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Summary and purpose of document

This document provides an overview on the current and potential uses of the numerical weather prediction products to the agricultural and fishery communities.  The paper will also summarize the requirements for forecasting and warning services to these communities and with regards to delivery and communication.  
Action Proposed  

The meeting is invited to review and consider this information to help formulate a possible implementation of a SWFDP regional subproject for Eastern Africa.  


1. Introduction
The advent of new meteorological modelling capabilities provides opportunities for the meteorological community to develop better products and information to decision-makers in the various user sectors (i.e. energy, health, agriculture). Both post-processed General Circulation Model (GCM) output and forecasts made by Numerical Weather Prediction (NWP) models can be used in agricultural decision making. Tactical decisions (e.g. frost protection, irrigation and fertilization) made at times scales up to 2 weeks can benefit from the utilization of reference evapotranspiration, soil moisture, leaf wetness duration and pest development predictions. Seasonal Climate Forecasts (SCFs) are of importance in strategic decisions, such as choosing crop varieties and increasing or decreasing the area planted. Models for agricultural applications have different input requirements depending on their temporal and spatial scale, causing problems for the direct use of such forecasts. For individual farmers the most valuable predictions are as site-specific as possible, but forecasts are often averaged over a larger area confirming to the grid size of the model used. The value of meteorological forecasts is expected to increase as the agricultural system becomes more susceptible to climate variability under the effects of climate change. 

It has been recognized for years that short- to medium-range weather forecasts and seasonal outlooks represent a key service for agriculture 
 ADDIN EN.CITE 
(Sivakumar et al., 2000; Stigter et al., 2000)
. Users want to use the output from these various models for their specific applications and decision-making processes. The use of these meteorological forecast products in agricultural decision making problems has a long history. Direct NWP output has been used in predictions of irrigation, soil moisture, days of fieldwork, timing crop harvests, leaf wetness duration and crop / animal pest and disease development.
2.    Value of weather and climate information in agriculture
For individual farmers and decision makers, the most valuable predictions are as site-specific as possible. Predictions at the field scale need a locally calibrated agricultural model. There are different models available, designed for different areas and crop types. Soil properties and other site characteristics are given as input parameters into the model. Estimations at regional scales can also prove to be very valuable, for example to estimate crop price or yield profit, assess and plan water use or improve fertilizer application efficiency. Model predictions should always be used with caution, as they are based on observed relationships focussing on the influence of weather and climate on crop development and do not currently simulate the non-climatic determinants of crop yield (Challinor et al., 2009a). Another uncertainty is that the actual observed (either farm or regional) yields include the negative effects of weeds, pests and diseases and air pollutants (such as tropospheric ozone) that are generally not included in the utilized weather or climate models (Challinor et al., 2009b). 

For most agricultural applications (e.g. frost protection, irrigation and fertilization) the decision process takes place on a time scale in the order of days. NWP is of extreme importance for these types of tactical decisions. For strategic decisions on the other hand longer time scales, ranging from several weeks to months and even over the course of several years, have to be taken into account. This type of climate information is provided by GCMs and seasonal ensemble predictions. The potential value for agriculture of an accurate long-lead forecast is enormous. If rainfall behavior were predicted with sufficient lead time and with a high degree of confidence, farmers could for example respond to forecasts by: changing crop varieties, changing crop species, implementing soil and water conservation techniques, increasing or decreasing area planted, adjusting timing of land preparation, increasing or decreasing soil inputs and selling or purchasing livestock herds (Motha, 2007). Furthermore, the value of the forecast increases as the agricultural system becomes more susceptible to climate variability (Meza and Wilks, 2003), which is likely to be the case under predicted climate change and the increased occurrence of extreme events. 

Currently available agrometeorological products from National Meteorological and Hydrological Services (NMHSs), such as the traditional agrometeorological bulletins, are usually focussed on short-term predictions and the current status. The frequency of delivery of bulletins is highly variable and depends upon national, regional and local interests. For example, daily deliveries are done in Canada and Mexico, weekly in the U.S. and Venezuela, five days in Colombia and Cuba, and monthly delivery in Saint Lucia. Additionally, the amount of information varies considerably between the bulletins. In most cases, 5- to 7-days forecasts are given for mean, minimum and maximum temperature, rainfall probability and rainfall amounts, solar radiation, potential and actual evapotranspiration (reference evapotranspiration), soil water status, soil temperature, growing degree days, harvesting dates and phenological stages. Reviews by Wilks (1997) and Meinke and Stone (2005) as well as reports published by the WMO 
 ADDIN EN.CITE 
(e.g. Das et al., 2008; Harrison et al., 2007)
 indicate that a variety of agricultural decision problems would actually profit from forecasts on time scales extending beyond the weekly, the monthly and the seasonal time span. The different forecasting periods that agricultural management decisions could benefit from is summarized in table 1. Considering the possible benefits and the recent advancements in spatial resolution of atmospheric models that have taken place over the last few years, agricultural management planning should in principle be able to take advantage of the increased amounts of publicly available meteorological products and base decisions on agricultural models.

Table 1: Agricultural decisions that could benefit from targeted climate forecasts, sorted by temporal and spatial scales (Meinke and Stone, 2005).
	Example of decision types
	Frequency (years)

	Logistics (e.g. scheduling of planting/harvest operations)
	Intra-seasonal (< 0.2)

	Tactical crop management (e.g., fertilizer/pesticide use)
	Intra-seasonal (0.2 ( 0.5)

	Crop type (e.g., wheat or chickpeas) or herd management
	Seasonal (0.5 ( 1.0)

	Crop sequence (e.g., long or short fallows) or stocking rates
	Inter-annual (0.5 ( 2.0)

	Crop rotations (e.g., winter or summer crops)
	Annual/bi-annual (1 ( 2)

	Crop industry (e.g., grain or cotton; native or improved pasture)
	Decadal (~10)

	Agricultural industry (e.g., crops or pastures)
	Inter-decadal (10 ( 20)

	Landuse (e.g., agriculture or natural systems)
	Multi-decadal (> 20)

	Landuse and adaptation of current systems
	Climate change


3.
Input Requirements for Agricultural Models
The input requirements of different kinds of agricultural models are relatively similar, although they can vary in their temporal resolution. Much data is nowadays available from the internet, of which a very extensive list of potential agro-meteorological sources was compiled by Montserrat (2001) as a contribution to the activities of COST Action 718. For example, the minimum requirements for basic calculations of evapotranspiration or crop protection models are the average daily:
· maximum and minimum air temperatures in degrees Celsius (°C)

· actual vapour pressure in kilopascals (kPa) 

· net radiation expressed in megajoules per square metre per day (MJ m-2 day-1) 

· wind speed in metres per second (m s-1) measured at 2 m above the ground level

For other applications, model requirements also include precipitation (mm), relative humidity (%), and atmospheric pressure (hPa).

The WMO Commission for Agricultural Meteorology (CAgM) routinely investigates various aspects of weather and climate information for the agricultural sectors. In the report of the CAgM Joint Rapporteurs on the Impact of the Use of Meteorological and Climatological data on Fisheries and Aquaculture (WMO, 2006), discussed the requirements of using hydrometeorological and environmental information to serve aquaculture.  They summarized that in practicing aquaculture production, the following hydrometeorological and environmental information are needed for fresh water regions:

· Air and water temperatures

· Water level and speed of stream flows in rivers and lakes and other water bodies,

· Water quality and level of toxic substances in different water bodies,

· Rainfall and numbers of rainy days

· Air humidity

· Air pressure

· Wind speed and direction at water bodies,

· Sunshine (isolation) duration, number of overcast and clear days

For brackish water and coastal regions, the above information is needed along with pH and salinity. 
4.
Numerical Weather Prediction and agricultural applications

Some examples of using NWP related to the environmental conditions that influence agricultural production include: reference evapotranspiration (Arca et al., 2004), soil moisture (Venäläinen, 2005), solar radiation 
 ADDIN EN.CITE 
(Chen et al., 2007; Mavromatis, 2008)
, precipitation 
 ADDIN EN.CITE 
(Geertsema and Schreur, 2009; Papadopouios et al., 2008)
, monsoon systems (Mishra and Krishnamurti, 2007) and heavy rains (Fall et al., 2007). Besides combining agricultural models with NWP output, there have also been studies that directly couple them to daily climate model forecasts. These studies are among other things able to assess future crop yield and food security, something that cannot be done with NWP output only because it is necessary to evaluate the meteorological conditions over a longer time period (weeks to months). 

Mestre (2006) summarized the following list of advantages of using NWP outputs instead of values obtained from data interpolation of meteorological ground stations: 

· Provides worldwide weather data with temporal and spatial resolution that could be sufficient for many applications in agricultural meteorology; 

· No missing data with NWP output, therefore no need of filling data gaps from ground stations;
· Automatic production and formatting of NWP output as well as efficient quality control;

· Takes advantage of gains in spatial and temporal aspects of NWP models and in the improvements in the their physics and parameterisation schemes.
Das et al. (2010) states that short and medium range forecasts are important for farmers in order to plan the day’s work in activities such as:

· Preparatory activities, such as land preparation and preparation of plant material

· Planting or seeding/sowing

· Crops, fruit trees and vine management; application of fertilizer, irrigation; thinning, topping, weeding; pest and disease control

· Management of grazing systems

· Harvesting, on-farm post-harvest processing and transport of produce

· Livestock production (dairy enterprises, beef systems, lamb and other livestock systems)

Furthermore, quantitative forecasts are an important source of data for simulation models that produce information useful for farmers (simulation of crop phenology, water and nutrient cycles, crop production, weed, disease and pest cycles, and so forth).
Table 2. Examples of nowcasting and very short range forecasts for agriculture (Das et al.,2010) 
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Nowcasting and very short range forecast can be
useful for many different agricultural activities
(Table 5.14).

Table 5.14. Examples of use of nowcasting and very short range forecasts for agriculture

Objective

Principal forecasted variables

Manage works without producing soil compaction

Precipitation

Manage field activities during the growing period of crops  Temperature, wind and precipitation

Minimize the waste of biocides applied against weeds,
pests and diseases

Manage mitigation activities against frost

Manage harvest activities for different crops

Prevent and mitigate the effects of flash floods or debris
flow

Temperature, wind and precipitation

Temperature of air and crop tissues
Precipitation, relative humidity, wetness of
crops

Precipitation
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Figure 1 summarizes a number of different methods that can be used to couple crop and climate models. The box labelled ‘climate model’ represents a range of models, from short-term local numerical weather predictions to longer term simulations of climate change. To calculate ‘yield’ it is possible to use empirical models, large-area models or ‘traditional’ crop models. Numerical or statistical empirical models can only be used for the particular scale and location they are designed and calibrated for. Process-based large-area models are developed, among other reasons, because statistical models have no explanatory power to enable understanding as to why certain changes have occurred (Challinor et al., 2009a). Large area models are designed to cover a large spatial extent, similar to the grid size of the GCMs, thereby reducing the need for downscaling. Traditionally, crop models are point models that have been designed to make predictions at the field level and therefore generally require GCM output to be post-processed and/or downscaled before it can be used. 
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Figure 1: Schematic representation of methods used to combine crop and climate models. Solid arrows show climate information; dashed arrows show crop growth simulation. Solid boxes show numerical models; boxes with dotted outlines show model output. Areas where boxes overlap indicate models that operate on the same spatial and temporal scales. Source: Modified from Challinor et al. (2009a).

4.1  Irrigation / Soil Moisture
Venäläinen et al. (2005) used NWP as a source of data for irrigation modelling. The soil moisture models applied were a German model-type known as AMBAV (Braden, 1995) and a Dutch model-type SWAP (Soil, Water, Atmosphere and Plant, Kroes et al., 2000), both complex models including detailed parameters for crop and soil. The models were run over one summer using either measured or high resolution NWP data from the HIgh Resolution Limited Area Model (HIRLAM, Unden et al., 2002) as input. The results given by the models were quite similar regardless of input data source. Although the level of soil moisture content was not exact, the modelled soil moisture at a depth of 10–40 cm from both the SWAP model and the AMBAV model corresponded quite closely with the measurements and the fit improved with depth (Venäläinen et al., 2005). Unless the precipitation forecasts were seriously incorrect the forecasts up to 36-hours were found to be good and the 12-hour forecasts slightly better (Venäläinen, 2005). The modelled soil moisture content deviated more between the different irrigation models than between the same model using different weather data. The authors conclude that the selection of parameters that are used in irrigations models seems to be more crucial than the source of meteorological input data. They found no bad systematic errors and thus concluded that NWP is a usable option when input data for a soil moisture model are needed. 
Cai et al. (2009) have simulated the soil water balance of wheat using daily weather forecast products to estimate the reference evapotranspiration (ETo) with a new analytic methodology for computing the Penman-Montheith (PM-ETo) equation. Their alternative procedure was compared to the standard FAO procedure and tested for 8 locations in China at different latitudes and longitudes representing various climates. The results with the alternative procedure gave a good fit with observations. Good results were also previously obtained for North China (Cai et al., 2007) where the approach was tested using the irrigation scheduling model ISAREG (Pereira et al., 2003), which had been calibrated and validated there 


(Liu et al., 2006; Liu et al., 1998) ADDIN EN.CITE . The results of the simulations have shown that the simulated soil water content matches well with the observed values and it is appropriate to use the reference evapotranspiration estimated from daily weather forecast messages as model input (Cai et al., 2009). ETo estimated with NWP data can thus be used as input to a simulation model for real-time irrigation scheduling. 

4.2  Pests and diseases

In order to predict certain diseases, agricultural models have been developed that calculate the persistence of leaf wetness at the top of an orchard. An example is the model LEAFWET (Wittich, 2005) that is a submodule of the AgrarMeteorologische BERatung (AMBER) used by the German weather service. The model consists of a simple calculation scheme for the Leaf Wetness Duration (LWD) on top of an orchard and is designed to be driven by standard meteorological data from a numerical weather forecast in the operational mode. Friesland (2005) gives a description and tests the model ASCHORF  for use in apple scab predictions. ASCHORF uses NWP products for up to 5 days disease predictions in combination with observations from the previous days. The predictions are based on temperature and LWD calculations to achieve a short-term prognosis of next days’ infection periods. In the operational mode a sliding 10-day time series is used as input: the history of the previous 4 days is taken from a meteorological station, the forecast data are taken from a nearby grid point of the numerical weather forecast models. Friesland et al. (2005) describes and test the model PERO which is used for grapevine downy mildew predictions. It can include a 5-day meteorological forecast and thus give an outlook on disease development. PERO has been applied in the field in Italy, but comparison with field observations has pointed out differences between simulation and the real trend of infection (Friesland et al., 2005). For similar grapevine downy mildew predictions, the older Plasmopora Simulation Model (PLASMO) is also available which was developed and validated in the area of Chianti, Italy (Rosa et al., 1993). 

4.3 Hydrology

Ghile and Schulze (2010) evaluated three NWP models used by the South African Weather Service (SAWS) for short and medium range agro-hydrological applications. The first was the Conformal-Cubic Atmospheric Model (CCAM) model for lead time up to 4 days is capable of identifying a rainfall event, but with a tendency of under-estimation The second model, the Unified Model (UM) model for short range weather forecasts (up to 2 days) is capable of distinguishing rainy days from non-rainy days, but with a significant over-estimation of rainfall amount. The third model was the National Center for Environmental Prediction for Medium Range Forecasting (NCEP-MRF) model for medium and extended range forecasts (up to 14 days) rainfall forecast, which was found to be totally unskillful (Ghile and Schulze, 2010). They further employed the ACRU Agro-hydrological Model (Tarboton and Schulze, 1991) to evaluate the skill and accuracy of the rainfall forecasts once transformed into streamflows. The error in the rainfall forecasts of each day had a significant influence on the ACRU streamflow simulation state variables such as the fraction of water that becomes streamflow from the topsoil, subsoil and intermediate/groundwater stores on a given day, and consequently on the streamflow forecasts over more days. The mismatch between model output and observations might be attributed to the near ground situations (e.g. terrain and crop characteristics) which are poorly resolved in the models and influence the amount of rainfall reaching the ground. 
4.4 Fire forecasting

Wildfires are uncontrolled fires often occurring in wildland areas, but can also consume houses or agricultural resources. Models for this field are useful in quantifying the risk and propagation of fires. Estimating forest fire risk involves the meteorological factors that control the moisture content of living plants and dead plant material. Models that simulate the propagation of fire use factors like fuel availability and type, topography, temperature and humidity or air masses and wind speed and direction (Gommes et al., 2010) some of which can be directly used from meteorological forecasts. Wildfire suppression planning is usually focused on short-term NWP, but prescribed fire planning can require a long-range forecast horizon given by SCFs. An example of a fire prediction model is the National Center for Atmospheric Research’s (NCAR) Coupled Atmosphere-Wildland Fire-Environment (CAWFE) model (Coen, 2005) which has been used to simulate the Big Elk fire in the US. The model has a fine atmospheric model resolution and coupling between the fire and the atmosphere.
5 Dissemination of Weather Forecasts for Agricultural Applications 

In the Guide to Agricultural Meteorological Practices (Das et al.,2010), Chapter 5 on the Weather and Climate Forecasts for Agriculture gives the following overview on disseminating weather forecasts for agricultural applications.  

Information is useless until and unless it is promptly delivered to the users (for example Vogel and O’Brien, 2006). Reliability of forecasts, expected weather-induced risks or weather-induced losses, and farmers’ attitudes towards risk will affect the use of weather forecasts. Meinke and others (2006) introduce salience, credibility and legitimacy as essential factors. All these factors can be assessed through the participation of farmers. Farmers’ risk bearing ability (income and assets) and individual characteristics such as vulnerability and preparedness will determine his/her attitude and adaptation skills towards risk. This, combined with expected weather-induced losses will decide whether a farmer will be willing to use weather forecasts. Based upon his experience of traditional weather forecasts and expected losses due to adverse weather at different stages of crop growth, the extent of use of forecasts by farmers at different seasons and crop growth stages may vary. Thus, particularly in developing countries there could be a number of categories of forecast and information using farmers (Rathore and others, 2006). 
Target groups of users may be different for weather forecasts services for agriculture and other agricultural advisories. Weather forecasts are generally more used by highly skilled professionals such as researchers, extension workers, policy makers and progressive farmers. On the other hand, agricultural advisories are more used by formally less educated farmers for farm management. There are some similarities and dissimilarities for these two target groups. The first group of users may rely more on fast electronic transfer systems of information such as Internet, CD, VSAT and email. Conventional methods of communications such as bulletins, pamphlets, posters, postal letters, newspapers, radio, TV, (mobile) phone, pagers, local announcements, village meetings, local time-bond markets and personal communication are better to reach the second group of users. With the advent of computers and Internet, emphasis is often being given to electronic communication systems. However, TV and radio services are still the best ways of communicating advisories among rural people as these are not only fast methods, but also large and illiterate masses can be contacted. Broadcasting of advisories in the local language provides an edge on other means of communication (WMO, 1992; Weiss and others, 2000). For TV and radio there remains the drawback that information appears only for short periods, unless taped, while much Internet based information can be accessed for a longer time. 

6 Conclusions

In the last decade, many researchers have begun to utilize the potential of coupling weather prediction models with agricultural applications and several possibilities, using different data formats, have been investigated. The application of NWP has proven to be useful for irrigation, pest and disease and fire prediction modelling. Further applications, especially using SCFs and probabilistic forecasts that predict the occurrence of severe weather events, are still being tested and have high potential in the future. 

The distinctions between the sources of the meteorological data are not important for the needs of various user communities as long as the specific input requirements for their applications are met. Within the agricultural sector, tactical decision making can be supported by short-term predictions coupled with irrigation, pest and disease and fire propagation modelling. Whereas strategic decisions can benefit from SCFs in combination with crop yield modelling to improve water and fertilizer applications and assist in fire suppression. 
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