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1. Introduction 
Emilia-Romagna is an industrialized and densely populated region of about 22,000 km2, located in 

northern Italy, south of the Po river and west of the Adriatic sea, with the city of Bologna as 

administrative centre. About half of Emilia-Romagna is flat and intensively cropped (cereals, 

industrial and horticultural crops, vineyards and fruit trees), the rest is hilly and mountainous, mainly 

occupied by grassland and woods. A large amount of the agricultural production is used as livestock 

fodder and by food industries producing pasta, cheese and all sorts of charcuterie. Wines of medium to 

high quality are also produced in large amounts.  

This report is about the performance of seasonal predictions to forecast important information for the 

agriculture of Emilia-Romagna. We concentrated on (1) wheat yield prediction and (2) irrigation needs 

prediction for the kiwifruit crop. Wheat is a very important staple crop in Italy and in our region. 

Forecasting its yield two or three months before harvest (i.e. before beginning of July) is very useful 

for marketing reasons. Kiwifruit is very popular in Europe, and Italy is the second producer in the 

world, the crop is present in Romagna, the eastern and driest part of the region, and needs to be 

irrigated from May to October. Forecasting irrigation needs is very important for the sake of better 

water management at the regional and local levels.  

1.1 Winter cereals in Italy and Emilia-Romagna 

In 2008 the Italian area cropped with winter cereals, after a remarkable drop, came back to 2004 levels 

because of higher prices for durum wheat, common wheat and barley (Table 1). In 2004, the durum 

wheat, common wheat and oat have been evaluated equal to about 10 million tonnes on a total area of 

2.85 million of hectares. In 2006 yield was a little higher than 7.1 million tonnes on a total area of 1 

million hectares. In 2008 a production of 10.6 million tonnes was estimated on an area of about 2.6 

million hectares. 

Table 1 - Recent surface evolution of winter cereals in Italy. 

Crop 
2004  

Area (ha) 

2005  

Area (ha) 

2006  

Area (ha) 

2008  

Area (ha) 

Durum wheat  1,526,170 1,121,04 1,521,044 

Common wheat  584,693 505,615 717,788 

Barley  344,604 296,441 353,480 

Oat  170,684 154,469 160,930 

Rye  2,855 1,077 1,648 

Other cereals  18,161 15,946 23,161 

Total cereals 2,957,642 2,647,167 2,094,591 2,778,051 
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Emilia-Romagna has the main production for winter cereals (durum and common wheat and oat, 

Figure 1) with 190,000 tons millions of quintals on about 318.000 hectares, then Apulia region has a 

production of about 120,000 tons on 435,000 hectares on a more extensive area. Marche region has a 

production of 93,000 tons on a area of  212,000 hectares, Veneto with 92,000 tons on 152,000 hectares 

and Sicily with 91,000 tons on 325,000 hectares.  

 

 

Figure 1.  Cultivated areas for durum wheat and common wheat in Italy. 

1.2 Kiwifruit in Italy and Emilia-Romagna 

From a recent report of CSO (2009), Italy is, in terms of production, the second country in the world 

after China, supplying 65% of northern hemisphere demand. As shown in Table 2, the national market 

production (from a weight per fruit of 65g) amounts to 474,000 tons, corresponding to 91% of the 

harvest production. Piedmont and Veneto regions with 94%, Emilia-Romagna with 93% surpass this 

National percentage. In a comparison with the past season, the market share production decreases, 

except for Emilia-Romagna and, as a result, from a quantitative point of view, the product, in relation 

with 2007, results in decrease in Piedmont (- 9%), whereas results in increase in Veneto (+8%), in 

Emilia Romagna (+11%) and in Lazio (+48%). From the data of Table 2, the fundamental role of 

kiwifruit production and marketing in Italian horticulture is clear. The Italian kiwifruit situation can be 

considered better than other horticultural productions; despite the increase in supply, until this year no 

economic problems have been observed, with increasing export and national consumption. 
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Table 2. Market production of kiwifruit in Italian regions. 

 2007 2008  

Region Market 

production (t) 

% market production 

over total production 

Market 

production (t) 

% market production 

over total production 

var. % 

(2007-2008) 

Piemonte 128.646 0,96 116.476 0,94 -9 

Veneto 60.438 0,95 65.42 0,94 8 

Emilia-Romagna 54.537 0,87 60.442 0,93 11 

Lazio 114.201 0,92 169.334 0,91 48 

Other 56.82 0,88 62.559 0,85 10 

Total 414.643 0,92 474.232 0,91 14 
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2. Materials and methods 

2.1 Computation scheme 

 

Figure 2. Agronomical predictions computational scheme. 

 

Figure 2 shows the computational scheme developed at ARPA-SIMC for agronomical predictions: the 

coupled soil water balance and crop growth model, CRITERIA/WOFOST (C/W), which describes the 

dynamics of water in agricultural soils with or without crops. The C/W software environment requires 

in input daily meteorological data, namely temperature, precipitation and hypodermic groundwater 

depth. In order to obtain a statistical prediction, observational meteorological data are used up to the 

day of prediction. Starting from the first day of prediction, meteorological daily data are synthetically 

produced with a weather generator (WG) using as input predicted and downscaled seasonal anomalies 

added to the local climatology. The climate anomalies used for predictions are obtained by calibrating 

and downscaling the multi-model seasonal ensemble forecasts extracted from the ENSEMBLES 

project STREAM2  data-set and also from the EUROSIP ECMWF special project framework. The 

synthetic precipitation data from WG are then used in an empirical equation developed at ARPA-

SIMC to compute synthetic data of hypodermic groundwater level for the C/W coupled model. Actual 

field measured data are then used for verification of model predictions. We worked on two case 

studies in Emilia-Romagna, Italy: wheat yield predictions three months before harvest (MJJ season) 

and kiwifruit water needs predictions three months before irrigation season (JJA season). 

 Downscaling 

Multi-model 
ensemble 
seasonal 
forecasts 

Output 

CRITERIA/ 
WOFOST 

model 

 
 

Report 

Weather 

data 

Weather 

generator 

Observed 
data 



 7

2.2 CRITERIA/WOFOST model 

The coupled soil water balance and crop growth model CRITERIA/WOFOST (C/W) describes the 

dynamics of water in agricultural soils with and without crops; the WOFOST routines, when activated, 

compute dry biomass accumulation. The C/W software environment (Marletto et al., 2007) requires 

the input of soil and crop parameters and daily meteorological data, namely extreme temperatures, 

total precipitation and, if present, hypodermic water table depth.  

CRITERIA (developed at ARPA-SIMC) is based on the approach of Driessen (1986) and Driessen 

and Konijn (1992) but was improved assuming a multilayered soil and explicitly computing 

approximate values of daily actual evaporation and transpiration, water flows between layers, deep 

drainage, runoff and subsurface runoff. The crop growth is computed using a modified version of the 

WOFOST model developed by the Wageningen Agricultural University (Van Diepen et al., 1988) 

coupled with the CRITERIA model.  

Crop growth depends on the daily net assimilation, which on its turn depends on the intercepted light. 

The intercepted light is determined by the level of incoming radiation and the leaf area of the crop. 

From the absorbed radiation and the photosynthetic characteristics of single leaves, the daily rate of 

potential gross photosynthesis can be calculated. Reduction of transpiration due to water stress results 

in a reduced production of assimilates. The assimilates are partitioned over the various plant organs. 

 

2.2.1 Crop transpiration  

Maximum daily transpiration Tm (mm d-1) is computed by the expression 

67.0/)33.0(0 −= kcrefTCEtTm         (1) 

In this formula Et0 represents the reference potential transpiration (mm d-1) while TC is a turbulence 

coefficient determined with the expression 

.67.0/)33.0)(1(1 −−+= kcrefTCMTC        (2) 

Here, TCM is the maximum level of TC, dependent on the crop and essentially coincident with the 

maximum value of the crop coefficient kc proposed by Doorenbos and Kassam (1979), while  

LAIekcref 8.067.01 −−=          (3) 

where LAI is the leaf area index (m2 m-2). Actual transpiration (Te, mm d-1) is assumed nil for very 

humid soil, that is when water content θ (m3 m-3) is above half the range between field capacity and 

saturation, i.e. above the value: 
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).(5.05.0 fcs θθθ −=           (4) 

θs and θfc represent the water content of the rooted zone at saturation and at field capacity, 

respectively, while for water contents above field capacity and below the above limit the following 

expression holds: 

[ ] ./ 5.05.0 θθθθ −−= sTmTe          (5) 

Below field capacity 

),max( MURTmTe =           (6) 

where 

)/()( rootplantleaf RRMUR +−= ψψ         (7) 

In the last expression, the maximum uptake rate (MUR, mm d-1) depends on the water potentials ψleaf  

(tabulated per crop, mm) and ψ (derived from water content by means of the soil water retention 

curve, mm), and also on specific resistances Rplant (resistance to flow in the plant, tabulated per crop, 

d) and Rroot (d), which in turn is inversely proportional to rooting depth D (m) and hydraulic 

conductivity k (mm d-1) 

 

2.2.2 Numeric infiltration model 

The mono-dimensional soil water flow model used in Criteria solves the pointwise continuity 

equation: 

( ) q
t

Wθ(u) =
∂

∂
+div

          (8) 

where u is the flux density, W is the total available volume at a point, θ is the fraction of W occupied 

by water (volumetric water content) and q is the water input or output. This general equation is solved 

adopting two different laws to describe fluxes within the soil matrix and fluxes on the soil surface. In 

the first case, it becomes Richards’ equation: 

( ) ( )[ ] qHhK
t

H
dH
d

+•=
∂
∂  graddivθ

        (9) 
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where K(h) is the hydraulic conductivity and H is the total hydraulic head. H in turn is given by the 

sum of elevation z (or gravitational component) and the hydraulic matric component h = p/ρw, where 

ρw is water density, p is soil matric potential and t is time. For saturated flow, Equation 9 reduces to 

the Laplace equation for groundwater flow. 

The solution of the governing equations is based on the integrated finite difference method which 

consists in the integration of the differential continuity equation over a finite domain D, as described 

in de Marsily (1986), leading to the integral equation (limited to one-dimensional case): 

( ) dzqdz
t

Wdzudiv    )( ∫∫∫ =
∂

∂
+

θ

        (10) 

The mass balance is computed for the spatial unit D of the model domain. Based on integral 

properties, Equation (10) can be written as: 

( ) dzqdz
t

WdSnu
D

   ∫∫∫ =
∂

∂
+•

Γ

θ

        (11) 

where ΓD is the surface of the computational domain D, and n its normal unit vector. Equation (10) can 

be applied over a simulation volume within which the material properties are constant. 

If the simulation domain is approximated by a three-dimensional (or one-dimensional) grid of nodes, 

Equation (11) is equivalent to the mass balance equation for the volume surrounding each node: 

ji           
1

≠∀+=
∂
∂ ∑

=

n

j
iij

i qQ
t

V

        (12) 

where Vi is the amount of stored water in the volume surrounding the node, Qij is the flux between the 

i-th and the j-th node, and qi is the input flux at the i-th node. We can write a system of equations for 

all nodes with the unknowns being the hydraulic potentials, H. 

The flux Qij is described by Darcy’s law in the finite difference form: 

( )
ij

ji
ijijij L

HH
SKQ

−
−=

         (13) 

where Sij is the interfacial area between nodes i and j, Lij is the distance between the two nodes, Hi is 

the hydraulic potential at node i, and Kij is the internode conductivity. The model uses the geometric 

mean of nodal conductivities 

( ) ( )( )HKHKK jiij =          (14) 
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where Ki(Hi) is the hydraulic conductivity at the i-th node. The model uses the approach proposed by 

van Genuchten (1980) and Mualem (1976) for the characterization of the soil water retention (SWR) 

and the hydraulic conductivity (K) curves. 

 

The model allows to specify time and space varying boundary conditions to each node: 

1. nodes with fixed hydraulic head (H = constant), 

2. nodes set at atmospheric boundary conditions, 

3. nodes with prescribed flux, 

4. nodes with no flux in any given direction. 

Boundary conditions of type (1) can be used to represent various conditions, such as deep drainage at 

the lower boundary, or prescribed heads given by the presence of water ponding areas, lakes or other 

bodies. Atmospheric boundary conditions (2) assign the prescribed precipitation. 

Precipitation is assigned per unit area of the land surface equivalent to the boundary area of a 

subsurface volume. Regarding the coupling between surface and subsurface flow, precipitation water 

is applied to the surface nodes. The coupling between surface and subsurface nodes occurs through the 

application of Richards’ equation with different options on the calculation of the inter-nodes 

conductivity. 

The numerical formulation of the model produces a strongly non linear system, to be solved by means 

of successive approximations. Every time step corresponds to the computation of more 

approximations, each solving a linearized system by means of a solving method. It can be shown that 

the matrix produced by the model is positive definite so the main iterative solving methods are 

convergent. In particular we chose the Gauss-Seidel algorithm, whose computational cost seems 

optimal for the matrix produced by the model (Tomei, 2005). 

We faced the necessity of developing an adaptive algorithm able to adapt time step to system 

conditions. The main reference to monitoring the state of the system is represented by the mass 

balance, that is evaluated on the base of the mass balance ratio (MBR). This variable is computed 

within the time step as the ratio of soil water storage variation to the sum of incoming (precipitation) 

and outgoing (surface and subsurface, evaporation and transpiration) flows. 

outin fluxflux
storageMBR
−

Δ
=

          (15) 

That can be easily used as a parameter to evaluate the quality of the system solution produced by every 

approximation, setting a tolerance threshold below which the balance is considered correct and the 

time step is accepted. 
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The numerical model was implemented as a dynamic link library (DLL) coupled with the 

Criteria/Wofost environment. The environment inputs to the DLL soil data, boundary conditions 

(impermeable bottom or watertable depth), initial soil moisture conditions and daily precipitation. The 

DLL computes profile water content and returns it to the environment, which in turn simulates 

evaporation and transpiration flows, root growth and above ground biomass accumulation. 

2.2.3 Empirical infiltration model  

In some simulations the numeric formulation of infiltration can require an excessive computation time. 

Therefore in the C/W environment is also present a quick and efficient empirical infiltration model. In 

this model the maximum infiltration Imax (mm d-1) is computed daily for every layer with the 

following approximate solution of the general flow expression (Driessen, 1986) 

AtSI s +−= − 5.0
0max )/1( θθ          (16) 

where S0 and A are texture class specific coefficients (standard sorptivity, mm d-0.5, and transmission 

zone permeability, mm d-1) and t (d) is time since last rain. 

Actual infiltration rate I in turn depends on an empiric reduction coefficient Irc ranging from 0 

(impermeability) to 1 (standard soil conditions) as follows: 

maxIII rc +=            (17) 

Deep drainage occurs when flow from the deepest soil layer considered (usually a depth of 2 m) is 

greater than zero. Runoff (mm d-1) consists of water at the soil surface exceeding the surface water 

holding capacity S (mm), which is computed using the following expression 

)coscossin4/())cot()cot())(cot((sin)( 2 ϕσσϕσϕσϕσϕσ −++++−+= CdS  (18) 

Here, φ is field slope angle, σ is the clod angle, d is surface roughness (mm) and C is a crop-specific 

and LAI-dependent vegetation water holding capacity (mm). Surface roughness depends on tillage 

type and decreases linearly with time from the last tillage operation. 

Subsurface runoff SR (mm d-1) occurs in the presence of surplus water (i.e. water content greater than 

field capacity) in soil layers higher than the bottom depth of the drainage ditches, and its rate is 

assessed in CRITERIA using the following expression: 

)2/)((sinmax wLwLhISR ++= ϕ         (19) 

L and w represent the length and width (m) of an idealized rectangular field and h is the soil layer’s 

height (m). 
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2.2.4 Examples from the C/W environment  

Figures 3 and 4 show two examples of C/W model simulation, referred to LAI (leaf area index) trend, 

to soil water balance and water supply, for years 2007-2008 in the Zattaglia farm, near Brisighella 

(Ravenna). 

Figure 3. Leaf Area Index of kiwifruit as simulated by CRITERIA/WOFOST for year 2008. 

 

 

Figure 4. Kiwifruit water balance and water supply simulated by CRITERIA at the Zattaglia farm for 
year 2007. The coloured area represents the water status of the rooting zone at various depths (cm) and in 
time, while the lines on top represent precipitation (red, mm), available water (blue, mm) and irrigation 

(pale blue, mm) 
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2.3 Downscaling of seasonal forecasts 

The CRITERIA/WOFOST environment can use synthetic daily meteorological data produced by a 

weather generator fed by local climate and predicted climate anomalies. 

The high resolution forecasts needed as input for the model consist of an ensemble of map values over 

Italy for a group of local monthly indices including cumulated precipitation, wet day frequency, 

averaged minimum and maximum temperature and the mean difference of temperature between dry 

and wet days. 

The predicted climate anomalies used for wheat yield predictions are obtained by calibrating the multi-

model seasonal ensemble forecasts produced operationally at ECMWF within the EUROSIP project 

framework (Stockdale et al., 2008).  

Three CGCM are used to produce the operational seasonal predictions for the large scale anomalies: 

the ECMWF, the UK Met Office and the Météo France model. Re-forecasts are available for the 

period from 1987 to present. The calibration and downscaling method is based on the MOS (Model 

Output Statistics) version of a statistical multi-linear regression scheme developed in recent years at 

ARPA-SIMC (see Pavan et al, 2005; ECMWF Special Project SPIT-SPIA).  

For application purposes only Z500 and T850 fields have been considered over a regular 2.5x2.5° 

horizontal grid and, for each model and each year, 11 ensemble members have been used. The 

operational EURO-SIP forecasts are run starting on the first day of each month and extend up to 6 

months into the future. 

The climate anomalies used for kiwifruit irrigation water need predictions are obtained by calibrating 

the multi-model seasonal ensemble forecasts initialised on the 1st of May for the years 1987-2005 

extracted from the STREAM2 ENSEMBLES data-set. The data-set consists of five coupled general 

circulation models: ECMWF (ECMF), Météo-France (LFPW), INGV (INGV), IfM/Geomar (IFMK), 

and Met Office HadGEM2 (EGRR). For each model nine ensembles member predictions are 

available. Large scale meteorological data have been treated in the same way as for the wheat yield 

application. 

The observational data used to define the local climate predictands are obtained starting from the daily 

analysis of precipitation and minimum and maximum temperature produced operationally by UCEA 

(Girolamo and Libertà, 1990) covering the whole Italian territory from 1987 to present, with an 

approximate resolution of 35 km. 

The MOS calibration and downscaling technique has been shown to improve substantially the quality 

of the original EURO-SIP system forecasts by removing the model biases and errors not only on mean 

values, but also on the interannual large-scale variability. 
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2.4 Weather generator 

The weather generator (WG) used in the C/W environment is based on Richardson scheme 

(Richardson  et al., 1984), modified by Stockle and Campbell (Stockle et al., 1999). 

The objective of WG is to generate daily weather data from monthly climatic statistics of seven input 

variables. 

 

Output data of WG: 

Tmax  daily maximum temperature     (°C) 

Tmin  daily minimum temperature     (°C) 

Precip  daily total precipitation      (mm) 

 

Input data of WG: 

Tmax monthly mean of maximum temperature     (°C) 

Tmin monthly mean of minimum temperature     (°C) 

Prcp mean of total monthly precipitation     (mm) 

Fwet fraction of wet days             (-) 

Tdw difference between maximum temperatures on dry and wet days  (°C) 

Txsd maximum temperature standard deviation     (°C) 

Tnsd minimum temperature standard deviation    (°C) 

 

The principal improvements to Richardson scheme are: 

Richardson uses a 1-term Fourier series to model temperatures, while this model uses quadratic spline 

interpolation for all seven variables, set up so that monthly averages are correct.  

The WG uses a Weibull distribution to generate rain amounts which requires only knowing mean 

rainfall values on wet days (see Selker and Haith, 1990). 

Transition probabilities for wet-dry and wet-wet days are computed from the fraction of wet days (see 

Geng et al., 1986). 

The difference in Tmax between dry and wet days (Tdw) is a critical variable coupling temperature 

and precipitation, that otherwise would be uncorrelated. In total precipitation and rainy days fraction 

computation, days are considered rainy only if the precipitation value is greater than 0.2 mm, to 

remove bias from dew deposition. 

Input data must be averaged on a significant period (30 years at least). At ARPA-SIMC we developed 

the PRAGA software (Antolini et al,, 2006) to analyse and generate climate dataset for the seven input 

parameters from a proper input of weather data (daily Tmax, Tmin and precipitation) using the dataset 

of the Emilia-Romagna meteorological stations. The WG, fed with local climate and high resolution 
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forecasts, produces synthetic daily meteorological data that can be used for the simulation of the C/W 

model (Figures 5 and 6). 
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Figure 5. Example of daily output of the WG: observed data (year 2005) and synthetic data (year 2006) 
for the meteorological station of Cadriano (BO). 

 

Figure 6. Example of simulation, year 2007. Left: observed cumulated rainfall for the first 6 months of 
2007 at Cadriano (black solid line) and 10 runs of WG using as input the ensemble mean of seasonal 

predictions (grey thin lines). Right: wheat yield simulation from observed daily data (black solid line) and 
wheat yield simulations obtained using WG data (grey thin lines). 
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2.5 Hypodermic groundwater depth forecast 

In a water balance, it is essential to consider hypodermic groundwater supply and capillary rise, in 

function of a correct analysis of water volumes in the system and of real water dynamics in 

groundwater that influence crop growth. In the C/W environment it is possible to model the 

hypodermic groundwater depth (H, m), using an empirical equation developed at ARPA-SIMC 

(Tomei et al., 2009) that requires only precipitation data and historical series of depth.  

The starting hypothesis of the formula is that trend of hypodermic groundwater depth during a year 

can be approximated with a sinusoidal curve, as also highlighted in Rossi and Kerschbaumer (1998) 

and that observed variations related to this curve are well correlated to precipitation anomalies 

previous to the data to estimate. 

 

Empirical equation for the evaluation of groundwater depth consists of two terms: 

pc HHH Δ+=           [20] 

The first term is the climatic value of groundwater depth (Hc, m); the second one represents the 

variation due to precipitations (ΔHp, m). 

Hc is evaluated from the previous data on groundwater depth, assuming that it can be expressed by a 

sinusoidal curve characterized by a one-year phase and amplitude A (m): 

ASdsenHH c )
365

2(5.0 +
−= π         [21] 

Hc is defined for each day of year (d, -) as the difference between average groundwater depth ( H , m) 

and the oscillation value, considering a sinusoidal phase shift (S, -) compared to the first day of the 

year. The terms H , A and S have to be evaluated on observed data in situ. 

The daily variation due to precipitations ΔHp is defined as the product of anomaly of precipitation in 

the days previous to the assessment multiplied by a correlation factor (K, m·mm-1). 

n

pp
KH

n

d
dd

p

)(
1
∑
=

−
=Δ

         [22] 

The anomaly of precipitation is the mean of deviations between observed daily precipitation (Pd, mm) 

and mean daily precipitation ( dP , mm) on number of days in the considered period (n, -). This period 

has to be evaluated on past data by means of a maximization study of the correlation between Hobs-

Hc deviations and the mean anomaly of precipitation. 
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Finally, the correlation factor (K, m·mm-1) is defined as the product of determination coefficient (R2,-) 

and the angular coefficient of regression (m, m·mm-1), forced to the origin, between Hobs-Hc 

deviations and precipitation anomaly, in the period that maximizes the correlation. 

mRK 2=            [23] 

This empirical formula has been validated on an almost 30-year series (1975-2003) of piezometric 

level observed data, collected in the experimental farm of Cadriano (Bo), managed by the University 

of Bologna. The series has been divided in two sub-periods, the first one (1975-1988) has been used 

for calibration of formula and the second one (1989-2003) for its validation. Figure 7 shows the 

comparison between observed groundwater depth in Cadriano and forecast H in calibration (R2=0.81) 

and validation periods (R2=0.72; MAE=0.13 m). 
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Figure 7. Comparison between observed groundwater level in Cadriano, Bologna, (black points) and 
forecast values in the calibration period (red line) and in the validation period (blue line). 

 

The analyses shows that Cadriano groundwater presents 140-days as the best correlation period, so 

total precipitation of the 4 to 5 previous months are critical for the hypodermic groundwater depth. 

The correlation factor K corresponds to 0.45 m·mm-1 therefore, by means of proper transformations, 

groundwater depth varies from its climatic trend by 1.5 cm for each millimetre of anomaly in monthly 

precipitation. Figure 8 shows the validation of formula [20] using the data of a well located in the 

Ferrara plain belonging to the GIAS monitoring network of Emilia-Romagna region (R2 = 0.71). 
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Figure 8. Comparison between observed groundwater level in Ferrarese plain (blue points) and forecast 
values (red line, R2 = 0.71). 

 

Formula [20] can be used to forecast hypodermic groundwater level using synthetic precipitation data 

generated by WG; Figure  show an example of hindcast for the period April-May-June of year 1990, 

in Cadriano, using as input downscaled ensemble mean of seasonal predictions. 
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Figure 9. An example of water table level hindcast for the period AMJ of 1990 in Cadriano (Bo): observed 
values (red stars), climatic mean value (black line) and values computed by our formula using observed 

precipitation before April 1st and synthetic data afterwards (the latter were generated by the WG fed with 
downscaled ensemble mean of seasonal hindcasts, coloured lines). 
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2.6 Field data sets 

2.6.1 Wheat yield 

An extensive set of data was collected from 1972 to 1999 in a long term experiment on winter wheat 

(cvs Argelato and Chiarano) carried out at the Cadriano experimental farm (Latitude 44° 33’ N, 

Longitude 11° 24’ E, altitude 33 m asl) managed by the University of Bologna. The aim of the 

experiment was the study of the effects of nitrogen fertilization and straw burying on productivity and 

soil properties in a crop rotation of sugarbeet (Beta vulgaris L.), winter wheat (Triticum aestivum L.) 

and barley (Hordeum vulgare L.), as explained by Toderi et al. (1982). 

The crops, all grown every year on 6m x 9m plots, were fertilized with ammonium nitrate at various 

nitrogen rates, according to their different nutritional demand. For wheat, the trials compared were 

characterized by three levels of nitrogen fertilization (N0, N2, N4) on plots with barley straw burying, 

added with 1% of ammonium nitrate, compared with three nitrogen levels (N0, N2, N4) in plots without 

straw burying. In plots with straw burying, three different nitrogen levels (N1, N3, N5) have been 

prepared.  

 

A split plot design with three replicates was used; nitrogen levels added in plots with straw burying 

have been randomized with other three levels in the same plot. Nitrogen quantity used on wheat 

corresponds to 0, 50, 100, 150, 200, 250 kg/ha.  

 

For this work we used yield data observed in experimental farm for the period from 1987 to 1999 in 

plots with the highest nitrogen levels (150, 200 and 250 kg/ha), fertilization amounts not limiting 

production and corresponding to the actual levels used in the Bolognese plain. 

 

The soil of the Cadriano experimental farm is classified according to FAO classification as Fine silty 

mixed mesic udic ustochrepts (USDA Soil survey Manual) and its texture is as follows: 52% Sand 

(0,02-2 mm), 20% Loam (0,002-0,02 mm), 28% Clay (>0,002 mm). 

 

2.6.2 Kiwifruit 

In a farm cropped with kiwifruit (variety Hayward, 4.7m x 3.0 m) in full production in the hilly area 

(180 m asl) of Zattaglia, Brisighella municipality (Ravenna), every year, from April to October, daily 

precipitations and water volumes of drip irrigation were recorded (Spada, 2009). 

In Table 3, the monthly cumulated values of precipitation and irrigation are shown; irrigation period 

for kiwifruit crop in Emilia-Romagna region starts in May (only in 2007 was it necessary to irrigate in 

April) and ends in October. Trials have been carried out during a 13 year period (1996-2008). 
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A micro-irrigation system was used; the irrigators are pressure-compensating, characterized by flows 

of 4 l/h. Hourly precipitation equivalent of the irrigation system was 0.85 mm/h. The observed dataset 

includes also precipitation, logged with a local rain gauge, and daily irrigation hours were collected. 

Irrigation starts in spring, it is guided by a tensiometer placed at 30 cm depth, stops in case of rainfall 

and it resumes when pressure reaches values between 0.15 and 0.20 bar. The soil of Zattaglia belongs 

to the DOG1 class (clay loam and silty clay loam) of the pedological regional map. 

Table 3. Total monthly precipitation and irrigation (mm) of kiwifruit, measured in the Zattaglia farm, 
from April to October for years 1996-2008. 

 Year April May June July August September October Total 
precipitation 81 77 58 4 95 156 158 629
irrigation 0 13 62 90.5 56 0 0 221.5
total 

1996 
81 90 120 94.5 151 156 158 850.5

precipitation 136 36 49 18 81 52 92 464
irrigation 0 28.5 51.4 94.8 44.6 50.6 16.2 286.1
total 

1997 
136 64.5 100.4 112.8 125.6 102.6 108.2 750.1

precipitation 57 75 19 19 53 107 67 397
irrigation 0 10 92 123 101 28 0 354
total 

1998 
57 85 111 142 154 135 67 751

precipitation 43 17 88 15 107 55 66 391
irrigation 0 39.5 56.5 81.6 97.8 19.5 20.5 315.4
total 

1999 
43 56.5 144.5 96.6 204.8 74.5 86.5 706.4

precipitation 74 18.5 92 54 76 19 114 447.5
irrigation 0 53.1 59.5 73.5 77.4 61.2 0 324.7
total 

2000 
74 71.6 151.5 127.5 153.4 80.2 114 772.2

precipitation 110 65 15 28 0 111 33.5 362.5
irrigation 0 16.6 78.5 99.5 123.3 32.3 17.4 367.6
total 

2001 
110 81.6 93.5 127.5 123.3 143.3 50.9 730.1

precipitation 123 93 18 82 119 213 53 701
irrigation 0 0 76.9 59.1 39.5 6.4 0 181.9
total 

2002 
123 93 94.9 141.1 158.5 219.4 53 882.9

precipitation 126 7 13 26 21 72 93 357.5
irrigation 0 36.55 95.2 118.2 118.2 48.5 21.3 437.75
total 

2003 
125.5 43.55 108.2 144.2 139.15 120.45 114.25 795.25

precipitation 128 62 19 43 48 106 100 506
irrigation 0 12.3 70.1 94.4 86.7 45.1 8.1 316.7
total 

2004 
128 74.3 89.1 137.4 134.7 151.1 108.1 822.7

precipitation 120 27 26 27 150 154 197 701
irrigation 0 26.8 89.3 92.7 43.7 21.7 0.0 274.2
total 

2005 
120 53.8 115.3 119.7 193.7 175.7 197 975.2

precipitation 87 76 25 21 113 170 13 505
irrigation 0 17.85 54.83 105.0 50.6 33.2 5.1 266.48
total 

2006 
87 93.85 79.83 126.0 163.57 203.15 18.1 771.48

precipitation 21 28 80 5 46.5 50 153 383.5
irrigation 15.3 62.05 59.5 122.4 84.6 50.6 11.5 405.86
total 

2007 
36.3 90.05 139.5 127.4 131.07 100.57 164.47 789.36

precipitation 25 135 81 53.5 0 21.5 28.5 344.5
irrigation 0 24.65 36.97 91.4 118.2 65.0 29.1 365.28
total

2008 
25 159.65 117.97 144.9 118.15 86.53 57.61 709.78

precipitation 87.0 55.1 44.8 30.4 70.0 99.0 89.8 476.1
irrigation 1.2 26.2 67.9 95.9 80.1 35.5 9.9 316.7
total

AVG 
88.1 81.3 112.7 126.3 150.1 134.5 99.8 792.9
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2.6.3 Groundwater level 

The formula [20] was calibrated and validated on a historical series (1975 - 2003) of hypodermic 

groundwater level observed, collected two times per week in the experimental farm of Cadriano, 

managed by the Faculty of Agriculture, University of Bologna (Rossi and Kerschbaumer, 1998).  

 

The series has been divided in two sub-periods, the first one (1975-1988) has been used for the 

calibration of formula [20] and the second (1989-2003) for validation.  

 

Further tests have been done using a well located in Ferrarese plain; this second series is shorter 

(2003-2008) and it is composed of data collected by monitoring network GIAS of Emilia-Romagna 

Region. 

 

 

Figure 10. Well locations: Cadriano (Bologna) and Ferrarese plain. 
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3. Wheat yield predictions 

3.1 Methodology 

The aim of this study is to evaluate the use of seasonal forecasts for prediction of wheat yields in 

Emilia-Romagna, Italy, three months before harvest. The experimental methodology used to predict 

yields consists of several steps. The soil water content and the crop growth are simulated using the 

coupled model C/W, that requires in input daily meteorological data, namely temperature, 

precipitation and hypodermic groundwater depth, and has been calibrated using data collected in the 

experimental farm of Cadriano, Bologna, representative of the whole Bolognese plain, managed by the 

University of Bologna. 

In order to obtain a statistical prediction of yield, meteorological data from ground stations are used up 

to the first day of prediction, that is up to two or three months before harvest. Starting from the first 

day of prediction, meteorological daily data are synthetically produced with a weather generator using 

as input predicted seasonal averaged anomalies added to the local climatology. The predicted climate 

anomalies are obtained by calibrating the multi-model seasonal ensemble forecasts produced 

operationally at ECMWF within the EUROSIP project framework. Three CGCM are used to produce 

the operational seasonal predictions for the large scale anomalies: the ECMWF, the UK Met Office 

and the Météo France model. Re-forecasts are available from 1987 to present. The calibration and 

downscaling method is based on the MOS version of a statistical multi-linear regression scheme 

developed in recent years at ARPA-SIMC (Pavan et al, 2005; ECMWF Special Project SPIT-SPIA). 

The synthetic precipitation data generated by WG are then used in formula [20] to compute synthetic 

data of hypodermic groundwater level for the C/W coupled model. 

 

3.2 Model validation  

The validation of the C/W model prediction versus observational wheat yield data is presented in 

Figure . The data covers the years from 1987 to 1999. It is necessary to remember that the model is not 

able to reproduce the consequences of wheat diseases or lodging, and the results obtained with it must 

be considered valid only in the absence of these anomalous conditions.  

From the historical field journal, we found information about wheat damage due mainly to lodging. In 

order to consider lodging effects on final yields we applied a reduction coefficient to model results 

(Berry et al.): 

∑
=

=
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In order to obtain the yield in years affected by intensely adverse condition (1988, 1989, 1991, 1995 

and 1999) we applied a 20% a posteriori yield reduction. 
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Figure 11. Comparison between observed yields and C/W predicted (corrected a posteriori for the 
presence of adverse conditions) at Cadriano, Bologna. The observational data distribution is shown in 

blue shading, while the red line shows its median value. C/W prediction with observed weather is the solid 
black line.  

The determination coefficient of correlation between the median of observations and the C/W 

prediction is R2 = 0.77. 

The Cadriano yields data have been divided into two categories: the first includes regular years; the 

second includes only the years affected by adverse conditions. The frequency distribution of yields for 

each category, as shown in Figure 1, indicates that the median of the yield for the regular years is 

about 7 t/ha, while the median for years affected by adverse events is  about 5.7 t/ha. 

Normal years 

 

Years with adverse conditions 

Figure 12. Yield distribution for normal years (left) and for years with adverse conditions (right), at the 
experimental farm of Cadriano, Bologna. 
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3.3 Results 

For the whole period from 1987 to 1999 the prediction method has been run using every year’s 

observational data until the last day of April and, after that day, the daily predictions of both 

meteorological variables and water table depth obtained calibrating the seasonal multi-model hindcasts 

for the May-June-July (MJJ) period. Figure 13 shows the comparison between observed and predicted 

yield distributions. Comparison between the median of the observational data and the median of 

ensemble forecasts gives a determination coefficient of 0.48. 
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Figure 13. Comparison between observed (blue band, indicating the range of yields from all the 
experimental plots with the three nitrogen levels considered, i.e. 150-200-250 kg N/ha) and predicted (box 

and whiskers plot) wheat yield at Cadriano, Bologna, using MJJ downscaled seasonal hindcasts. 

 

3.4 Yield forecast for the 2008-09 season 

Starting from the present year, the described method has been used at ARPA-SIMC in order to 

produce experimental wheat yield predictions, reported in the ARPA public web site 

www.arpa.emr.it/sim. 

 

Figure 14 shows the prediction produced at the end of April for the 2008-09 season for Cadriano, 

Bologna, using observational data up to the 27th of April, and synthetic calibrated ensemble forecast 

time series onwards. The forecast suggests that the wheat yields has 50% of probability to be included 

between -5% and +10% of the regular years’ average yield. So, if no adverse condition will be present, 
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in the area around Cadriano wheat yield is forecast to be between 6.7 and 7.7 t/ha with a 50% 

probability. 

 

 

Figure 14. Probability distribution of the yield anomalies (expressed as a percentage) with respect of 
normal years average, for the 2008-09 season at Cadriano, Bologna. 

 

Preliminary yield data in Cadriano wheat plots for the current season shows a mean value of 6.5 t/ha, 

compatible with the forecast distribution but lower than the first quartile. However it should be 

underlined that in Emilia-Romagna the wheat crops were damaged by a very unusual stretch of very 

high temperatures in the second half of May (daily maximum higher than 30 °C up for nine days and 

higher than 35 °C for two days) and by intense thunderstorms at the end of June. The damaging effects 

on final yield of such events in the maturation phase is not simulated by the model and is most likely 

connected with the lower then predicted yield. 
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4. Forecasting of kiwifruit irrigation needs  

4.1 Methodology 

The aim of this study is to evaluate the use of downscaled STREAM2 ENSEMBLES hindcasts for the 

prediction of irrigation water need of kiwifruit, a widespread crop in the hills of Emilia-Romagna, 

Italy. The irrigation water need [mm] of a certain crop is the difference between the crop water need 

and effective rainfall (i.e. the fraction of rainfall actually available to the crop). Effective rainfall, soil 

water content, plant transpiration and irrigation water needs are simulated using the Criteria model. 

For this study the model was calibrated using actual irrigation data collected in a farm in the hills (180 

m asl) of Brisighella, Emilia-Romagna, in the years 1996-2008. Irrigation in the farm was guided by a 

tensiometer placed at 30 cm depth, and started when suction reached values between 0.15 and 0.20 

bar. 

In order to obtain a statistical prediction of irrigation water needs, observational meteorological data 

are used up to the day of prediction. Starting from the first day of prediction, meteorological daily data 

are synthetically produced with a weather generator using as input the predicted and downscaled 

seasonal anomalies, added to the local climatology. 

The climate anomalies used for the predictions are obtained by calibrating the multi-model seasonal 

ensemble forecasts initialised on the 1st of May for the years 1987-2005 extracted from the STREAM2 

ENSEMBLES data-set. The dataset consists of five coupled general circulation models output 

(ECMWF, Météo-France, INGV, IfM, and Met Office HadGEM2). The calibration and the 

downscaling method are based on the MOS version of a statistical multi-linear regression scheme 

developed at ARPA-SIMC (Pavan et al., 2005). For each model 9 ensemble member predictions are 

available, and we computed five weather generator replicates for every member, producing 225 

simulations every year. 

4.2 Model validation  

The following graphs show the validation of the Criteria model prediction with the observational 

irrigation water need data for kiwifruit. Figure 15 shows the comparison between yearly cumulative 

irrigation [mm] predicted by the model and the actual irrigation data for the period from 1996 to 2008. 

The two series look well correlated, with Pearson determination coefficient R2 = 0.86. Figures 16 and 

17 show the same comparison for the monthly cumulated irrigations, also showing a high 

determination coefficient (R2 = 0.93). The observed and predicted data have very similar distributions: 

observed monthly irrigations show a maximum value of 123 mm and a mean of 46 mm, while the 

model estimates a maximum of 125 mm and a mean of 46.5 mm. These results show that Criteria is 

able to simulate kiwifruit water need with a high level of accuracy, explaining about 90% of field 

variability. 
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Figure 15. Comparison between observed and model predicted yearly cumulated irrigations of kiwifruit at 
the Zattaglia farm. 
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Figure 16. Comparison between actual and predicted monthly cumulated irrigations of kiwifruit at the 
Zattaglia farm. 
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Figure 17. Correlation between actual and predicted monthly irrigations of kiwifruit for the period 1998-
2008 at Zattaglia, Brisighella. 

 

4.3 Results of the seasonal predictions 

The following graphs (Figure 18) show the comparisons between actual irrigation data (red line) for 

kiwifruit measured at the Zattaglia farm, in the hills of Emilia-Romagna, Italy, and the assessments of 

irrigation water needs (box and whiskers), computed using downscaled STREAM2 ENSEMBLES 

forecasts for the months JJA, in the years 1996-2005. The first five graphs refer to individual models 

while the last one refers to the multi-model ensemble. For each model nine members are available and 

five weather generator replicates were used. Blue stars represent the irrigation water need computed 

with Criteria model using actual weather data. 
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Figure 18. Comparison between actual irrigation data (red line) for kiwifruit measured in Brisighella, 
Italy, and the assessment of irrigation water needs (box and whiskers), computed using downscaled 

STREAM2 ENSEMBLES  dataset for the JJA period. The first five graphs refer to individual models 
while the last one refers to the multimodel ensemble. 
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Table 4 shows two performance indices (the determination coefficient and the modelling efficiency 

index) for the multi-model and the single model cases versus actual data (tier-3 verification). The 

modelling efficiency index (Willmott, 1981) is computed as follows:  
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where n represents the number of data pairs, i is the pair index and AvgObserved is the average of the 

observed data. EF provides a simple index of model performance on a relative scale, partially similar 

to the R2 scale (that has only positive values), where EF = 1 indicates a perfect fit, EF = 0 suggests that 

the model predictions are no better than a simple average, and a negative value would indicate an 

eventually poor model performance. 

Table 4. Performance indices for the multi-model and the single model cases (tier-3 verification, years 
1996-2005) 

Model R2 EF 

MULTI-MODEL 0.70 0.19 

LFPW 0.53 0.21 

INGV 0.43 0.21 

IFMK 0.55 0.13 

EGRR 0.71 0.37 

ECMF 0.05 -0.31 

 

All models except the ECMWF perform better than a simple data average (EF>0). The best 

performing single model in tier-3 verification is MetOffice EGRR. 

 

Figure 19 shows a tier-2 (Morse et al., 2005) verification for the years 1987-2005, including the years 

1987-2005, when hindcast are available but no field data. Grey diamonds represent the irrigation water 

needs computed with CRITERIA model using actual weather data while box and whiskers show the 

assessments of irrigation water needs computed with the same model using the downscaled 

STREAM2 ENSEMBLES  dataset for the JJA period. 
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Figure 19. Tier-2 verification for the years 1987-2005. Comparison between irrigation water needs for 
kiwifruit computed with CRITERIA model using actual weather data (grey diamonds) in Romagna, Italy, 

and the assessments of irrigation water needs (box and whiskers), computed using downscaled multi-
model STREAM2 ENSEMBLES dataset for the JJA period. 

 

Table 5 shows the determination coefficient and the modelling efficiency index for tier-2 verification. 

Table 5 - Tier-2 verification, years 1987-2005. 

Model R2 EF 

MULTI-MODEL 0.51 0.32 

LFPW 0.27 0.21 

INGV 0.42 0.36 

IFMK 0.41 0.32 

EGRR 0.22 0.17 

ECMF 0.22 0.15 

 

All models perform better than a simple data average (EF > 0). The multi-model determination 

coefficient is the highest, while its efficiency is comparable to the one of the best performing models 

(INGV and IfM). 
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Conclusions 
We showed with this work that the application to local agriculture of multi-model seasonal predictions 

properly downscaled and converted to synthetically daily data series is feasible and shows practical 

usefulness in providing meaningful predictions of important agricultural quantities, such as wheat 

yield and kiwifruit irrigation needs, up to three months in advance. 

In order to fully exploit ensemble prediction products, users must make use of locally calibrated and 

verified mathematical models like the CRITERIA/WOFOST suite we developed at ARPA Emilia-

Romagna. The modelling environment must be adapted to switch from the usual deterministic 

approach, where the models are fed by observed data like precipitation and temperatures measured at 

weather stations, to a multimodel, multiple run setup where, from a certain moment onwards the 

models are fed with a large number of data series referring to the future, up to 90 days ahead. Multiple 

outputs must then be statistically analyzed and reduced to prediction medians and/or percentile 

intervals. To set up and maintain such a procedure is no easy task and needs to be followed within a 

properly organized agricultural meteorology sector of a local weather service like Arpa-Simc. 

Further developments of this approach should include the application of the methodology tested here 

to cover the whole cropped area of our region, and also runs of climatic projections using downscaled 

GCM output from the ENSEMBLES project. 
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Summary 
• This work, carried out in the framework of the European R&D integrated project 

ENSEMBLES, involves the application of downscaled multi-model seasonal predictions to 

forecasting useful agricultural information for the Italian region of Emilia-Romagna up to 

three months in advance. 

• In particular we concentrated on the prediction of (i) wheat yield and (ii) irrigation needs for 

kiwifruit orchards. 

• For both wheat yield and irrigation of kiwifruit we were able to obtain from local researchers 

important field data for validating the models and checking forecasting results. 

• Simulations were carried out by with the CRITERIA/WOFOST modelling software, produced 

and/or adapted by us in the past and driven using ENSEMBLES Stream 2 downscaled multi-

model predictions for the AMJ (wheat) and JJA (kiwifruit) periods. 

• To carry out this work the modelling suite was integrated by a new routine to assess water 

table level (essential for better wheat yield prediction) from rainfall data, and by a weather 

generator enabling to transform seasonal predictions from monthly statistical anomalies to 

daily data series. 

• The results were very interesting for both applications, and encouraged us to perform a first 

operational seasonal forecast of wheat yield for the current 2009 season, using output from the 

operational ECMWF ensemble predictions system. 

 


