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A The challenges

Model predictions of precipitation

Climate change* is often equated simply with the warming due to the greenhouse effect. One should not forget however that there will also be changes in rainfall (both in absolute terms and variability) due to the changes in temperature and cloud cover. Regarding water, there will be changes in the supply (rainfall) and the demand (reference evapotranspiration*). As to precipitation, the predictions of the climatic models are much less certain than for temperatures. In general the models predict an increase in precipitation at high altitudes and in the intertropical zone and a reduction in the Mediterranean zone. They disagree about the boundaries between the zones of increase and decrease of rainfall, which for some models pass over central/northern France and for others over the south.

As part of CLIMATOR, we have used the variability* of the predictions from the downscaling* methods of the ARPÈGE* model of Météo France (cf. CLIMATE section), which covers the range of climatic uncertainties* (cf. UNCERTAINTY and VARIABILITY section). However, whichever method is used, there is a trend towards a reduction over the whole country. This reduction is more marked in the south for the near future (NF) period, and more marked in the west for the distant future (DF), the eastern part of the country thus benefiting from southerly moisture-laden winds. The south-west will be the region most affected, in view of the water shortages which already occur there occasionally.

Water requirements of crops and availability of water for other uses: two important agro-environmental questions

Following the example of the INRA group assessment "Drought and Agriculture" [START_REF] Amigues | Sécheresse et agriculture : réduire la vulnérabilité de l'agriculture à un risque accru de manque d'eau. Expertise scientifique collective[END_REF], the CLIMATOR project is concerned with two relationships between agriculture and the water resource:

• Dependence on the water resource: this is about analysing the effect of the reduction in rainfall on the water sufficiency* of the plants, bearing in mind that the water requirements will also be affected by the other aspects of climate change, either through the evaporative demand itself (which will change with the cloud cover, the temperature and the atmospheric CO 2 concentration) or through the timing of the growth cycle (dependent on temperature) in relation to the annual variation in evaporative demand.

• Effect on the water resources: this is a case of analysing how the consumption by agriculture will change of a resource shared by other members of society. This estimation can only be made for complete cropping systems, including bare fallow periods, and not for individual crops. It is based on the notion of aquifer recharge* which, in the long term, corresponds to the difference between the precipitation and the water used by cropping systems (or natural environments). It applies to irrigated as well as rainfed systems. 

Water stress and aquifer recharge

B 2 B The variables studied, the concepts used and the mechanisms involved

To understand water sufficiency and aquifer recharge, it is first necessary to define various agronomic and environmental variables. As regards the evapotranspiration of plant canopies, we will use:

• the reference evapotranspiration, ET0* (also called PET): the variation in ET0 from one year to another (and thus from one period to another) will depend on the antagonistic effects of changes in radiation, CO 2 and temperature (cf. influence of CO 2 on ET0 in the MODEL section);

• the maximum evapotranspiration, ETM*: on the annual scale the phenology* of the crop plays an important role. Global warming will therefore also affect the ETM via the shifts and shortenings of the phenological cycles. Depending on the models, the drastic reductions in leaf cover caused by water stress* during the vegetative phase could also reduce the ETM.

Other differences in the calculation of ETM are mentioned in the MODELS section;

• the actual evapotranspiration, ETR*.

The water sufficiency will be estimated from the ratio ETR/ETM during the production period (flowering-maturity for annual crops and vines, from 1 st May until 30 th October for deciduous trees and the whole year for conifers), while the water deficit, or potential irrigation need, will be estimated from the difference ETM -ETR, calculated over the same period. These two values, water sufficiency and water deficit, will be compared with the agroclimatic index , P -ET0, representing the difference between the water supply (P) and the evaporative demand (ET0) for the whole year.

Aquifer recharge will be defined as the quantity of water from precipitation which is not used by the crop cover or natural vegetation. To get an idea of this, let's say that for the French mainland, out of an average annual total of 900mm of rainfall, 600mm are lost by evapotranspiration and 300mm are returned to the environment, i.e. to recharge aquifers and rivers. Of course irrigation water must be taken into account in this calculation, as it is part of the water cycle on the scale of the catchment basin if it is withdrawn from the groundwater or from rivers not supplied by water originating from outside the catchment concerned. crop systems (Irr) and, if necessary if the drought is severe, capillary rise. The outputs are the actual evapotranspiration (ETR), the water flowing laterally as surface runoff (Ro) and the water percolating through the soil into the groundwater, often called drainage (D). The variation in the soil water store is therefore written thus (Cf Itier et al., 1997):

∆S = P (+ Irr) -ETR -Ro -D (1)
Aquifer recharge from the cropping system (usually estimated for a year) will be called PERCOL*.

PERCOL = D + Ro (-Irr) (2)
Over a long period of time (for example 30 years of simulation of "periods" in the CLIMATOR project), one can say that PERCOL is the difference between the sum of precipitation and that of the water used by the cropping system. where ∆ is the difference between one of the projected periods and the RP. This means that any reduction in rainfall (∆P), resulting from climate change will be shared between reduced consumption by crops and natural vegetation (∆ETR) and a reduction in the aquifer recharge (∆PER-COL) which, as shown in figure 2 and as we will see later, is bigger than ∆ETR.

Figure 2: distribution of the reduction in rainfall between green water (soil drying) and blue water (hydrological drying).

Climate change, usually characterised in our latitudes by a reduction in annual rainfall, will therefore have two effects which will have to be studied for different cropping systems:

• a reduction in the availability of water for consumption by plants (soil dryness);

• a reduction in aquifer recharge (hydrological drought). 
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C Effect of climate change on the availability of water to crops

Changes in water sufficiency

Water sufficiency is showing a falling trend. Vines, a perennial crop, are experiencing a relatively small reduction in the southern areas where they are already "stressed" (fig. 3), whereas this reduction is greater for the northerly regions where at present the situation is easier. Water sufficiency for wheat, a winter crop, is changing little, undoubtedly because of a developmental shift in early spring (cf. TIMING section) combined with a slight shortening of the lifespan. For sunflower, a spring crop, the change is minor in the north but the reduction is serious in the south (Avignon and Toulouse). 

Changes in the water deficit for various cropping systems

The water deficit, ETM -ETR, can be equated to a potential irrigation requirement. Here we will show how to calculate it and we will see in the IRRIGATION section the practical consequences in terms of changes in the supply of water to crops. This deficit depends on changes in ETM and in the ETR/ETM ratio mentioned earlier:

ETM -ETR = ETM x (1 -ETR/ETM)
The falling trend in the water sufficiency, ETR/ETM, leads to a slight increase in (1 -ETR/ETM). Four factors will affect the changes in ETM during the flowering-maturity period (the period for calculating the water sufficiency for the majority of species): ET0, the crop coefficient (kc) which represents the influence of the foliage, the duration of the period from flowering till maturity and its seasonal timing in relation to the evaporative demand. The value of ET0, on a given calendar date, tends to rise because of the increase in temperature and radiation. This increase is, however, limited by the antagonistic effect of the CO 2 , especially in C3 plants (wheat, sunflower, fescue, vines, conifers and deciduous trees), because of their ability to reduce their transpiration in response to the increase in the CO 2 concentration; in C4 plants (maize, sorghum), this limitation is barely active. The value of the crop coefficient can fall in extreme drought conditions in the vegetative phase, affecting the leaf area index*, which can happen in rainfed spring crops on shallow soils. Consequently it is the calendar timing of the period from flowering to maturity, by moving the whole life cycle, and the shortening of phases resulting from the higher temperatures, which will play the major role.

• for winter crops there will be an advancement* of the growing period, with a small reduction in the length of the phases. The main effect will come from ET0 which is lower in the early season as the radiation is lower: daily ET0 during the period from flowering to maturity will be lower;

• for spring crops there will be both an advancement of the growing cycle and a large reduction in the length of the grain-filling phase (cf. TIMING section). The advancement of the cycle will not greatly affect the ET0 as the phenological shift will move the grain-filling phase into a period of increasing temperature (unlike winter crops: cf. TIMING section); on the other hand, the shortening of the phases will result in a big fall: a similar daily ET0 but a shorter period from flowering to maturity.

Thus, whatever the cropping system, ETM will tend to fall. In these conditions, ETM -ETR, which represents the potential irrigation need, will be subject to two antagonistic effects which only simulation by crop models can separate. The result obtained for the annual crops by the different models used leads to an increase in the water deficit between the RP and the NF, followed by a decrease between the NF and the DF despite the continued increase in the difference P -ET0 on all the geographical sites for the index (cf. fig. 5 for wheat and sunflower). Hence figure 6 shows, for the different crops, a lowering of the overall regression of the water deficit, ETM -ETR on P -ET0. This slightly alleviates the water problem in a situation of declining rainfall, and this result agrees with the maps of irrigation quantities needed for growing maize at 80% of ETM, which indicate a lessening of irrigation in the DF (cf. IRRIGATION section). Once again, this underlines the close relationship between the effects of temperature and water on crop behaviour. 

D Effect of climate change on the water resource: analysis of different cropping systems

Water is a resource shared by different actors. The various systems of cropping and natural vegetation each behave differently as regards aquifer recharge. This is shown in figure 7 which compares the relationships (linear regressions) between PERCOL and P, the annual rainfall, obtained for the reference period (RP) over twelve sites in France for five cropping systems (monocultures of wheat, sunflower, maize irrigated to 80% of the ETM, vines and fescue) with the STICS model, and two forest systems (deciduous and coniferous) with the BILJOU model. In this figure, the higher a crop's regression line, the more water it returns to the environment. This figure therefore illustrates the environmental value of deciduous perennials (broad-leaved trees, vines) compared with evergreen species (fescue, conifers) which return less water to the environment. For annual crop systems, it shows clearly that a winter crop (wheat) returns more water to the environment than spring crops. Whilst this result is fairly intuitive for irrigated maize (because the irrigation water counts negatively in the balance), it is less so for rainfed sunflower. It is explained by the fact that, as for maize, there is a long period of bare soil in the monoculture sunflower system, with frequent showers when the water is lost by direct evaporation from the bare soil. The regressions in figure 7, established from specific models and under the climatic conditions of the RP on twelve sites, raise various questions:

• For each system, do other models confirm these relations? (cf. section UNCERTAINTY and VARIABILITY).

• Will the geographical relationships established for different rainfall regimes apply to changes in rainfall due to climate change, i.e. occurring over time?

Changes over time of aquifer recharge can be approached in two ways:

• by comparing the relationship between PERCOL and P for each system and both future periods;

• by deriving the relationship between ∆PERCOL and ∆P for each system, where ∆ represents the difference between one of the future periods and the RP (fig. 3). In the case of irrigated maize, one obtains with STICS, for the early variety Meribel, the relation: ∆PERCOL = 0.008 P + 41 between RP and DF, or 45mm for P = 500mm. A spring cereal, maize undergoes a considerable time-shift with a fall in the duration of growth phases (cf. TIMING section) which thus leads to a reduction in the ETM, which allows a smaller fall in aquifer recharge with falling rainfall.
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Although here we are concerned with the relation PERCOL vs P for a given system and location, one can see from figure 9 that the change over time is very similar to the change over space (a given colour representing the same site over the three periods). This result is confirmed by figure 10 which shows the change in ∆PERCOL as a function of ∆P for NF and DF for the same crops. Note that the fall in aquifer recharge is always more than about 50% of that of the rainfall; which will present problems for the recharge of aquifers, some of which are used directly for irrigation and all of which feed into rivers. The advantage of winter crops over rainfed summer crops, as regards aquifer recharge, diminishes in the future. We do not need to conclude from this that it will be worth replacing the former by the latter, as winter rainfed crops will continue to be feasible whereas the production of summer rainfed crops will be difficult to maintain (see SORGHUM and SUNFLOWER sections). 

E Effect of uncertainty (in downscaling methods, agronomic models) and variability (soils, varieties, practices) on the results

Uncertainties (cf. section UNCERTAINTY and VARIABILITY)

The climatic uncertainty, assessed with the WT and QQ downscaling methods, was analysed for PERCOL, and we found that the relationships obtained for the rainfed crops with the two downscaling methods were very much the same (differences less than 1/10 th of the rainfall), and identical for the irrigated crops (maize and vines).

It is the same for the crop models* which give very similar values of PERCOL for a given cropping system*, since the same factors are well accounted for (drainage, runoff and irrigation). For ETR/ETM, in view of the different calculation for ETM in the crop models, the comparison between models will be restricted to BILJOU and GRAECO for the conifers in figure 11, which shows the changes for identical times and places. 

The sources of variability*

It is important to place the year-to-year variability, inherent in the climate, in relation to the other sources of variability. Estimating the variability attributable to several sources (the equivalent of a standard deviation) for the NF and the DF analysed separately, shows that year-to year variability is a major source of variability for PERCOL and that it represents more than 90mm/year. The geographical variability and the variability between systems are always more than the effects of climate change.

The relative influence of the soils on PERCOL is small for the irrigated systems, both for evapotranspiration and for aquifer recharge. On the other hand they can be considerable for rainfed systems: a soil with a small AWR will always end up with bigger water deficits and more aquifer recharge. This inverse relationship with the water reserve is always found for wheat, sunflower, vines, grasslands and deciduous and coniferous woods, whichever agronomic model or downscaling method is used. As an illustration, we have shown in table 3 the amount of additional recharge on a soil with a low available water reserve* (AWR = 104mm for annual crops, 73mm for vines, 92mm for grasslands, 126mm for deciduous woods and 103mm for conifers) compared with a soil with a large available reserve* (AWR = 226mm), obtained on different cropping systems with three different models for three values of rainfall.

Deciduous woods BILJOU 100 56 51 46 For ETR/ETM, the effect of the available water reserve is particularly marked for sunflower, a spring crop, and vines, whereas it is less clear for wheat, deciduous woods and conifers.

The influence of cultural practices is illustrated by the change in density of vines grown on bare soil. With both STICS and BHV, PERCOL is higher at low plant density since the ETR is less than at high density: for P = 600mm, both models give differences of about 30mm between a density of 3 000 and a density of 9 000 plants/ha.

The influence of the duration of rotation* of conifers, analysed by GRAECO, shows that the aquifer recharge decreases with the length of the rotation: for P = 600mm, the difference in PERCOL between a long rotation (80 years) and an average rotation (50 years) is about 15mm.

The effect of varieties on water sufficiency is particularly convincing. For example figure 12 shows how the earliness of the Soissons variety allows, by escape, a better response to drought than that of the variety Arminda for both periods (the difference being up to 10%). For vines, this effect is also visible on soils with a small water reserve between the varieties Merlot and Grenache. For grasses, the values of ETR/ETM of fescue and ryegrass are similar for low values of P -ET0, whilst the difference widens to the detriment of fescue for high values (0.8 for fescue and 0.9 for ryegrass at Avignon and Toulouse). In the future water will play an important role in the adaptation to climate change. Thus the adaptations to temperature increase will depend on the capacity of the water resource to cope with it. This applies to both rainfed and irrigated crops.

• For rainfed crops, the rainfall will need to be enough to allow the growth cycle to be completed in conditions compatible with profitable production.

• For irrigated crops, there will need to be enough water for irrigation. Without going into the question of the water supply capacity of the dams upstream of the cultivated zones, it is important to consider the question of the irrigation capacities of the zones which depend on their own aquifers. This is the case for almost the whole of the south-west of France. As this is the zone most affected by the decline in rainfall, it seems likely that the feasibility of growing irrigated monoculture crops in the future is highly questionable in the zones which are already somewhat marginal, at least in the region controlled by the Adour-Garonne agency (cf. REGIONS, IRRIGATION and MAIZE-SORGHUM sections).

The north-eastern quarter of France will benefit from an increase in temperature without having to suffer a substantial reduction in rainfall. In this connection we might suggest the possibility of growing crops which at present are limited by low temperatures (cf. TIMING section). Perhaps we should raise the question of resiting certain industries?

Will climate change affect water quality?

One cannot give a simple answer to this question, as the climate changes expected will give rise to opposing effects. In fact the reduction in the amount of water percolating through the soil profile will tend to reduce the leaching of nitrate, while favouring an increase in its concentration in the layer of drainage water. At the same time, the increase in temperatures, favouring microbial activity, (cf. ORGANIC MATTER section), will increase the availability of mineral nitrogen to the plant -but also for leaching.

These opposing effects explain how the trends could reverse between the NF and DF periods. The analysis of different sources of variability shows that the cropping systems, site, soils, and particularly the year-to-year weather variability, have a much bigger effect on leaching than the climate change trend. This is illustrated by the differences between sites or between soils, (fig. 13). The large interactions which are typical of climate change mean that effects could exist, but only for certain combinations of sites, soils and systems. Among the cropping systems, grassland seems the most variable, as it provides large quantities of residues which mineralise, producing a lot of nitrogen which, if growing conditions become worse, (e.g. at Toulouse), will not be absorbed by the plants.

Figure 1 :

 1 Figure 1: diagram of the water balance of a cropped field.

Figure 1

 1 Figure1shows the different water flows affecting a cropped field. Between two dates, the variation in the water stored in the rooting zone (DS) results from the balance of the inputs-outputs to/from the soil. The input flows are: the rainfall, or precipitation (P), the irrigation for irrigated

  PERCOL ~ (P -ETR) (3) Writing equation (3) for the reference period, or recent past (RP)*, and for the projected periods, the near future (NF)* and distant future (DF)*, leads to the relation: ∆PERCOL ~ (∆P -∆ETR) (4)
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Figure 3 :

 3 Figure 3: changes in the ETR/ETM ratio for vines on a soil with a low available water reserve (73mm).

Figure 4 ,

 4 Figure4, which shows the changes in the ETR/ETM ratio for conifers and deciduous wood obtained from the BILJOU model, as a function of P -ET0, shows a similar decrease. The range of values covered by the deciduous woods is lower than that of the conifers because the water sufficiency is not calculated over the same periods (cf. § B).

Figure 4 :

 4 Figure 4: changes calculated by BILJOU of the ratio ETR/ETM for conifers (right) and deciduous forests (left) as a function of the agroclimatic index (P -ET0). recent past, near future, distant future for twelve sites in France (abbreviated in the box on the right).

Figure 5 :

 5 Figure 5 : changes in the difference ETM -ETR for wheat (CERES) and sunflower (STICS) as a function of the agroclimatic index P -ET0: recent past, near future, distant future.

Figure 6 :

 6 Figure 6 : relations between the water deficit, ETM -ETR, and the agroclimatic index, P -ET0,obtained for wheat monocultures with CERES (left) and sunflower STICS (right) for all the sites and three periods of interest (RP, NF, DF).

Figure 7 :

 7 Figure 7: linear regressions between aquifer recharge (PERCOL) and annual rainfall for different cropping systems or natural vegetation in the recent past from twelve sites.
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Figure 10 :

 10 Figure 10: decrease in aquifer recharge related to the difference in rainfall between the future (NF and DF) and the RP for wheat and sunflower for different sites with the STICS model. WT downscaling method and soil 1.

Figure 11 :

 11 Figure 11: comparison of the changes in the ratio ETR/ETM of conifers with BILJOU et GRAECO.

Figure 12 : 2 F

 122 Figure 12: changes in water sufficiency at 12 sites for two wheat varieties: Arminda (late) (left) and Soissons (early) (right).

Figure 13 :

 13 Figure 13: comparison of nitrogen leaching obtained with STICS at Rennes and Toulouse, with different cropping systems, for the three periods (A =RP, B =NF, C =DF) and the same soil.

  

  

Table 3 :

 3 differences (in mm) in recharge between a soil with a small AWR and one with a large AWR (226mm), the difference in AWR (mm) being shown in column, for different rainfall values and different cropping systems.
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Very generally, the relation between PERCOL and P does not vary greatly, except in the case of irrigated maize in the distant future. It is of the type PERCOL past = a x P past -b, and changes to PERCOL future = a' x P future -b' where a'= a-α and b'=b-β. This change can be illustrated by figure 8 for sunflower with SUNFLO and for vines with BHV. Thus, for a given value of P, one can estimate ∆PERCOL = -α P+β.

The values obtained for α and β for the different cropping systems are sufficiently close to one another to allow us to define mean relationships:

• Between RP and NF: ∆PERCOL = -0.114 P + 73.5; i.e. + 16,5 to 500mm, + 5 to 600mm and -6.5 to 700mm.

• Between RP and DF: ∆PERCOL = -0,.1825 P + 121.5; i.e. + 30 to 500mm, + 12 to 600mm and -6 to 700mm.

The highest value of PERCOL, for the same rainfall, represents the positive influence of accelerated development. However it is not just a matter of one component, since we know that the reduction in rainfall will reduce PERCOL (see below in figure 9, the association between the reduction in rainfall and the change in PERCOL at a given location). What you need to remember 3 In France, Climate change will result in declining rainfall (the supply) coupled with an increase in the reference evapotranspiration (evaporative demand). This will be particularly marked in the west, affecting zones which are already vulnerable (the south-west). This imbalance between supply and demand, expressed by the index P -ET0, will make itself felt :

• firstly on the water supply for rainfed crops. The ratio ETR/ETM will decrease for all the systems studied, while the virtual irrigation requirement (ETM -ETR) will increase in the near future before decreasing in the distant future due to the shortening of the develop mental phases,

• secondly on the capacity to irrigate the irrigated crops (cf. IRRIGATION section). In fact the aquifer recharge (drainage + runoff -irrigation) of all the systems (rainfed and irrigated) will decrease (roughly 2/3 of the reduction in rainfall will affect the "blue"* water), while the irrigation amounts needed by the crops will increase. This increase in irrigation rates will however be moderated by the fall in ETM resulting from the shortening of developmental phases.

3 These results are hardly affected by the downscaling method used, and they are in agreement from one model to another for all the cropping systems. The simulations can reveal, for the future just as for the present, the influence of the soils (on a poor soil, crop water needs less satisfied, but more aquifer recharge), varieties (early varieties suffer less water stress) and practices (denser canopies suffer more stress and return less water to aquifers). Note however that the year-to-year variation which remains predominant may mask these long-term changes.

3 All these things exacerbate the regional problem by way of the dangers (like the capac- ity to continue with irrigated monoculture in the south-west) and opportunities (like the possibility of growing maize in the north-east, so long as the high enough temperatures are not counter-balanced by low rainfall (see REGION section). 3 To make better predictions of the size of the water resource and the water supply to crops, it is important to make progress in the domains closely related to the CLIMATOR project. In particular we need better predictions of regional rainfall and better knowledge of the effect of the organisation of cropping systems on the water resource on the catchment scale [START_REF] Itier | ARP/ANR -ADAGE[END_REF].

Water

3 As to CLIMATOR's own topics, the main point to explore in the future is the effect of op- timising practices, mainly for spring crops which water shortage penalises in two ways:

• a serious yield loss for rainfed crops (whereas winter crops benefit naturally by escape when growth recommences);

• increased irrigation requirements for irrigated crops when the water resource is diminishing because of the fall in aquifer recharge from all the crops and natural vegetation, but also a diminishing supply due to the reduction in rainfall in the surrounding mountain regions.

3 Optimised sowing (in fact earlier) gives some hope of reducing these penalties (toge- ther with genetic improvement of crop water efficiency). Some preliminary simulations

have not yet allowed us to draw conclusions. It will be necessary to systematize the approach in a sequel to CLIMATOR.