season length for the
standardization period 1901-72. The results (not il-
Iustrated here) indicate that thegrowing season length  b: Procedure
‘would increase throughout Europe by up to 10%, the
largest gains being experienced in the north. “To remove any long-term wend produced, for ex-

“The degreeday number, a related indicator, was ample, by technological progress, a 30-year Gaussian
calculated in the same way as for energy consump- filer was ited to the data, and then cach yield figure.
tion, but using the temperature excess above a base wasdivided by th filter value for thatyear cf, Mostek
of 6°C. Once again the values are invariably higher and Walsh, 1981). This procedureissomewhat diferent
in a warm world, with a south-north trend in the from the usual methodofremoving technology effects
increase from near 2670 in the south to +10% in the where a crop-climate model is developed using resid-

north. uals from some lontimescale rend. We areessentially
‘Whether or not these general increasesin the length assuming technology 10 have a multiplicative rather

and warmth of the growing season would be bene- than an additive effect. We also examined additive-
ficial o agriculture is difficultosay; they would have type models. Performance for these was similar, but
10 be evaluated crop-by-crop. For many crops (and invariablyaile worse than for the models used here.
for wheat in particular) lower growing scason tem Asafinalstep beforeperforming the regression analysis
peratures favor higher yields (see, ¢., Monteith, thedatawere normalized.
1981). However, a longer growing season may favor The predictor variables in the regression were the
higheryieldsso the two effects may tend to compen- twelve monthly values of gridded temperature from
sate. Increases in the lengthofthe growing season in September to August (the harvest month) for grid
northern Europe may allow cultivation of crops point S0°N, 0° longitude, and twelve monthly values
‘which are currently marginal or impossible to grow of England and Wales rainfall (Nicholas and Glas-
in these areas spoole, 1932, Wigley ef al. 1983) for the same

‘months. Climate data were transformed t0 principal
a. Individualcrop responses to a warm component (PC) variables, statistically insignificant

ro responses o a warm world PCs were eliminated and the remaining PCs used as
“The scenarios presented here are dificult to inter- candidate predictors in a multiple linear regression

pret in terms of the impact upon agriculture because analysis. The final model used only those candidate
ofthe complex relationships which exist between cli- predictors for which the -valuofthe regression coef.
‘mate and individual crops. In order to apply the re- ficient exceeded 0 (forfurtherdetailsofthe method
sults more meaningfully, it is first necessary to de- sce Briff etal. 1983). The regression model for wheat
termine the optimal climatic conditions for a partic- ~ explained 56% of the crop-yield variance [F = 10.22
ular crop in aparticular area. The scenarios can then with (9, 72) degrees of freedom; highly statistically
be analyzed with reference to that area to determine significant], and the following conditions were found
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to contribute to good harvests: a dry winter and sum- mean temperature at Pari for Octobe to September
mer, warm conditions in winter and cool conditions ~ (1898 to 1973, inclusive). The proportionofthe vari-
in spring. The same procedure was followed for the ance explained by the climatic variables was, for the
other crops, with small differences in the analysis Bordeaux, 58%, and for the Champagne, 63%. For
period. Inal cases theclimatic variablesaccountfor both, the same conditions were conducive 10 good
at least 50% of the interannual variation in yield. vintages:awarm spring and summer and dry summer

As the next step, warm-world values for the cli- weather. Our scenarios suggest that conditions in a
‘matic variables were fed into the regression models warm world would lead 10 an improvement in wine
10predictthe change in yield foreachcrop-type.Two quality, particularly of the Bordeaux. In both areas

sets ofvalueswere used.The fistset was taken from spring and summer temperatures are shown 10 be
the scenariosfor thetwogroupsoftwenty consecutive slightly higher (Fig. 2). Summers should be drier in
years having the warmest and coldest mean hemi- the Bordeaux region,butwetter in theareawhich pro-
spheric temperatures,asused throughout this paper. duces Champagne (Fig. 4). Increased temperature
ASa tes of whether using an alternative method to variability is indicated for both areas in the spring
select the warm and cold periods would give sub- season andforthe Bordeaux region in summer. Sum-
stantially different results, we derived a second set of mer rainfall should be less variable for both areas.
scenarios. These were based on the methodofWigley

etal. (1980),selectingthefivewarmestand five cold- .
est years from the Arctic (65-85°N) temperature rec. S. Conclusions
ord for the period 1925-78 inclusive. The results are
shown in Table 2, where Scenario A denotes the re We have constructed scenarios for Europe in a fu-

sultsbased on the twenty-yearwarm and coldperiods, ture, warmer, high-CO; world using the early 20th
and Scenario B the results based on the five warmest century warming as an analogue. Given the present
and five coldest years. Although the model calcula- stateof development ofGCM simulations of CO;-

tionsgive quantitative results, Table2onlyshows the inducedwarming, and given the criticismswhich may
changes to be expected in a high-CO; world in qual- be leveled at the useofpaleoclimatic analogues and
itative terms. To do more wouldbe to impart a false the useof composites of individual years, we believe
sense of precision. that the method used here provides the most realistic

Tn general, theresults fromthetwosetsofscenarios climate scenario development approach available to-
agree well. It is only inthecaseofwheat that no firm day. The fact that a part of the early 20th century
conclusions can be drawn, though the changes sug- warming may be associated with an increase in at-
gestedinbothscenariosare small. For the remaining mospheric CO, over this period strengthens the ar-
crops, however, both scenarios agree on the sign of ~ gument. Not all ofou climate scenariosaredescribed
change in yield, which in all cases is for a reduction in this paper, only those most relevantto the impacts
in warmer-world conditions. The most severe impact on energy demand and agriculture.
is upon hay yields. Further details of this crop-yield Our pressure, temperature and precipitation sce-
‘modeling work appear in Palutikofefal (1983). narios have the following general characteristics

Information onwine quality fromtheBordeaux and First, subregional scale details differ noticeably from
Champagne regions was extracted from Broadbent seasontoseason, andindividualseasonscenarios of-
(1981) and used 10 rate each year's vintage on ascale ten show ttle relationship to the annual scenario.
from 0 (poor quality) to 5 (high quality). For the Bor- Precipitation changes occur in both directions. There
eaux, the independent variables used were monthly is, however, an overall tendency forspring and sum-
rainfall at Bordeaux and mean temperature at Nantes mer 10 bedrier with autumn and winter being wetter.
(extracted from World Weather Records) for October Interestingly, the scenarios show some similarity with
to September (189010 1960 inclusive). The indepen- the climate of the Medieval warm period (c. 900
dent variables for the Champagne were the mean of 1300 A.D). Lamb (1977 and earlier) suggested that
monthly rainfall at Chalonsand Laon, and the monthly late summers in this period were wetter thanthe pres-

Tas2.Esimated changes ofcrop yields in England and Wales fr ScnariosA 4nd B.
Percentage variance of yicd

crop Scenario A Scenario B sccounied fo by model (5)
whe Smal decrease Small increase: 5Bary Moderate decrease Modere decrease s
ous Moderto age decrease Moderate decrease 5Hey Largs decrease Moderate to are decrease: 5

Turips and swedes Moder decease Moderate to aredecrease 2
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ent. Our own re-evaluationofthe available, reliable, Changes in European temperature distributions in
historical data shows that, in termsofthe seasons JA awarm world appear to be broadly beneficial or agri-
for summer and SON for autumn, this increased culture. Rainfall tendenciesvaryfrom season{oseason
‘wetness was more confined to the autumn (spanning and arc dificult to interpret. For Europe as a whole,
August, September and October), paralleling our pre springis expected tobe drier inthe warm years, whereas
cipitation scenario. Temperature scenarios show autumn and winter are showntobewetter. However,
warming over the year as a whole and for spring, because of the complexityof crop-climate relation-
summer and autumn. The largest positive differences ships, t is really only possible to interpret the scenarios
are found in higher latitudes. However, one some- on an individual crop-by-crop basis and for spatially-
what unexpected result revealed by the past record restricted localities. We did this for aselection ofcrops
is the possibilty that winters over large parts of Eu- by developing specific crop-climate models using the
rope may actually be colder (and more variable) in techniqueofprincipal components regression. For two.
a warmer world. This latter result is associated with different warm-worldscenarios, the indications are that
an increase in blocking frequency and, because of the yields of staple crops in England and Wales will de-
importance of this synoptic feature, we believe that crease, We have, however, taken no account of the
more effort should be directed towards improving possible influence of nonclimatic factors. The most
GCM simulations in this regard. Very few present. important of these are the effects of technological
day GCMs produce realisic blocking phenomena change, the direct influenceofincreasing CO;on crop
(W. Washington, NCAR, personal communication,~ photosynthesis, and the indirect impacts through
1982). changes in the incidence of pests and disease (which
We have used our climate scenarios to construct may be a consequence of climatic change). Over the

scenariosofthe impactof increased atmospheric car- past 50 years or so, many crops have shown a steady
bon dioxide on energy consumption and agriculture ~ upward trend in yield per unitarea due to changes in
in Europe. farming technology—loosely referred 1 as the tech-
The increase in frequency and/or intensityofhigh- nological influence. Predicting the future influence of

pressure “blocking” situations in the winter is linked technology is a daunting task. In consiructing crop-
10 lower mean winter temperatures. Although this will climate models, technology is invariably accounted for
lead to increased energy consumption, warmer tem- in an empirical way, citherbyfitting linear, piece-wise
peratures in both spring and autumn will reduce the linear or quadratic trends to past data or by fering
length of the heating season. The et effect of these (as in the present study). Extrapolationofpast trends
two opposed tendencies will, we believe, cut the con- would be singularly inappropriate in many cases, and
sumption of energy for heating purposes. Increased predicting future technological trends on the basis of
temperature variability during winter over north and assumed scientific/agronomic advances or assumed
northwestern Europe suggests a greater frequency of technological responses to stress would be equally
severe winters, and thus larger fluctuations in the de- fraught with uncertainty. Likewise, the direct influence
‘mands for heating energy than are experienced at pres- of CO; on crop yield (CO; “fertilization”) is difficult
ent. Itis often suggested thatthe main impactofclimate to estimate (Cooper, 1982; sce also commentary by
and weather on man is through changes in variability, ~ Wittwer, 1982, Rosenberg, 1982 and Oram, 1982); C-
particularly in the frequencyofextreme events, rather 3 plans show enhanced photosynthetic activity and
thanthrough changes inthemean (see Palutikof, 1983, more efficient water use in controlled high-CO3 en-
for an analysis of the economic impact of recent ex- vironments. However, in the natural or large-scale field
treme seasons in England). The twoitems are, however, environment, where other factors tend t0 be limiting,
related. Since extremes are frequently defined in ab- this direct CO, effect may be less noticeable. In spite
solute terms (c.g. winter temperature below a given of a 25% increase in atmospheric CO; over the past
value, river levels above acertain limit, cic.) a change century, no long-term CO, fertilization effct has been
in the mean may cause a change in the frequency of documented (although such an effect maywellbe ob-
extremes without any change in variability. This was scured in the case of agricultural crops by the effect
acontributing factor to the perceived variabilityof the of changing farming technology). The possible im-
Little Ice Age in Europe (Ingram et al, 1981, 13-14). portanceofCO, fertilization incomingdecades cannot
Our variability scenarios did not specifically analyze be discounted, but predicting its magnitude and the
extreme events, but where increases in winter tem- more indirect ffects through competition with weeds
perature variability are associated with litle change or and changing wateruse eficiency is a formidable task.
a decrease in the mean this would necessarily imply Finally, the effects of CO; on crop yield through
an increase in the frequencyofabsolute extremes. We changing pest and disease incidence may be large, al-
deliberatelycalculated variabilityaboutamedium-term though such factors are probably more amenable to
filtered trend in order todecouple changes in variability technological “fixing”. The influenceof climate alone,
from changes in the mean. itself subjecttosome uncertainty, is the most tractable
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Finally, we cannot at this stage place much con- sige; J und W. W. Kellogg. 1983: Anomalies in temperature andfidence in these scenarios beyond the carly decades isl dungwarsScie cioon Chima Chie, 3
‘ofthe21stcentury. There must, forexample,besome 60.Sou shove he alooonSesao. Tore... W.L Wigs ud P.M. Kel, 10: Vasari
CO, Ivesofth order of double the preindusiial J SF Rr atyhHeme, 851-level (ic. fortheanticipated conditions which might Kellogg, W. W., 1977 Efcs ofhuman actives on climate. WMO.
‘prevail by the middle ofthe next century). The early Tech. Note 156, WMO No. 486, World Meteorological Or-Soi conury Northern Homisphere warming of biaonoround 04°C is Supsamily eo han tht expected m4. Sema 381 Cnt Chars cd Sits Com
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