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ABSTRACT: Grain maize is a crop that is limited by both temperature and moisture availability in 
Europe. Thermal requirement data for different phases of development allowed the sensitivity of the 
European growing season to climate change to be tested. Within the thermal limits to crop develop- 
ment there are clearly differences in crop water relations, depending on soil water holding capacity, 
precipitation amount and potential evapotranspiration (PET) These factors are combined together in a 
crop-specific water balance model. The sensitivity of grain maize to changes in temperature and pre- 
cipitation was tested with the model. Uncertainties are evident in the use of the Thornthwaite method 
of calculating PET. However, it is clear that increased temperatures will lead to increased PET. A tem- 
perature change of +2 "C has a significant negative effect on the water balance output. A 10 % increase 
in precipitation offsets this negative effect. These effects are partly offset by a shortened growing 
season, which leads to a lower accumulated water deficit. The result is compounded when the timing 
of sowing is taken into account. There is a net benefit from being able to sow earlier under a warmer 
climate. While this offers an important adaptation strategy it remains clear that conditions will continue 
to be water limited for grain maize production in southern Europe, and in many areas of expanded 
thermal potential. 

INTRODUCTION 

A range of climatic factors affect crop development 
and growth (Monteith 1981). In Europe the main cli- 
matic constraints to grain maize (Zea ]nays L.)  are the 
effects of temperature on development, and water on 
growth and yield. Thermal limits to development can 
be defined by a minimum thermal accumulation above 
a base temperature referred to as the thermal time 
(Monteith 1981) or effective temperature sum (ETS) 
(Carter et al. 1991). Temperature is the major con- 
straint to the expansion of grain maize into higher lati- 
tudes. Carter et al. (1991) demonstrate that even a 1 "C 
rise in mean temperature would lead to a significant 
expansion in the northern limit of suitability based on a 
minimum ETS requirement. 

' Present address: Centre for Environmental and Resource 
Studies (CEARS), University of Waikato, Private Bag 3105, 
Hamilton, New Zealand 

Availability of water is a predominant limiting 
factor to growth of grain maize in southern Europe. 
Virtually all of the grain maize crop in Spain and 
Greece is irrigated (Bignon 1990). The demand for 
water by a crop and its availability may change 
under a possible warmer climate. Knowledge of how 
these factors may change will be critical to planning 
future use of water resources. This will be crucial in 
countries such as Spain, where there is already 
concern over loss of ground-water to irrigation 
(Oliver, Inst. Hydrology, Wallingford, UK, pers. 
cornrn. 1991). 

While the northern and southern limits to grain 
maize can be coarsely defined by temperature and 
precipitation respectively there is in reality a dynamic 
interaction between the two (both temporally and spa- 
tially). Temperature influences both the tinling and 
duration of the growing season. Both of these factors 
will affect the balance between the amount of precipi- 
tation received by a crop and potential evapotranspira- 
tion (PET) from the crop surface. 
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This paper provides an evaluation of the climatic fac- 
tors which set the limits for grain maize suitability in 
Europe. Consideration is given firstly to the influence 
of temperature on crop suitability and growing season 
length. A significant part of the subsequent analyses 
deals with the development and testing of a water bal- 
ance model for the maize crop. This allows for greater 
consideration of the interactions between temperature 
and precipitation in determining crop suitability. The 
final sections of the paper incorporate analyses of the 
sensitivity of grain maize to climate change. 

METHODS OF ASSESSMENT 

The current agroclimatic database consists of aver- 
age monthly temperature and average monthly precip- 
itation (1951 to 1980) and soils data, including esti- 
mates of available water holding capacity (AWC) 
(Groenendijk 1989). These data have been interpo- 
lated to a 1" longitude by 0.5" latitude grid across 
Europe, as described in Carter et al. (1991). 

Seasonal temperature accumulations were calcu- 
lated using an effective temperature sum (ETS) for- 
mula (Carter et al. 1991). Temperature data were 
also used to calculate potential evapotranspiration 
(PET) using the Thornthwaite method. A crop- 
specific water balance was also derived (FAO 
1986). Every attempt was made to validate the 
derived data (referred to as agroclimatic indices). 
These are discussed in full in the relevant sections. 
Model validation was carried out for baseline (1951 
to 1980) conditions. Analyses were made by both 
geographically coding the agroclirnatic indices and 
mapping them, as described in Carter et  al. (1991), 
and by graphically and statistically evaluating the 
uncoded output. 

Having evaluated the indices for baseline conditions 
the sensitivity of grain maize to climate change was 
tested. Systematic adjustments were made to the input 
variables in order to gauge the level of change 
required to give a significant change in model output. 
It is stressed here that, for assessing the impacts of 
climate change, the critical need is to determine the 
degree to which crops are sensitive to change in 
selected climatic variables. This is particularly impor- 
tant given the uncertainty over general circulation 
model (GCM) projections of climate change. 

TEMPERATURE LIMITS TO DEVELOPMENT 

Temperature limits to crop development are nor- 
mally defined by a critical accumulation above a base 
temperature, either between development stages or 

over the growing season. An empirical method of 
calculating thermal time from monthly data, referred 
to as effective temperature sum (ETS), was used by 
Carter et al. (1991) to map the northern limit of 
grain maize in Europe based on an annual accumula- 
tion of 850 "C days above a base of l 0  "C (Goudriaan 
1988). The standard formula for calculation of ther- 
mal time is: 

n 

Thermal time = 1 (T, - Tb) "C days 
1 = 1  for n days when T, > Tb 

where T, is the mean temperature of Day i and Tb is the 
base temperature for the crop in question. 

The minimum temperature for germination of maize 
is in the range 7.8 to 10.0 "C (Hellmers & Warrington 
1982), although the base temperature most commonly 
used is 10 "C (Shaw 1977, Doorenbos & Kassam 1979). 
Narciso et al. (1992) give thermal requirements for 
different phenological phases and different hybrid 
classes using a base temperature of 8 to 9 "C (Table 1). 

Table 1 Thermal tlme (ETS) requirement for grain maize 
above a base of 8 to 9 'C. (Source: Narciso et al. 1992) 

Hybrid class Sowing to flowering Sowing to ripening 
('C days) ('C days) 

Early 620-625 1200-1330 
Medium-late 730-740 

The mapped seasonal Limit for early hybrid maize 
(1200 "C days, base 8 "C) (Fig. lb )  is to the south 
of the limit based on the annual accumulation 
(850 "C days, base 10 "C) (Fig. l a ) .  The difference 
amounts to approximately 380000 km2 or 4 % of the 
land area. The current limit to production of grain 
maize in western Europe is in northwest Germany 
(Bignon 1990) and southeast England (Hough 1975). 
Neither the annual nor the seasonal thermal accu- 
mulation corresponds to the margin of production 
in Germany. However both represent the major areas 
of grain maize production in the EC countries 
(Bignon 1990). The seasonal limit is used for further 
analyses because it allows for evaluation of the 
sensitivity of different hybrid classes, and of the 
timing and duration of the growing season to climate 
change. 

The expanded thermal limit for a +2"C change 
covers all of continental Europe, the Baltic republics 
and much of Russia. The only areas excluded are 
the west of Eire, western and northern UK, almost 
all of Fennoscandia (with the exception of southern 
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(a) Annual ETS 
P - -  . . - - - - - . . - - - - - - - . - - . - .  - . - . . . - - . - . - - - .  

(b) Seasonal ETS 

(b) and (c): 

Unsuitable at all U Unsuitable 
altitudes 

Suitable at modal Early hybrids 
altitude 

Suitable at minimum Medium-late 
altitude hybrids 

Late hybrids 

Fig. 1. Northern thermal limits of grain maize for the baseline climate (1951-1980) based on (a) an annual ETS accumulation 
(Carter et al. 1991), (b) a seasonal ETS accumulation (Narciso et al. 1992). (c) Sensitivity of grain maize hybrids to a +2 'C change 

in temperature 

Sweden) and northern Russia. This is consistent with A uniform temperature increase of 2 "C would lead 
Carter et al. (1991) who showed that an increase of to a significant northward shift in suitability of all 3 
only 1 "C would open up large areas of northern hybrid classes (Fig. lc ,  Table 2).  With such an adjust- 
Europe, including southern England, the Low Coun- ment the growing season is sufficiently warm to grow 
tries, eastern Denmark, northern Germany and north- medium hybrids beyond the present margin for early 
ern Poland. hybrids. 
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Table 2. Percentage area of suitability in Europe for grain 
maize. Note: percentage areas for hybrid classes are cum- 
ulative such that early hybrid maize covers the full area of 

suitability 

Hybrid class % Land area 

Baseline climate Baseline + 2 'C 

Unsuitable 65.30 39.90 
Early 34.70 60.10 
Medium-late 24.99 43.72 
Late 18.45 27.80 

This result does not consider the potential negative 
effects of a warmer climate. For example if summer 
conditions in southern Europe become hotter and drier 
there could be a contraction in the area suitable for late 
hybrids. 

The remainder of this section considers the possible 
effect of temperature on the timing of key phenological 
events and the length of the growing season. Most 
analyses were made with early hybrid maize as it cov- 
ers the range of commercial suitability. 

Effect of temperature on sowing, flowering and 
maturation time 

Baseline (1 95 1 to 1980) 

A minimum temperature of 10 "C was used to iden- 
tify the earliest month suitable for sowing of grain 
maize across Europe. The result (Fig. 2a) shows the 
earliest month at the northern limit for early hybrid 
maize to be May. For much of southern Europe, with 
the exception of southern Spain, the earliest month is 
April. In southern Spain the earliest month 1s March. 

These results generally concur with the earliest times 
of sowing for grain maize given by Bignon (1990). 

The earliest months of flowering and physiological 
ripening were projected from the earliest month of 
sowing for each of the 3 hybrid classes (Table 1). The 
start day for the accumulation of temperatures was 
taken as the middle of the earliest month of sowing. 
The exception was the month of May, which is the 
sowing month in the northern zones of suitability. At 
the northern margins 1 May is given as the average 
sowing time (Bignon 1990), which was considered a 
more appropriate start time than mid-May. 

For all 3 hybrid classes the dominant month of flow- 
ering is July. For Europe the exception is in the south, 
notably southern Spain and Portugal, where the earli- 
est month for flowering is June. The result for early 
hybrid maize is shown in Fig. 2b. These results cor- 
respond very well with Bignon (1990) who gives July 
as the principal month of flowering for grain maize in 
Europe. 

The earliest time for physiological ripening of each 
hybrid class generally ranged from August to October 
across Europe. July is the earliest possible month for 
early hybrid maize (Fig. 2c) in southern Spain. In all 
cases October is the earliest month for physiological 
ripening at the northern margins of production. 

The length between phenological stages, and of the 
growing season, was calculated for early maize. These 
data are compared with the observed growing period 
length for maize (Doorenbos & Kassam 1979) (Table 3). 
The predicted duration from sowing to flowering is at 
the upper end of the observed range. Conversely the 
predicted duration from flowering to physiological 
ripening is at the lower end of the observed range. The 
predicted growing season length (124 f 21 d)  corre- 
sponds very closely to the observed range of growing 
season length (100 to 145 d) .  

Table 3. Sensitivity of grain maize phenology to temperature change 

Duration (days) I 
Sowing-flowering Flowering-ripening Sowing-ripening 

Observed range' 55-85 45-60 100-145 

Predicted (mean + SD) 
Baseline ( 195 1-80) 

Sensitivity adjustments (+ 2 "C) 
Baseline sowing time 

Baseline area 
Baseline + expanded area 

Adjusted somng time 
Baseline area 
Baseline + expanded area 

'Source: Doorenbos & Kassam (1979) 
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(a) Sowing 

(b) Flowering (C) Maturity 

78 

Unsuitable 

March 

April 

May 

June 

July 

August 

September 

October 

Fig. 2. Earliest month of key phenological events for early hybrid grain maize for the baseline climate (1951-1980): (a) sowing. 
(b) flowering and (c) physiological ripening 

Sensitivity 

Sensitivity time of sowing forward by a month (Fig. 3a). Excep- 
tions are in southern Spain, parts of Italy and the 

experiments were carried out on the Balkan region, where the shift is less than a month. 
month of sowing by making stepwise adjustments Consistent with this result, the dominant month of 
to temperature from -1 to +4 "C. Results show that flowering becomes June under a 2 "C temperature 
a temperature change of +2 "C generally shifts the increase (Fig. 3b). Similarly the time of physiological 
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(a) Sowing 

Flowering 

m Unsuitable 

February 

March 

April 

May 

June 

July 

August 

September 

October 

(C) Maturity 

Fig. 3. Sensitivity of the earliest month of key phenological events to a +2 "C temperature change for early hybrid grain maize: 
(a) sowing, (b) flowering and (c) physiological ripening 

ripening moves forward by a month over most areas warmer temperature regime. If the sowing time is not 
(Fig. 3c). changed there is a clear shortening of the growing sea- 

The effect of a 2 "C temperature increase on the du- son, as well as a reduction in the spatial variability (as 
ration between phases and on the growing season indicated by the relatively low standard deviation, 
length was calculated (Table 3). The analyses included + 12 d) of the growing season length. When the area of 
an  adjustment to the timing of sowing under the expanded suitability is considered the net result is still 
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a shortening of the length of the growing season, but to 
a much lesser degree. This result is weighted by the 
expanded northern limit, where there is a longer 
(cooler) growing season. If the sowing time is adjusted 
forward the growing season is cooler than if it were not 
adjusted. This minimises the effect of warmer temper- 
atures on shortening the length of the growing season. 
The mean and standard deviation of the duration 
between all phases is the same as for baseline condi- 
tions over the entire area of suitability for the adjusted 
sowing time. 

These results have important implications. If adjust- 
ments are not made to the timing of sowing under a 
warmer climate then cultivars that are more suitable 
for a shorter growing season may have to be intro- 
duced. Present cultivars could be retained if the start of 
the growing season is shifted forward, and in areas of 
expanded suitability. Sowing earlier may not be feasi- 
ble in areas where an annual crop rotation is practised. 
Another crucial climatic factor that may determine the 
timing of sowing is the effect of climate change on the 
availability of moisture for crop growth. 

MOISTURE LIMITS TO GROWTH 

Precipitation requirements 

Globally, maize is grown in an annual precipitation 
range from as low as 250 mm to higher than 5000 mm 
(Shaw 1977). The minimum summer (June, July, 
August) precipitation requirement for rainfed grain 
maize is approximately 150 mm but irrigation above 
this level can increase yields (Shaw 1977). Bignon 
(1990) indicates that there are minimal benefits from 
irrigation in Europe where the summer precipitation is 
more than 250 mm. 

These are general thresholds that will vary between 
sites and years according to the intensity and timing of 
precipitation. For rainfed crops the amount of precipi- 
tation and its timing in relation to crop development is 
critical to yield (Carr & Hough 1978). Soil water hold- 
ing capacity is also very important. In low rainfall 
countries, such as Botswana, farmers tend to grow 
maize on soils with a higher moisture holding capacity 
(Vossen 1989). This is also generally true of Europe, 
although wide use of irrigation enables the crop to be 
grown on coarser soils. The disadvantage of using 
water-retentive soils at the northern, thermal margins 
of production is that the soil will warm more slowly in 
the spring and delay establishment of the crop (Carr & 

Hough 1978). 
Flowering is the most moisture sensitive phase of 

development for maize (Doorenbos & Kassam 1979). 
Despite wide variations in the timing and length of the 

growing season in Europe, Bignon (1990) confirms that 
flowering of the maize crop occurs, almost universally, 
in July. Therefore summer (June, July, August) precip- 
itation may provide a reasonable indicator of suitability 
for rainfed grain maize production in Europe. 

Precipitation thresholds were used to map the suit- 
ability of rainfed grain maize in Europe. As tempera- 
ture is the main determinant of whether the crop will 
develop to maturity the thermal constraint for early 
hybrid maize (1200 "C days, base 8 "C) was imposed. 
Within the thermal limit 3 classes of suitability, 
corresponding to the precipitation thresholds, were 
identified: 

(0) Thermally unsuited (less than 1200 "C days, 
base 8 "C, May to October). 

(1) Irrigation essential, where summer precipita- 
tion is less than 150 mm. 

(2) Irrigation benefits, where summer precipita- 
tion is between 150 and 250 mm. 

(3) Un-irrigated, where summer precipitation is 
greater than 250 mm. 

Summer precipitation is sub-optimal over most of the 
area of thermal suitability in Europe (Fig. 4a). 
Conditions are most water-limited in Spain, southern 
Italy and southern Greece. Areas where summer pre- 
cipitation is greater than 250 mm are confined to the 
margins of high altitude zones. 

A crop-specific water balance 

The precipitation thresholds are based on experi- 
ence and observation for recent conditions, and may 
not fully account for possible future conditions. If the 
climate of the future is warmer than the present this 
could lead to higher levels of water use by maize 
through increased evapotranspiration. An annual 
increase in potential evapotranspiration (PET) of the 
order of 55 to 70 mm for each l "C rise in annual 
temperature has been estimated for the southern 
Mediterranean (Le Houerou 1990). A similar order of 
magnitude of change is indicated by Rowntree (1990), 
who estimates an increase of 50 mm per 1 "C tempera- 
ture increase over a 6 month growing season in mid- 
latitudes. A verification of these 2 values was made 
using the temperature based Thornthwaite method to 
calculate PET. From this the mean annual change 
across the whole of Europe is of the order of 32 mm. 
However the range is considerable, from 7 mm up to 
70 mm. In southern Europe, south of 40" N, the range is 
from 30 to 70 mm, with a mean value of 49 mm. This is 
consistent with estimates by Le Houerou (1990). 
Assuming no change in precipitation this could have a 
significant impact on agriculture in the low rainfall 
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(a) Precipitation Limits 

(b) Water Balance 

Unsuitable 

Suitable with no m irrigation requirements 

Yield benefits with 
irripation 

Irrigation essential for 
maize production 

Mediocre 

111ll111111Il11 poor 

Crop failure 

Fig. 4. Water constraints to grain maize suitability within the seasonal thermal limit for the baseline climate (1951-1980): 
(a) summer (June. July, August) precipitation and (b) the water requirement satisfaction index (WRSI) 

areas of Europe under a warmer climate, in particular increased atmospheric CO2 has not been well quanti- 
the Mediterranean. The possible negative effects of fied, but is likely to be  less than that of C3 crops such 
increased PET on the water available to a maize crop as  soybean and wheat (Parry et  al. 1990). Such effects 
must be  balanced against possible improved water use were not considered in this study. 
efficiency from increased levels of atmospheric COz. A simple water balance model was used to evaluate 
However, the response of maize (a C4 plant) to the effect of temperature induced changes in PET on 
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the water available to grain maize. While a simple 
atmospheric water balance (precipitation-PET) could 
have been used, it would not have been possible to 
directly relate the output from this to a specific crop. It 
was therefore decided to use a crop-specific water bal- 
ance (FAO 1986). Within this model PET is adjusted 
according to the crop demand for water over a particu- 
lar development stage, using a crop coefficient (Kcr) to 
give the crop water requirements (W). The crop coeffi- 
cients are derived from the ratio between maximum 
crop evapotranspiration (ET,,) and the reference 
evapotranspiration (ETo) (Doorenbos & Kassam 1979). 
The difference between precipitation and available 
soil water is calculated for successive development 
phases to determine whether the soil is in deficit or sur- 
plus. The accumulated difference between crop water 
requirement and deficit is expressed as a ratio of the 
total crop water requirement. This is referred to as the 
water requirement satisfaction index (I) (FAO 1986) 
and is expressed in Vossen (1989) as: 

where W, is the water requirement of the crop in a 
given month, i; and n is the total number of months 
covering the growing season. 

For the purposes of this paper the water requirement 
satisfaction index is subsequently referred to as WRSI. 

The analyses of the growing season for grain maize 
in Europe show wide spatial variation in timing and 
duration of crop development. However, as these are 
based on the earliest month of sowing they do not cap- 
ture the temporal variability that results from a range 
of sowing times. By considering the range of sowing 
times by country and across Europe the average grow- 
ing season for grain maize generally extends from May 
to October, with July being the month in which flower- 
ing most commonly occurs (Bignon 1990). This average 
season was used for development and testing of the 
water balance model. Dekadal (10 d)  crop coefficients 
for grain maize (FAO 1986) were extrapolated to this 
average European growing season and averaged to 
give monthly values (Table 4). 

The mid-season value of 1.2 is at  the top of the 
range (1.05 to 1.2) given by Doorenbos & Kassam 
(1979), and applies to hot, dry conditions, This tends 
to represent a more extreme case when applied uni- 

Table 4. Crop coefficients (Kcr) for grain maize in Europe (for 
the average growing season) 

May Jun Jul Aug Sep Oct 

Kcr 0.5 0.9 1.2 1.0 0.8 0.5 

versally across Europe. In subsequent analyses varia- 
tions in these coefficients were made to account for 
the spatial variability of the growing season and for 
the climatic differences between arid (higher Kcr val- 
ues) and cooler, temperate (lower Kcr values) parts of 
Europe. 

The likely performance of grain maize under rainfed 
conditions was assessed for those areas within the 
thermal limit for early maize (1200 "C days, base 8 "C). 
Classification of crop performance was based on that 
provided by the FAO (1986) (Table 5).  

Table 5. Classification of the water requirement satisfaction 
index (WRSI) (source: FAO 1986) 

% of yield in 
relation to average 
of 3 best yields 

> l 0 0  % 
90-100 % 
50-90 % 
20-50 % 
10-20 % 
<l0 % 

Crop 
performance 

Index ( I )  

Very good 
Good 
Average 
Mediocre 
Poor 
Crop failure 

Comparison of moisture indices 

Visual comparison of the precipitation limits with 
the water balance output (Fig. 4a, b) suggests a 
high degree of correspondence between the two. 
This is verified by producing a scatter plot of the 
data (Fig. 5). The fitted regression line demonstrates 
a significant relationship (R2 = 92.4 %, p 0.01) 
between the two. In addition the thresholds for irri- 
gation are closely related (precipitation 1150 mm = 

WRSI 550).  Similarly there is a very good correspon- 
dence between the upper thresholds beyond which 
there are minimal benefits from irrigation (precipita- 
tion L250 mm = WRSI 280). Index values greater 
than 80 would most likely be influenced predomi- 
nantly by the timing of precipitation rather than the 
quantity. 

Further validation was made by comparing the maps 
with available information on the extent of irrigated 
maize in the EC (Bignon 1990). In virtually all areas of 
Spain and Greece, 100 % of the crop is irrigated. This 
corresponds with those areas indicated as crop failure 
in Fig. 4b. No data were available for Italy. In France 
there is generally more irrigation in the west and south 
(up to 70 % of the acreage in the south) and less in the 
east (as little as 5 % of the acreage). This corresponds 
with mediocre and average crop performance respec- 
tively (Fig. 4b). 
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I I 0 : I I I I I I I I 

0 50 100 150 200 250 300 350 400 450 5 
JJA Precipitation (mm) 

Flg 5. Comparison of grain maize 
moisture indices for the baseline 

climate (1951-1980) 

A question that stems from this result is, why not use 
precipitation as an index of crop water availability 
rather than the water balance? The former would be 
far simpler to apply as an agroclimatic index. This may 
be satisfactory under present climatic conditions. 
However under a warmer climate, use of the water bal- 
ance model allows for consideration of the combined 
effects of changes in PET and precipitation which is 
not possible by using precipitation alone. A sensitivity 
analysis showed that an approximate 10 % increase in 
precipitation would be required to offset the negative 
effects of a 2 "C temperature increase on PET. If aver- 
age climatic conditions change in the future then obvi- 
ously new precipitation thresholds would need to be 
defined. This confirms the view that precipitation is not 
a satisfactory indicator of water requirements for as- 
sessing the impact of climate change on a specific crop. 
The sensitivity of the water balance to changes in PET 
(as a result of temperature change) is evaluated in 
more detail in a later section. The uncertainty w i t h  
the Thornthwaite method for calculating PET is con- 
sidered first. 

ate the uncertainty that may arise from using this 
method for PET calculation in Europe. 

A comparison was made between output from the 
Thornthwaite and Penman methods of PET calcu- 
lation. Penman PET data were available from the 
FAO agrometeorological database (FAOCLIM). These 
were calculated according to the FAO-24 method 
(Doorenbos & Kassam 1979, FAO 1986). This method 
performed similarly to the Thornthwaite method in 
humid environments, but ranked higher in arid envi- 
ronments (Jensen et al. 1989). Analysis was restricted 
to latitudes south of approximately 50" N (no FAO data 
were available for higher latitudes), and to sites that 
matched those from which monthly temperatures were 
interpolated for Europe (Carter et al. 1991). Countries 
included in the comparison were France, Italy, Spain, 
Greece and the former Yugoslavia. 

A scatter plot of output from the 2 methods showed 
no consistent relationship. Ratios were calculated 
between the two for each month of the average (May 
to October) growing season, for each site. They were 
averaged by country and then averaged over all 
countries used in the analysis (Table 6). 

EVALUATION OF UNCERTAINTY WITH PET 
ESTIMATES Table 6. Ratios of Penmanflhornthwaite PET (sites south of 

50' N) 
In arid environments the Thornthwaite method for I I 

calculating potential evapotranspiration (PET) per- I May Jun Jul Aug Sep 
forms poorly when compared to other methods (Jensen 

OCt I 
et al. 1989). It performs better in humid environments, Average 1.2 1.1 1.0 

for which it was originally developed. As a key input to High 1.3 1.2 1.1 
1.1 1.0 0.9 

the water balance it was considered essential to evalu- 
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Several patterns emerged from this approach: CLIMATE SENSITIVITY OF THE WATER BALANCE 

(1) There is a gradient from overestimation (by 
(AVERAGE GROWING SEASON) 

the Thornthwaite method relative to the 
Penman method) to underestimation across 
the average (May to October) growing 
season. 

(2) In France and Italy there are distinct lat~tudi- 
nal gradients, with overestimation by the 
Thornthwaite method in northern latitudes 
(from approximately 44 to 50° N) and under- 
estimation in the south. 

(3) In Spain, with few exceptions, the Thorn- 
thwaite method consistently underestimates 
PET relative to the Penman method. 

The first pattern appears to be related to the monthly 
latitude adjustment factors that are incorporated into 
the Thornthwaite calculation. If it is assumed that the 
Penman method is the more accurate (which is true for 
the more and southern latitudes) then this result sug- 
gests that the adjustment factors have not been suffi- 
ciently well calibrated for Europe. It is less clear 
whether the latitudinal differences are related to these 
adjustment factors, or reflect other computational dif- 
ferences. 

In order to quantify the effect of these differences 
on the water balance output, a series of sensitivity 
experiments were carried out. This involved adjust- 
ing Thornthwaite PET by the average, high and low 
ratios (Table 6). Uniform adjustments in PET of 
+ l 0  % to each month were also made. From the 
range of ratios only the high adjustment gave a sig- 
nificant change in the water balance. As a general 
rule it was found that significant changes in the 
water balance occur with a change in PET of the 
order of + 10 %. It is recalled that the tendency is for 
overestimation of Thornthwaite PET in the north (up 
to 50" N) and underestimation in the south, most 
notably in Spain. The effect of making a 10 % down- 
ward adjustment in the north is to shift the water 
balance classification from mediocre to average in 
parts of western France and southern Germany. In 
Spain with an upward adjustment in PET of 10 % 
some areas are reclassified from poor to failure for 
rainfed conditions. 

It can be concluded that there are important differ- 
ences in the methods of calculating PET. These are 
borne in mind in the subsequent sensitivity analyses. 
It must also be emphasised that because the Thorn- 
thwaite method is empirical, and calibrated for 
present conditions, it is likely that it will have to be 
geographically re-calibrated if mean changes in the 
climate do in fact occur in the future. Essentially this 
would require re-evaluation of the latitude adjust- 
ment factors. 

Sensitivity to changes in temperature 

Stepwise adjustments of 1 "C were made to the tem- 
perature data over the range + l  to +4 " C .  Thornthwaite 
PET was recalculated with these data, and the water 
balance rerun for the average growing season. No sig- 
nificant change in the mean WRSI resulted for a 1 "C 
increase in temperature. However there was a highly 
significant (p < 0.01) difference in the mean for a +2 "C 
change in temperature from the baseline. 

Sensitivity to changes in temperature and 
precipitation 

Adjustments to both temperature and precipitation 
showed that by increasing temperature by 2 "C and in- 
creasing precipitation by 10 % there was no significant 
change in the WRSI. Only 3 76 of the gridded data 
changed an index class. In general, analyses show that 
the effect of changing precipitation by 10 % has the 
same magnitude of effect (but opposing) on the WRSI 
as changing temperature by 2 "C. 

The percentage change in index values for a +2 "C 
sensitivity adjustment does not vary greatly with lati- 
tude and is of the order of 7 % on average. It is the 
absolute change that tends to have the most critical ef- 
fect. South of approximately 40" N the absolute change 
is minimal, as is its effect on the classification of the 
output. Index values are nlostly below 50 in this latitu- 
dinal range which corresponds to the lowest FAO clas- 
sification of crop failure (FAO 1986). The increasingly 
water-limited conditions resulting from increased tem- 
peratures and/or decreased precipitation are therefore 
not apparent in the mapped output at lower latitudes 
where crop failure is already indicated for baseline 
conditions. Where index values are higher, which is 
generally at higher latitudes, the range assigned to a 
class is narrower than for lower values (FAO 1986). 
Given that the absolute change is also greater at 
higher latitudes, class changes in the water balance 
are therefore most likely to occur in these regions, par- 
ticularly where a value is already marginal between 2 
classes. This interpretation concurs with assessment of 
the mapped output which shows mid-latitude areas to 
be more sensitive to class changes than southern 
Europe, where conditions become more water limited, 
but remain in the crop failure class. 

When the uncertainty with PET is incorporated in the 
analyses, a similar pattern emerges. The mid-latitudes, 
in particular France, parts of southern Germany and the 
Ukraine, are the areas most sensitive to changes in PET. 
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MAPPING LIMITS TO PRODUCTION USING A 
VARIABLE GROWING SEASON 

It is unrealistic to assume the same growing season 
across Europe, other than for model validation and 
sensitivity evaluation. As has been shown, the growing 
season for early hybrid grain maize is highly variable. 
The water balance was recalculated for the baseline 
climate, incorporating the spatial variability in the 
growing season. For early hybrid maize 6 dominant 
combinations of sowing, flowering and physiological 
ripening time were identified. Regional adjustments 
were made to the crop coefficients for each of these 
combinations. The upper limit of the range for the co- 
efficients was used in hotter, drier regions and the 
lower limit in the cooler, temperate regions as recom- 
mended by Doorenbos & Kassam (1979). 

Output for the fixed and variable growing season 
compare well (Figs. 4b & 6). The main differences are 
a 3 % reduction in the area classed as crop failure and 
a 1.5 % increase in the area classed as average. 
Southwest France and northern Portugal are reclassi- 
fied to average performance. Similar changes can be 
seen in parts of Italy. However crop performance re- 
mains poor over much of Spain, and generally low over 
much of the present area of suitability for grain maize. 

CLIMATE SENSITIVITY OF THE WATER BALANCE 
(VARIABLE GROWING SEASON) 

While farmers can be regarded as risk takers they 
will adopt strategies to minimise risk where they can 

see an economic benefit. If it becomes unequivocal 
that climate is changing then farmers will adapt to 
changing conditions, where there are perceivable 
benefits. Options that a farmer may consider would in- 
clude sowing earlier and shifting to new cultivars. With 
this in mind an array of experiments were carried 0u.t 
to evaluate the sensitivity of the water balance model 
to changes in the timing of sowing and growing season 
length (which could lead to a change in cultivar) under 
a warmer (and wetter/drier) climate. 

The sensitivity adjustments to the climate data 
included +2  "C and k 10 % precipitation. These were 
combined with an evaluation of the effect of chang- 
ing the timing of sowing. Sowing time was kept fixed 
at the baseline, and adjusted for a 2 "C warmer cli- 
mate. Times of flowering and physiological ripening 
were projected from the fixed and adjusted sowing 
times (summarised in Table 3) and the water balance 
rerun for the array of climate adjustments. There was 
no adjustment to sowing time in the areas of 
expanded thermal suitability. It was assumed that in 
these areas sowing would take place at the earliest 
possible time because of the relatively cool growing 
season. The growing season combinations were 
therefore identical in these areas for all of the 
sensitivity analyses. 

Sensitivity to changes in temperature 

If sowing time is not changed under a warmer 
climate (+2 "C) the growing season for early maize 
becomes shorter (Table 3). This has a net negative 

Unsuitable 

Very good 

Good 

Average 

Mediocre 

Poor 

Crop failure 
Fig. 6 .  Combined thermal 
and moisture limits for early 
hybrid gram maize under a 
spatially variable growing 

season (1951-1980) 
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effect (Fig. 7a) on the water bal- (a)  Unadjusted sowing date 
ance resulting from increased PET 
due to increased temperatures. 
However the effect is not as nega- 
tive as it might be if the growing 
season remained the same length 
as the present (this would imply 
the use of a later maturing culti- 
var). With a shortened growing 
season there is a lower accumu- 
lated deficit and therefore rela- 
tively higher index values. The re- 
sult would be further compounded 
if the effect of temperature on 
growth was incorporated. For the 
same cultivar a shortened growing 
season could lead to reduced 
accumulation of dry matter and 
lower yields. This result suggests 
that if sowing time is not changed 
the best adaptat~on strategy could 
be to shift to cultivars that are 
best adapted to a shorter growing 
period. 

There is a clear net benefit from 
adjusting the timing of sowing 
(Fig. 7b) for +2 "C with a notably 
greater amount of scatter above 
the 1:l line than below. Closer 
analysis of the data reveals that 
there are 2 groups of response. 
WRSI values generally increase in 
areas south of a latitude of approx- 
imately 44" N, while there is a 
slight negative response for areas 
north of 44" N. This difference in 
response is possibly related to the 
time of the year to which the grow- 
ing season is moved. In the south 

0  I I I l I I l l I 

0  10 M 30 40 50 60 70 80 90 100 
Base climate 

Adjusted sowing date 

an earlier sowing time means that 
the growing season no longer 
extends over the full summer 11 0 
period and the growing season is 0  1 0 2 0 3 0 4 0  5 0 6 0 7 0  80 9 0 1 0 0  
cooler than if sowing time were not Base climate 
adjusted. This offsets the otherwise 
negative effect of increased PET. Fig. 7.  Change in WRSI for grain maize based on a 2 "C temperature increase with 

the north the growing season is (a) no adjustment to sowing time and (b) adjustment to earliest possible sowing time 

earlier, but remains centred on 
mid-summer leading to no net 
change. An advantage to sowing earlier is that the In the area of expanded thermal suitability (Table 1) 
growing season does not shorten as much (Table 3). approximately 60 % of WRSI values are classified as 
This would give greater flexibility in choice of culti- mediocre if there is no change in precipitation. As 
vars. As mentioned previously, sowing earlier may not these areas would be the new margins of suitability 
be such a desirable option where an annual crop rota- there would be a limited choice of management op- 
tion is currently practised. tions open to a farmer. With a relatively cool growing 



Clim. Res. 2: 113-129, 1992 

Grain maize: Sensitivity Analyses 

881 t2C +2C !G% +2C.+!G% +ZC t2C.108 +X.+!G% 

Base sowing time Adjusted sowing time 

Unsuitable 151 
Fig 8. Percentage land area cov- > Average 

ered by the WRSI classes for the 
array of sensitivity analyses 
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season the viability of grain maize may be restricted to 
those areas with adequate rainfall and/or an  available 
supply of water for irrigation. 

Sensitivity to changes in temperature and 
precipitation 

Of the array of sensitivity analyses a decrease in pre- 
cipitation (-10 %), in combination with a 2 "C temper- 
ature increase and no adjustment to the sowing time, 
presents the most water-limited situation (Fig. 8). 
Close to 30 % of the area of suitability shows crop fail- 
ure. If there is an increase in precipitation for +2 "C 
warming and no change in sowing time, the situation is 
similar to the present. The greatest benefit to the maize 
crop occurs under a warmer climate, if the sowing time 
is adjusted and precipitation increases. It is possible for 
a farmer to manage the timing of sowing, and poten- 
tially realise benefits from such a strategy. However 
there is always likely to be uncertainty over long-term 
(and interannual) variations in precipitation. This un- 
certainty (for altered mean conditions) is demonstrated 
in the results (Fig. 8). 

Of the areas of expanded thermal suitability, the prin- 
cipal countries to benefit if precipitation is increased 

uniformly by 10 % are Germany and the west of the UK 
(Fig. 9b). However, much of the area of expanded 
potential would be water-limited for grain maize. The 
only areas to show at least average crop performance 
for a reduction in precipitation (Fig. 9a) are largely 
restricted to the margins of mountainous zones. 

The comparison of Thornthwaite PET with Penman 
PET showed that the former tends to underestimate in 
southern Europe and overestimate at the present 
northern limit (from 44 to 50" N). This adds uncertainty 
to the water balance output, in particular at the north- 
ern margins where it was shown the water balance is 
most sensitive to changes in PET. In the south it is 
evident that while there may be uncertainty about the 
degree of water limitation, conditions remain water- 
limited, both when the uncertainty with PET is consid- 
ered and under the different sensitivity adjustments. 

Despite the uncertainties, it is clear that even for the 
most positive situation (+2 "C, + l 0  % precipitation, 
adjusted sowing time) there are large areas of Europe 
that show below average crop performance. It is useful 
to take the present situation in France as an indicator. 
Areas in this country that show below average crop 
performance from the water balance correspond with 
areas that are as much as 50 to 70 % irrigated at pre- 
sent (Bignon 1990). This would suggest that a large 
proportion of the area of expanded thermal suitability, 
for both + 10 % changes in precipitation, would require 
some irrigation input to sustain a satisfactory level of 
crop performance. It is evident that the availability of 
water will be critical to determining those regions of 
both present and expanded thermal suitability that are 
viable for the growing of grain maize under a warmer 
climate. 

SUMMARY AND CONCLUSIONS 

It was suggested in the introduction that the climatic 
limits to grain maize in Europe are temperature at  the 
northern margins and availability of water in southern 
Europe. The preceding analyses have generally con- 
firmed these limitations. However, it has been further 
demonstrated that there are a complexity of climatic 
interactions across Europe which can limit production 
of grain maize. 

A framework was developed that allowed for an 
integrated assessment of the effects of temperature 
and precipitation on grain maize. This incorporated 
analyses of the effects of temperature on maize pheno- 
logy to define spatial and temporal (growing season) 
limits. Within these thermal limits a water balance 
model was developed and tested to study the com- 
bined effects of temperature (through changes in PET) 
and precipitation on maize suitability. 



Kenny & Harrison: Limits of grain maize 127 

Fig. 9. Sensitivity of grain maize suitability to changes 
in temperature and precipitation for an adjusted 

sowing time: (a) +2 "C, -10 %; (b) +2 "C, +l0 '10 

A seasonal accumulation of temperature was found 
to represent the current major areas of grain maize 
production in the EC. The margins of suitability for 3 
grain maize cultivars show a significant northward 
shift for a +2 "C warming. Detailed analyses of the ef- 
fect of temperature on phenology of early maize were 
made. If sowing date is not changed from the present 
there would be a decrease in the length of the growing 
season. An adjustment to an earlier sowing time would 
minimise the effect of increased temperature leading 
to little change in duration between different phases of 
maize development. 

Results for present climate show that grain maize is 
already water-limited in many areas that are thermally 
suited. Widespread use of irrigation is made for suc- 
cessful maize production, particularly in southern 
Europe. A warmer climate will lead to increased PET 
of the order of 50 mm per 1 "C warming on average. 
This will increase the demand for water. However 
increased atmospheric CO2 could offset this effect for 
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111111111111111 yields . . . . . . . . . . . 

Crop failure 

many C3 crops by increasing water use efficiency. As a 
C4 crop, grain maize may show relatively small 
improvements in water use efficiency. Coupled with 
these factors are uncertainties with the Thornthwaite 
method of estimating PET and with the changes in pre- 
cipitation that may accompany a warmer climate. 

A range of adjustment experiments were applied to 
the water balance model for a 2 "C increase in mean 
temperature. These included analysis of the effect of 
adjusting sowing time, sensitivity to changes in precip- 
itation (+l0 %) and to uncertainty in estimates of PET 
(f 10 %). A warming of +2 "C has the same magnitude 
of effect on the water requirement satisfaction index 
(WRSI) for grain maize as  a decrease in precipitation of 
-10 %. If sowing time is not adjusted, a shorter grow- 
ing season leads to a relatively lower accumulated 
deficit than if growing season length unrealistically 
remained the same. From the range of sensitivity 
adjustments the best result is with an earlier sowing 
time and an increase in precipitation. If there were no 
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change or a decrease in precipitation the result could 
be minimal change from the present in the higher lati- 
tudes, given the tendency of the Thornthwaite method 
to overestimate PET relative to the Penman in these 
regions. In southern Europe conditions remain rela- 
tively water-limited for all sensitivity adjustments. 

The availability of water for irrigation is likely to be a 
crucial factor in determining where grain maize is 
grown in Europe in the future. Both areas of present 
and expanded thermal potential are likely to be water- 
limited under a warmer climate. Those areas where 
there may be adequate precipitation include: the mar- 
gins of high altitude regions, parts of Germany, south- 
east France, possibly western UK and northern Italy 
and some eastern European countries (parts of 
Czechoslovakia, ex-Yugoslavia, Romania and possibly 
Poland). This synopsis must be treated with caution 
because of the uncertainty over projections of precipi- 
tation changes. 

There are clearly adaptive strategies that will be 
available to farmers to enable them to mitigate the 
negative effects (or even take advantage) of a warmer 
climate. A shift in the type of cultivars used could occur 
in present areas of maize production. A shortened and 
possibly drier growing season in southern Europe and a 
cool growing season in the north would favour earlier 
maturing cultivars. An earlier sowing time could be 
adopted as a drought avoidance strategy, possibly in 
combination with use of earlier maturing cultivars. This 
would move the timing of flowering (the most moisture 
sensitive phase) away from the period of peak moisture 
(and heat) stress. The feasibility of these strategies 
would be dependent on the ability of farmers to adapt 
their farming practices. This will be influenced by policy 
makers and economic forces as much as (if not more 
than) the climate. Changes in competitive advantage 
could lead to a shift away from maize production 
towards crops (e.g. soybean) which may be more suited 
to a warmer climate and increased atmospheric COz. 

It must be emphasised that the analyses in this paper 
have dealt with an average climatology. This has 
allowed for investigation of both the spatial variability 
in the suitability of grain maize across Europe, as well 
as detailed sensitivity analyses of the uncertainties. 
The effects of interannual variations in climate have 
not been explored, but it will be these non-average 
conditions that will largely influence the viability of 
grain maize production in the future, as much as they 
do in the present. 

In addition to these factors there remains consider- 
able uncertainty over projections of future climate. The 
current scientific consensus is that global mean tem- 
peratures are likely to rise by at least 1 "C within the 
first half of next century (Houghton et al. 1990). 
However there remains considerable uncertainty over 

projections of precipitation, as well as other climatic 
variables. 

Additional research will include analysis of the rela- 
tive effects of climate change on different crops, an 
assessment of interannual variability and of the uncer- 
tainty that arises from different general circulation 
model (GCM) scenarios. 
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