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Glossary 

AAR: Average Annual Rainfall. AAR is a measure of the total amount of rainfall, falling in a calendar 

year. This is different to the duration of wetness throughout a calendar year – see FCD. 

AE: Actual evapotranspiration is the quantity of water that is removed from a surface due to the 

process of evaporation and transpiration (also see PE). 

ALC: Agricultural Land Classification system. This is a robust, scientific system to assess agricultural 

land quality at a range of mapping scales. The ALC is the only approved system for grading land 

quality in England and Wales. (See also BMV) 

AP: Crop adjusted available water capacity (AP). The amount of water held in the soil that plants can 

access, measured in millimetres available. More water may be present but held in very small pores 

under suction too strong for plants to extract. AP (available water a soil can hold) is compared to MD 

(climatic moisture deficit in millimetres) to assess ALC droughtiness grade. The available water is 

expressed as a volumetric percentage so that for example, a clay soil with a topsoil total available 

water (TAv) of 17%, holds 170 mm of water per 1 m of soil. For potatoes, the TAv is used for all 

horizons to a depth of 70 cm (0.7 m) and therefore, the crop adjusted available water capacity (AP) 

for a TAv of 17% is 119 mm (i.e. 0.7 m x 170 mm). 

ASR: Average Summer Rainfall (April to September, measured in millimetres). ASR measures rainfall 

at the critical time of year for crop growth. This is not used as a criterion in its own right but is 

implicit in some background calculations. 

AT0: Median Accumulated Temperature above 0°C (January to June). This measures the warmth of 

an area during a period critical for germination and plant growth. AT0 is simply a sum of all 

temperatures above 0°C, summed daily from January to June. This is used in the assessment of 

overall climate. April to September values of AT0 is used in some background calculations (this is 

known as ATS, see below). 

ATS: Median Accumulated Temperature above 0°C (April to September). ATS is a sum of all 

temperatures above 0°C, summed daily from April to September. 

BMV: Best and Most Versatile land. BMV land is ALC Grade 1, Grade 2 and Sub-grade 3a of the ALC 

system. BMV land is afforded protection through national planning policy; this policy is different in 

England and Wales. In Wales, policy states that ‘considerable weight should be given to protecting 

such land from development’ whereas in England planning should recognise the ‘economic and 

other benefits‘ of BMV land and ‘where significant development of agricultural land is demonstrated 

to be necessary, areas of poorer quality land should be preferred to those of a higher quality’. 

Drought: This occurs when precipitation is reduced to such an extent there is insufficient ground or 

surface water supply to support plant growth.    

Droughtiness: In ALC terms droughtiness refers to the soil type and climate factors which limit water 

availability for crop growth.  

EAv: Easily available water. The easily available water is the volumetric (ratio of the volume of water 

to the unit volume of soil) soil water content between 0.05 and 2 bar tension. 

FCD: Field Capacity Days. FCD is a measure of the duration of climatic wetness through the year, 

rather than total rainfall. Field Capacity (FC) is when the soil holds the maximum water it can hold 

under gravity, i.e. the soil moisture deficit is 0. At Field Capacity, soils are considered too wet for 

cultivation. It is normally the period when field drains flow. The number of FCD is the number of 
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days per year a soil is at Field Capacity. FCD is a key criterion in ALC assessment of soil wetness and 

workability. 

Interactive limitations. In ALC, these are limitations directly affecting grade based on climate/soil 

interactions. This is important for assessment of soil droughtiness and soil wetness/workability. 

Interactive limitations allow for similar soils to be assessed differently, in wetter or drier parts of 

England and Wales. See also Standalone limitations. 

LCA: Land Capability Assessment for Scotland. This is very similar to ALC but differs in several 

aspects. The LCA uses 7 classes and has greater subdivision of grassland/moorland areas than ALC. 

Liebig’s law of the minimum. If a combination of limiting factors exists, only the one most limiting 

determines the overall severity of limitation. This term is used in EC documents and is synonymous 

with ‘most limiting factor’ in ALC. (See most limiting factor) 

MAFF: MAFF was the Ministry of Agriculture, Fisheries and Food (now DEFRA). 

MAFF 1988 Guidelines/the Blue Book. The Revised guidelines and criteria for grading the quality of 

agricultural land (MAFF 1988). This is the extant and only approved system for grading land quality 

in England and Wales. The guidelines came into force on 1 January 1989 superseding any previous 

ALC surveys or guidelines (see MAFF Technical Reports: Tech 11 and 11/1) 

MB. Moisture balance. MB is calculated for both wheat and potatoes, i.e. MB (wheat) and MB 

(potatoes). For example, MB (wheat) = AP (wheat) – MD (wheat). The resulting value (in mm) is used 

to allocate the ALC Grade for droughtiness. Note that in soil water relations, mm effectively refers to 

a rainfall equivalent. To allocate a grade both MB (wheat) and MB (potato) must be calculated. 

For example, where a clay soil has a total available water (TAv) of 17%, this equates to 170 mm of 

water per 1 m of soil. For potatoes, the TAv is used for all horizons to a depth of 70 cm (0.7 m) and 

therefore, the crop adjusted available water capacity (AP) is 119 mm (i.e. 0.7 m x 170 mm). In the 

ALC, to obtain the MB, the MD is then subtracted from the AP, for example if the MD potatoes is 124 

mm the resulting MB will be 119 mm-124 mm = -5 mm. A negative moisture balance suggests water 

availability is insufficient to sustain evapotranspiration and hence plant growth is potentially 

restricted. Conversely a positive value would indicate an absence of moisture stress.  

MD: Moisture deficit. MD is a measure of climatic dryness or susceptibility to drought (mm). It is the 

key ALC climatic reference to assess soil droughtiness. 

The MD value is the balance between water coming into the soil through rainfall (mm) and water 

being lost through plant transpiration (mm). This is measured in millimetres deficit, related to the 

key crop growing period. It expresses the amount of water added or lost in units of water depth. For 

example, a loss of 1 mm of water corresponds to a loss of 10 m3 of water per hectare. 

AP (the available water a soil can hold in mm) is compared to MD (climatic moisture deficit in 

millimetres) to assess ALC drought grade. 

MDPOT: Moisture Deficit for main crop potatoes (see MD).  

MDWHT: Moisture Deficit for Winter Wheat (see MD) 

MORECS: Met Office Rainfall and Evaporation Calculation System. Provides estimates of evaporation 

and soil moisture deficit for the UK. It is run each week and produces daily information for a range of 

crop types and soil properties. 
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Mineral soils:  Mineral soils are soils which are not organic-mineral soil or peaty and have less than 

6-10% organic matter. Most lowland arable soils outside Fenland are mineral. See Appendix 2 of the 

MAFF 1988 Guidelines for definitions. 

Most limiting factor (ALC). If a combination of limiting factors exists, the most limiting one only is 

used to determine severity of limitation and hence ALC Grade. See Liebig’s law of the minimum. 

Organic-mineral or peaty soils. Organic mineral soils have between 6-25% organic matter, 

depending on clay content. Peaty soils have 20-100% organic matter, depending on clay content. See 

Appendix 2 of the MAFF 1988 Guidelines for definitions. 

PE: Potential evapotranspiration. Potential evapotranspiration is the potential evaporation from soils 

plus transpiration by plants. It only occurs at the potential rate when the water available for this 

process is not limiting. The rate of evaporation depends on climatic conditions, specifically the 

radiative energy of the sun, wind, the vapour deficit of the air, and temperature. Potential 

evaporation is often calculated from these measurements using the Penman Monteith equation. It 

can also be estimated from readily available rainfall and temperature data using simple equations. 

Predictive ALC: The Predictive ALC was introduced in Wales in 2017. It is a web-based model refining 

ALC grading at an all Wales level. It uses background climate and terrain models, linked to NATMAP 

soil property data. It then calibrates the data to the ALC system. Predictive ALC Grades (Including 

Subgrade 3a and 3b) can be viewed, along with all Post Revision field surveys. The Predictive ALC has 

superseded the Provisional ALC maps in Wales and is available on the Welsh Government website. It 

is the primary source of strategic ALC information in Wales. (See Provisional ALC). 

http://lle.gov.wales/catalogue/item/PredictiveAgriculturalLandClassificationALCMap2/?lang=en 

Provisional ALC maps: Maps prepared between 1968 and 1974, classifying all of England and Wales 

into 5 Grades. The maps were intended as a strategic guide to agricultural land quality. Originally 

produced at a scale of one inch to the mile (1:63 360) but subsequently generalised to a scale of 

1:250 000. The maps series should only be used for a strategic guide to land quality and not relied on 

for site specific assessments. For a definitive grading, a survey according to the MAFF 1988 

guidelines is needed. 

The Provisional ALC maps were replaced in Wales by the Predictive ALC in 2017, which is available on 

the Welsh Government website. (See Predictive ALC). 

http://lle.gov.wales/catalogue/item/PredictiveAgriculturalLandClassificationALCMap2/?lang=en 

RE: Reference evapotranspiration. Reference evapotranspiration refers to the evapotranspiration 

rate from a hypothetical reference grass crop with specific characteristics, which is not short of 

water. 

Soil structure: Soil structure is the aggregation of individual soil particles into discrete larger units, 

called peds or structural units. These can be classified into different shapes, sizes etc.  Differences 

between soil structural type and condition can have a large effect on soil water movement. Soil 

structure is important for soil wetness/workability and droughtiness assessment. 

Soil texture: Soil texture is defined according to the relative proportions of sand, silt and clay 

fractions. 

Standalone limitations: In ALC, these are limitations directly affecting grade independent of 

soil/climate interactions – e.g. flooding, gradient, topsoil stone content and overall climate. 

http://lle.gov.wales/catalogue/item/PredictiveAgriculturalLandClassificationALCMap2/?lang=en
http://lle.gov.wales/catalogue/item/PredictiveAgriculturalLandClassificationALCMap2/?lang=en
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SWC: Soil Wetness Class. SWC is the key descriptor for the severity of soil wetness. SWC measures 

the amount of the year a soil is wet above certain depths on a scale of I – VI. SWC I is driest, SWC VI 

is wettest. SWC I to IV are most encountered in ALC. For ALC, SWC is assessed using (a) depth to 

gleyed horizon and depth to slowly permeable layer – measuring how quickly water can move 

through a specific soil – and (b) the number of Field Capacity Days (FCD) – measuring the duration of 

climatic wetness. See Appendix 3 of the MAFF 1988 guidelines for a full definition. (See also Wet). 

TAv: Total available water. The total amount of soil water available to plants is considered to be the 

volumetric (ratio of the volume of water to the unit volume of soil) soil water content between 0.05 

and 15 bar tension (or for sands and loamy sands between 0.10 and 15 bar tension). For example, 

where a clay soil has a total available water (TAv) of 17%, this equates to 170 mm of water per 1 m of 

soil.  

Wet: In soil wetness class assessment, ‘wet’ means water films are visible on the surfaces of grains 

or peds. Excavation below a wet horizon will cause water to flow down the exposed face, though 

flow may be very slow and confined to major pores and fissures. For a full definition see Soil Survey 

Field Handbook (Hodgson J.M. 1997 – definition as Hodgson J.M. 1976). 

 

 



 

1 
 

1 Introduction 

 The Agricultural Land Classification in England and Wales (ALC) provides a framework for 

classifying agricultural land according to the extent to which its physical or chemical 

characteristics restrict agricultural use. The limitations may affect the range of crops which can 

be grown, the level and consistency of yield and the associated cost of farming the land. The ALC 

grade describes the capability of the land for a range of potentially suitable crops. 

 The ALC was originally devised and introduced in the 1960s and it provided a framework for 

classifying land into five classes (ALC grades 1-5) according to the extent that climatic, soil and 

site characteristics limited agricultural production. Following a review of the system the ALC was 

updated in the 1970s to divide ALC grade 3 land into sub-grades 3a, 3b and 3c. Subsequently, the 

system was further updated in the 1980s following extensive review and testing, when it was 

decided that there was no longer the need for a three-fold sub-division of Grade 3 land and the 

Grade 3c was removed. In addition, the criteria used to assess climatic limitations and climate-

soil interactions were updated based on the best and most up to date information available at 

the time. 

 In 2020, land is still graded in accordance with the guidelines and criteria established in 1988 

(MAFF, 1988). Given that the guidelines were published over 30 years ago, it is possible that the 

threshold limits for establishing grading for some factors are no longer valid. In addition, major 

advances in technology since 1988 may provide methods for assessing criteria that were not 

previously possible (e.g. GIS or remote sensing). The ALC was originally developed as a field-based 

system, supporting planning policy to protect high quality agricultural land from loss to 

development. More recently, the ALC system has also been used as a modelling platform using 

national soil, climate and terrain datasets. This has been helpful for assessing future land 

capability and land suitability for specific crops. This report reviews the ALC droughtiness 

assessment for both (a) the original planning support and (b) more recent modelling roles. 

Importantly, the requirements for an ALC field assessment tool and capability/suitability 

modelling can be quite different. For example, widening the range of ALC reference crops for 

droughtiness (para 13.3.1) may be more useful for modelling purposes than field survey 

application. 

 This report reviews the methodology and current data used in ALC to assess droughtiness. In the 

ALC droughtiness is the tendency towards insufficient water being available for crop growth. This 

may be because of low rainfall or high evapotranspiration or where the soil holds only small 

reserves of soil moisture available to plant roots. The severity of the limitation will depend on the 

relationship between the soil properties and climatic factors as well as crop moisture demand. 

The relationship is complex, and the degree of moisture stress varies from year to year according 

to the weather. In comparison, drought is a short-term event that is characterised by changes in 

rainfall or temperature that means there is insufficient moisture to sustain plant growth. Soil 

droughtiness can be regarded as an important component of, if not synonymous with, 

agricultural drought (Zdruli et al., 2001).  

 The report builds on earlier work which reviewed the evidence base for ALC climate, site and soil 

limitations (Rollett and Williams, 2019, SPEP2018-19/12; Rollett and Williams, 2020, SPEP2019-

20/04). 
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2 Objectives 

 To review the ALC droughtiness assessment to determine if it is still fit for purpose and to provide 

a foundation for any future revisions to ALC guidance. The review is intended to assess and 

discuss issues and not to produce a revised droughtiness method for ALC. This report has: 

o Reviewed background climate data in ALC and how it is used in droughtiness assessment, 

o Reviewed key models/algorithms and their use in droughtiness calculations, 

o Reviewed other models for assessment of drought in agriculture and aridity indices 

developed post 1988 and compared to the ALC method, 

o Assessed the strengths and weaknesses of each system in relation to ALC 

o Assessed the strengths and weaknesses of the current ALC climate data, 

o Examined the influence of episodic extreme climate events on ALC droughtiness 

assessment, 

o Assessed the assumptions that underlie the ALC droughtiness calculation, i.e. rooting and 

reference crop assumptions, evapotranspiration models, crop adjusted available water 

capacity and moisture balance values, 

o Discussed the appropriateness of a land capability approach compared to crop suitability 

models, 

o Evaluated how the ALC droughtiness assessment could be improved in light of climate 

change,  

o Considered how grasslands could be better included within the ALC droughtiness 

assessment. 

3 The Agricultural Land Classification 

 The principal physical factors influencing agricultural production are climate, site (e.g. gradient 

or microrelief) and soil. These factors, together with interactions between them, form the basis 

for classifying land into one of six grades; Grade 1: excellent quality to Grade 5: poor quality. 

Grade 3 is further divided into two sub-grades designated 3a and 3b (MAFF, 1988)1. The top three 

grades (1-3a) are defined by Section 3.58 of Edition 11 of Planning Policy Wales (Welsh 

Government, 2021) and the National Planning Policy Framework for England (Ministry of Housing, 

Communities & Local Government, 2019) as the ‘best and most versatile’ (BMV) agricultural land 

and are suitable for growing a wide range of crops.  

 The main limiting physical factors are identified as: climate, soil wetness, soil droughtiness, 

gradient, flooding, soil texture, soil depth, soil stoniness and soil chemical properties. The final 

ALC grade given to a location is the lowest grade from any of the criteria (i.e. criteria are combined 

according to the agronomic law of the minimum, Liebig’s law). 

 Certain criteria (i.e. soil droughtiness, soil wetness and workability, gradient, topsoil stone 

content and soil depth) have bespoke, in field, assessment methods to directly arrive at an ALC 

Grade. Flooding is similar but depends on third party data that is often not easily available. Other 

                                                           
1 http://publications.naturalengland.org.uk/file/5526580165083136 
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criteria (i.e. micro-relief, chemical, erosion, frost, aspect, exposure and irrigation)2 are considered 

in the ALC Guidelines. However, these are on a case by case basis with no specific threshold values 

to directly arrive at an ALC Grade.  

 In Wales, Grade 1 land is located in small pockets of lowland North East and South Wales (Figure 

13) and in England, around The Wash, the Vale of York, North Kent and on the North West coast 

near Ormskirk (Figure 2). Similarly, Grade 2 land is mainly located in lowland North and South 

Wales, Anglesey and Pembrokeshire and in Eastern England. Grade 3 land is more widely 

distributed and is located in low lying coastal and inland areas of Wales, river valleys (e.g. the 

Wye and Severn) and along the Welsh/English border; in England Grade 3 land predominates. 

Finally, Grade 4 and 5 agricultural land is concentrated in the central upland areas of Wales and 

the north/north east uplands of England. Only agricultural land of Grade 3b and above will 

typically be suited to arable crops (MAFF, 1988). However, light Grade 4 land may be cropped in 

the East and South East of England although yields are likely to be poor.  

 

Figure 1. Predictive agricultural land classification (ALC) map for Wales (Source: Keay and Hannam, 

2020).  

                                                           
2 Although irrigation is included in the 1988 ALC guideline the 1997 changes to national planning guidance removed the 
potential to upgrade land where irrigation was available, and it is no longer used as a factor in grading land. 
3 Note that although both Figures 1 and 2 illustrate the location of ALC land by grade in Wales and England, respectively, 
they are not strictly comparable. Figure 1, the predictive ALC map for Wales was introduced in 2017, it is a web-based 
model which uses the best available information to predict the ALC Grade of land. Figure 2 shows the provisional grades for 
England based on maps prepared between 1967 and 1974; the maps provide a strategic guide to land quality rather than 
site specific guidance. 
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Figure 2. Agricultural land classification (ALC) for England. 
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3.1 ALC climatic limitations 

 Climate has a major and, in places, overriding influence on land quality by controlling both the 

range of agricultural uses and the cost and level of production. The most fundamental influence 

of climate is on the potential for plant growth, by determining the energy available for 

photosynthesis. However, climate also influences soil moisture, soil aeration, the number of field 

capacity days (i.e. when soils are wet enough for drainage to occur) and the ease of access to land 

to carry out field operations or for grazing by livestock (livestock are typically housed for longer 

when the climate is wetter/cooler to avoid damaging the soil/sward and for animal 

health/welfare).  

 In climatic terms for ALC, the most limited areas are both the wettest and coldest and conversely 

the climate is regarded as more favourable as temperature increases and rainfall moderates 

(MAFF, 1988). The main climatic factors currently considered in the ALC are temperature 

(accumulated temperature January to June-AT0) and rainfall (average annual rainfall-AAR), 

although account is also taken of local factors such as exposure, aspect and frost risk. Local factors 

(where relevant) are assessed on a case by case basis. Climatic criteria are considered first when 

classifying land as severe limitations will restrict land to low grades irrespective of favourable soil 

or site conditions. 

 The physical limitations which arise from interactions between climate, site and soil are soil 

wetness, droughtiness and erosion. Soil droughtiness indicates the degree to which a shortage of 

soil water influences the range of crops which can be grown and the level/consistency of yield 

which may be achieved. In comparison, a soil wetness limitation exists where excess soil water 

limits plant growth or imposes restrictions on cultivations or grazing by livestock. The limitations 

are not mutually conclusive in that some soils can be wet in winter but droughty in summer. 

 To achieve full yield potential a crop requires an adequate supply of water throughout the 

growing season. Water requirements vary considerably between crops and according to growth 

stage. The potential demand for water generally rises as leaf cover, and hence transpiration, 

increases. In addition, deep rooting crops can exploit the water reserves of a larger volume of soil 

than shallow rooting crops. Thus, the extent to which yield is depressed when water is in short 

supply is influenced by the crop type, amount and duration of the shortfall, and the growth stage 

at which it occurs. 

 Droughtiness is most likely to be a significant limitation to crop growth in areas with relatively 

low rainfall or high evapotranspiration, or where the soil holds only small reserves of water 

available to plant roots. The severity of the limitation depends on the relationship between the 

soil properties and climatic factors and the water requirements of the crops grown. These 

relationships are complex, and the degree of water stress varies from year to year according to 

seasonal differences in rainfall and temperature. 

 Keay et al. (2014) noted that overall (for England and Wales), droughtiness was the most limiting 

factor at around 30% of sites between 1921 and 2000; in contrast wetness was the most limiting 

factor at around 55% of sites. At present, droughtiness is rarely the most limiting factor for ALC 

in Wales, although this could change over time. Summer rainfall is predicted to get much lower 

in the south and east of England and the east of Wales. In addition, summer temperatures are 

also predicted to increase considerably, and by 2080, most of England and Wales is likely to be 

warmer than the hottest part is today. This combination of drier and warmer summers would 

compound to make droughtiness an issue for agriculture in the future. Keay et al. (2014) note 
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that for the ALC baseline climate data (1961-1990), almost 70% of land is ALC Grade 1 or 2 for 

droughtiness. In comparison for the UKCP09 2080 high scenario for climate change most land is 

predicted to be ALC Grade 4 for droughtiness; the data suggests that the main changes in grade 

will take place after 2030 so ALC is currently considered fit for purpose. (Figure 3).  

 

  

  

Figure 3. Change in ALC by droughtiness for National Soil Inventory sites between the baseline and 

2080 (UKCP09 high scenario 2030-2080). Data source: Keay et al., 2014. 

 However, note that the work of Keay et al. (2014) can only be used to identify trends not absolute 

magnitudes or exact locations of any change and the results should not be interpreted at a local 

scale. The modelling of the impact of climate change (including changes to droughtiness) was 

carried out for c.,5800 point at 5 km grid intersections where good quality site specific data was 

collected for the National Soil Inventory between 1978 and 1983. Grades for the whole of England 

and Wales have not been determined.  

4 ALC climatic datasets  

 The climatological data underpinning the ALC system and the origin and methodology for deriving 

it is described in the 1989 Meteorological Office publication: ‘Climatological Data for Agricultural 

Land Classification’, which was prepared in association with MAFF and the Soil Survey and Land 

Research Centre (SSLRC). The dataset comprises location, altitude, rainfall, temperature, soil 

moisture deficit and duration of field capacity datasets with a 5 km grid spacing. 

 Climatic data are used in ALC for the assessment of the climate, droughtiness and wetness 

limitations. To provide consistency in those assessments a standard data source is required for 
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the calibration and operation of the system. A number of grid point datasets with a spacing of 5 

km were assigned to the whole of England and Wales and standard methods were devised for 

estimating the value of each parameter at any location. The grid is coincident with the 5 km 

intervals of the Ordnance Survey National Grid, having its origin south-west of the Scilly Isles 

(Figure 4). 

) 

Figure 4. The lettering and numbering of the 100 km squares of the National Grid. 

 The ALC datasets are held in LandIS4, a computer-based land information system which was 

developed by the SSLRC and funded by MAFF. LandIS can be used to obtain both grid point and 

interpolated values for specified grid references. The complete dataset was also published by the 

Meteorological Office in 1989 and the procedure for obtaining interpolated values is explained in 

that publication: “Climatological data for agricultural land classification”5. 

 LandIS digital datasets are maintained by Cranfield University and access to soil data is governed 

by an agreement between Cranfield and Defra. Typically, there is a charge to use the data; the 

standard minimum charge is around £600 + VAT for a digital dataset (£225 royalty fees + £375 

preparation and administration dataset)6. In contrast, the ALC climatological dataset is freely 

available on the Natural England website to download.  

 The five agroclimatic parameters used in the ALC system (average annual rainfall, average 

summer rainfall, median duration of field capacity, median accumulated temperature >0°C, 

January to June and median accumulated temperature >0°C, April to September) and the 

associated limitation factors are listed in Table 1. The field capacity dataset was compiled by the 

                                                           
4 https://www.cranfield.ac.uk/themes/environment-and-agrifood/landis 
5 http://publications.naturalengland.org.uk/publication/6493605842649088 
6 http://www.landis.org.uk/data/datapricing.cfm 
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SSLRC based on Meteorological Office data. The other datasets were compiled by the 

Meteorological Office and processed by the SSLRC prior to their incorporation in LandIS. Datasets 

of altitude and of average annual rainfall change with altitude (i.e. lapse rate of AAR) are also held 

on LandIS for use in the interpolation from grid point values to site values. 

 

Table 1. Agroclimatic parameters used in the ALC system. Source (Meteorological Office, 1989) 

Limitation 
Factor 

Parameter Observation 
period 

Climate Average annual rainfall (AAR) 
Median accumulated temperature >0°C, January to June (AT0) 

1941-1970 
1961-1980 

Soil wetness Median duration of field capacity days (FCD) 1941-1970 

Soil 
droughtiness 

Average summer rainfall, April to September (ASR) 
Median accumulated temperature >0°C, April to September (ATS) 

1941-1970 
1961-1980 

 

4.1 Data sources 

4.1.1 Rainfall data 

 The reference rainfall data for ALC is based on records from several thousand rain gauges for the 

year 1941-1970, which was the international standard period when the Met Office published the 

ALC climatological dataset.  

 Note, however, that although there were about 6,000 stations recording rainfall in the 1941-1970 

period moisture deficit data was based only on the c.1,000 stations that had continuous records 

for the period 1961-1975 (Jones and Thomasson, 1985).  

 Grid point AAR values (mm) were interpolated from unpublished rainfall maps at a scale of 

1:250,000, on which the published 1:625,000 map for 1941-70 was originally based 

(Meteorological Office, 1977). Grid point ASR values (mm) were manually interpolated from an 

unpublished 1:625,000 scale map of average summer rainfall for 1941-70. 

 The rate at which rainfall changes with altitude (lapse rate) is used to enable grid point values of 

AAR to be interpolated for intermediate locations between grid points. 

4.1.2 Temperature data 

 The AT0 dataset for the ALC is based on temperature data from the 94 stations in the Complete 

Agromet Database (Field, 1983), which had complete records over the period 1961-1980. 

Accumulated temperatures for the period January to June each year were computed for each 

station from daily measurements of maximum and minimum temperature and the median value 

of AT0 in the period 1961-80 was determined. The median values were then extrapolated to grid 

points by means of a regression equation which related accumulated temperature, altitude, 

latitude (National Grid northing) and longitude (National Grid easting). The following equation 

which explains approximately 90% of the variation in AT0 for the 94 agrometeorological recording 

stations, was used:  

o AT0 (day degrees Celsius) = 1708 -1.14A -0.023E -0.044N  

A is altitude above mean sea level (metres)  

E is National Grid easting to 100 m (four significant figures)  



 

9 
 

N is National Grid northing to 100 m (four significant figures)  

 The equation shows the lapse rate of AT0 as 1.14 day °C/m. 

 The ATS dataset (1961-80) was created directly from the AT0 dataset using the following linear 

regression, which explains more than 90% of the variation in ATS for the 94 stations:  

o ATS (day degrees Celsius) = 611 + 1.11AT0 + 0.042E  

AT0 is the grid point AT0 value  

E is the National Grid easting to 100 m (four significant figures)  

 Table 2, below, shows an extract from the grid datasets which are provided for 5 km intersections 

of the National Grid. 

 

Table 2. Extract from ALC dataset (Source: Meteorological Office, 1989).  

Key to abbreviations: SQ. Lettering for 100 km grid square; E. National grid easting (m x 102); National Grid northing (m x 

102); ALT. Height above mean sea level (m); AAR. Average annual rainfall (1941-70, mm); LR. Lapse rate of AAR (mm/m); 

ASR. Average summer rainfall (1941-70, mm); AT0. Accumulated temperature above 0°C (median value, January to June 

1961-80, day °C); ATS. Accumulated temperature above 0°C (median value, April to September 1961-80, day °C); MDW. 

Moisture deficit winter wheat (mm); MDP. Moisture deficit potatoes (mm); FCD. Duration of field capacity (median value 

1941-70, days). 

 

 

4.2 Interpolation from grid points 

 For sites not located precisely at a 5 km grid point standard routines are available in LandIS to 

calculate the value of any climatic parameter by interpolation from adjacent grid point values. 
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The routines adjust for height differences between the site and up to four adjacent grid points, 

using the appropriate lapse rate or altitude correction factor, and then interpolate by calculating 

a distance weighted mean. Where a site falls exactly on an easting or northing which passes 

through two grid points the interpolation uses only those two grid point values. Interpolated 

values do not take account of microclimatic factors. The methodology for interpolation is 

described below and although complicated can be calculated manually: 

 The adjustment to AAR is 

o AARa = AARg + LR_AARg(ALTs-ALTg) 

AARa is the altitude adjusted grid point value of AAR (mm) 

AARg is the grid point value of AAR from the dataset (mm) 

LR_AARg is the grid point value for the lapse rate of AAR from the dataset (mm/m) 

ALTs is the altitude of the site (m) 

ALTg is the altitude of the grid point from the dataset. 

 And to adjust AT0 it is: 

o AT0a = AT0g + 1.14 (ALTg – ALTs) 

AT0a is the altitude adjusted grid point value of AT0 (day °C) 

AT0g is the grid point value of AT0 from the dataset (day °C) 

1.14 lapse rate of AT0 (day °C/m) 

ALTg is the altitude of the grid point from the dataset (m) 

ALTs is the altitude of the site (m) 

 Having obtained an altitude adjusted value the interpolated site value is calculated in four steps 

o Calculate the distance between the site and each reference grid point  

 

Dsg is the distance between the site and the grid point 

EAST/NORTHg is the national grid easting or northing for the grid point 

EAST/NORTHs is the national grid easting or northing for the site  

National grid references to 100 m in full numeric form 

o Calculate an inverse distance squared factor of each reference grid point  

 

Wg is the inverse distance squared factor for the grid point 

Dsg is the computed distance from the previous equation 

o Calculate a distance weighting factor for each reference grid point  
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Wp is the distance weighting factor for the grid point 

Wg is the inverse distance squared factor from the previous equation 

Wt is the sum of Wg values for all reference grid points (up to 4) 

o Obtain the site estimate for AAR or AT0 by calculating a distance weighted mean of 

reference grid points 

Vs = Vg1 Wp1 + Vg2 Wp2 + Vg3 Wp3 + Vg4 Wp4 

 

Vs is the interpolated site value of AAR or AT0 

Vg1-Vg4 are altitude adjusted grid point values of AAR/AT0 (AT0a, AARa) 

Wp1-Wp4 are distance weighting factors for grid points from previous equation. 

4.2.1 Interpolation for moisture deficit (MD) 

 The lapse rate for AT0 is the same as for ATS (i.e. 1.14 day °C/m); but there is no established lapse 

rate for ASR, which is somewhat less height dependant than AAR. This is because a higher 

proportion of summer rainfall occurs as a result of convection due to differential heating. As a 

result, the Met Office method for adjusting MD uses AAR and AT0 in place of ASR and ATS: 

o MDx = B0 + B1 AARg + B2 AT0g 

MDx is the AAR/AT0 derived MD at the grid point (mm) 

AARg is the grid point value of AAR obtained from the dataset (mm) 

AT0g is the grid point value of AT0 obtained from the dataset (day °C) 

B0, B1 and B2 are constants 

 Similarly, for the same grid point to adjust for site altitude: 

o MDxa = B0 + B1 [AARg  + LR_AARg (ALTs – ALTg)] + B2 [AT0g + 1.14 (ALTg – ALTs)] 

MDxa is the altitude adjusted AAR/AT0 derived MD 

AARg is the grid point value of AAR obtained from the dataset (mm) 

LR_AARg is the grid point value of the lapse rate of AAR from the dataset (mm/m) 

ALTs is the altitude of the site 

ALTg is the altitude of the grid point obtained from the dataset (m) 

AT0g is the grid point value of AT0 obtained from the dataset (day °C) 

1.14 is the lapse rate of AT0 (day °C/m) 

B0, B1 and B2 are constants 

 The difference between the two equations is the altitude adjustment (C) to be applied to a grid 

point value from the dataset: 

o C = MDx - MDxa. The equation simplifies to 
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o C = B1 [LR_AARg (ALTs-ALTg)] + B2 [1.14 (ALTg – ALTs)] 

For winter wheat B1 = -0.07 and B2 = +0.09 

For potatoes B1 = -0.09 and B2 = +0.12 

 Finally, for MD winter wheat (MDMWHT) or potatoes (MDMPOT), which are the two crops used 

in ALC droughtiness calculations: 

o MDMWHTa = MDMWHTg + Cw or MDMPOTa = MDMPOTg + Cp 

MDMWHTa/MDMPOTa is the altitude adjusted value of MD wheat or potatoes (mm) 

MDMWHTg/MDMPOTg is the grid point value of MD wheat or potatoes from the 

dataset (mm) 

Cw/Cp is the adjustment factor for the altitude difference between the grid point and 

site (mm) 

Cw = -0.07 [LR_AARg (ALTs-ALTg)] + 0.09 [1.14 (ALTg – ALTs)] 

Cp = -0.09 [LR_AARg (ALTs-ALTg)] + 0.12 [1.14 (ALTg – ALTs)] 

o LR_AARg is the grid point value of the lapse rate of AAR obtained from the dataset 

(mm/m) 

o ALTs is the altitude of the site (mm). 

o ALTg is the altitude of the grid point obtained from the dataset (m) 

o 1.14 is the lapse rate of AT0 (day °C/m) 

 In summary, the current ALC climatic dataset (although dated) provides a single data source, 

which facilitates comparison between sites (i.e. all sites that are ALC Grade 1 have the same 

degree of limitation, e.g. for Grade 1, no or very minor limitations due to climate). Experience (of 

the ALC system) over the past 30+ years has also confirmed that the current climatic dataset 

provides standard indices for wetness and dryness, rather than predicting wetness or dryness in 

soils for any period. 

 In the past, maps or meteorological station data would have been used to estimate climatic 

parameters at a site. However, both the manual interpretation of maps and the extrapolation of 

data (without specific guidance) relied on subjective judgements and so were less accurate than 

the current use of the single reference dataset. The suitability of the current dataset, which is 

more than 40 years old, given recent changes to the climate in England and Wales is discussed 

below. 

5 Suitability of current ALC climate dataset 

 The current ALC climate dataset is based on data from 1941-1970 (rainfall) or 1961-1980 

(temperature); given that it is more than 40-50 years old it is potentially unrepresentative of 

current climatic conditions. The ALC datasets have been reviewed on three occasions, in the 

1990s and 2004 by ADAS and more recently by Keay et al. (2014).  

5.1 ADAS (2004) review of ALC climate data 

 In 2004, ADAS reviewed the climatological data currently used in the ALC following the 

recalculation of the climate averages in the UK by the Met Office for the period 1971-2000. In 
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addition, to the station-based averages the Met Office also calculated monthly rainfall and 

temperature on a regular grid with 1 km intersections covering the UK (Perry and Hollis, 2005). 

The updated dataset adopted an ‘interpolate then calculate’ principle whereby all the 

interpolations were performed on the climate averages. In contrast, the current ALC dataset 

(described above) uses a ‘calculate then interpolate’ principle in which, for example, AT0 was 

calculated for a sub-set of weather stations before being interpolated across England and Wales. 

 

5.1.1 Changes in temperature 

 Temperature averages in the ALC dataset are based on the period 1961-1980. A change in 

temperature would affect several parameters used in ALC, i.e. AT0, ATS and moisture deficits for 

winter wheat and potatoes. An increase in temperature would result in a net increase in all the 

temperature linked parameters. Data reviewed by ADAS (2004) showed that the thermal growing 

season for plants (the number of days between the last spring frost and first autumn frost) in 

central England had lengthened by about one month since 1900, summer heatwaves had become 

more frequent and winters had become wetter relative to summers throughout the UK. The 

1991-2000 decade was the warmest in the period at 10.1°C (Central England Temperature7) and 

represented an increase of 0.8°C above the coolest decade (1961-70) with the trend still rising 

(Figure 5). Averaging temperature over two or more decades reduces the apparent increase with 

the 1971-2000 period some 0.3°C warmer than the current ALC time period of 1961-80. This will 

have the greatest impact on AT0 and ATS as even a 0.3°C increase would result in an increase of 

55°C days or a 4% increase on a typical AT0 total of 1,350°C days (ADAS, 2004). 

 

Figure 5. Decadal averages of Central England Temperatures (Source: ADAS, 2004). 

 

                                                           
7 Central England Temperature (CET) is representative of a roughly triangular area of the UK enclosed by Lancashire, 
London and Bristol. The CET database is the longest instrumental record of temperature in the world. 
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 ADAS (2004) suggested a new method to derive AT0 and ATS, based on the mean monthly 

accumulated temperature above 0°C,  

o ATj = (0.42 + 0.49 (Txj) + 0.48 (Tnj)) x day 

Where ATj is the daily mean temperature for month j, Txj and Tnj are the monthly 

mean maximum and minimum air temperatures and a, b and c are regression 

constants. r2 = 99% and standard error = 0.13°C. 

To calculate AT0 the equation was summed for January to June and for ATS, for April to 

September. 

ADAS (2004) suggested that this method has two main advantages over the ALC method 

described above. Firstly, the equation can be applied directly to the interpolated values for mean 

monthly maximum and minimum air temperatures. Secondly the previous dependence of the 

ATS calculation on the AT0 value has been removed. 

5.1.2 Changes in rainfall 

 Rainfall averages in the ALC climate dataset are based on the period 1941-1970. Variation in the 

amount of rainfall as well as the rainfall pattern would have effects on the rainfall dependent 

parameters. These include Field Capacity Days (FCD) as both average summer rainfall (ASR) and 

average winter rainfall (AWR) would lead to a change in FCD. Moisture deficits are calculated 

using ASR and would therefore also be affected. A comparison of the 1961-1990 and 1941-1970 

AAR showed that there was little overall variation (±2%) ADAS (2004), although there was notable 

increases in March rainfall (+16 to +36% depending on region) and decreases in July/August totals 

(-5 to -22% depending on region).  

5.2 Keay et al (2014) review of changes in ALC as a result of climate change 

 Keay et al. (2014) assessed how future changes in climate might affect agriculture in England and 

Wales using the ALC system as a surrogate measure. The study focused on the time period 1961-

1990 to generate a baseline from which relationships were derived to apply to the future climate 

change scenarios. Twelve UKCP09 climate change scenarios were investigated namely the 

medium, high and low emissions scenarios for 2020, 2030, 2050 and 2080 time periods.  

 Keay et al. (2014) used Met Office data from 1914 to 2000 to calculate ALC climate parameters 

for six 30-year periods, 1921-1950, 1931-1960, 1941-1970, 1951-1980, 1961-1990 and 1971-2000 

(the authors referred to this as the UKCP09 dataset), Table 3. The ALC grade for each period was 

then calculated to assess how changes in climate parameters affected the proportion of 

agricultural land allocated to each grade. 

5.2.1 Rainfall and temperature 

 AAR varied by, on average, only 30 mm (13-74 mm) over the six periods (1921-1950, 1931-1960, 

1941-1970, 1951-1980, 1961-1990 and 1971-2000) and the authors noted that the general 

rainfall pattern in England and Wales had not changed significantly over this time. In comparison, 

the Accumulated Temperature above 0°C (January-June) showed a general upward trend of, on 

average, 61°C (range 24-104) over the whole period from 1914-2000. Summarising the climate 

for the 20 years 1981-2000 gives a mean AAR of 913 mm (up 20 mm from 1971-2000) and a mean 

AT0 of 1438°C days (up 57°C days).  

 Overall, the AAR was predicted to remain steady for future climate scenarios. However, an 

increase in AT0 was predicted which would result in the ALC grade (by climate) improving with 



 

15 
 

the proportion of England and Wales potentially in grade 1 increasing from 58% in 1961-90 to 

over 90% in 2070-99. 

5.2.2 Droughtiness 

 In the ALC the assessment of droughtiness is currently calculated for two representative crops: 

winter wheat and main-crop potatoes. The amount of water available in the soil (which is affected 

by the depth, texture, structure, type (mineral, organic or peaty), stone and organic matter 

content of the soil) is offset by the moisture deficit (MD) calculated as the balance between the 

rainfall in and the evaporation from the soil, together with the transpiration from crop plants. 

 Keay et al. (2014) noted that overall (for England and Wales), droughtiness was the most limiting 

factor at around 30% of sites between 1921 and 2000; in contrast wetness was the most limiting 

factor at around 55% of sites (UKCP09 dataset). Similarly, the original dataset (Met Office, 1989) 

showed that at 27% of sites droughtiness was the most limiting factor compared to 56% of sites 

where wetness was the most limiting factor.  

 At present, droughtiness is rarely the most limiting factor for ALC in Wales, although this could 

change over time. Summer rainfall is predicted to reduce significantly in the south and east of 

England and the east of Wales. In addition, summer temperatures are predicted to increase 

considerably and by 2080 nearly the whole country is likely to be warmer than the hottest part is 

today. This combination of drier and warmer summers would compound to increase the risk of 

droughtiness restricting future agricultural production. Keay et al. (2014) note that for the ALC 

baseline climate data (1961-1990), almost 70% of land is ALC Grade 1 or 2 for droughtiness. In 

comparison for the UKCP09 2080 high scenario for climate change most land is predicted to be 

ALC Grade 4 for droughtiness; the data suggests that the main changes in grade will take place 

after 2030 so ALC is currently considered fit for purpose. (Figure 6). Based only on the 

droughtiness criteria the amount of land in Grade 1 was reduced from 37% in 1961-1990 to 7% 

by 2080 (high emission scenario) whereas the amount of land in Grade 4 increased from 2% to 

66% of England and Wales. As the overall ALC grade is defined by the most limiting factor, the 

result is a very large area of England and Wales being downgraded to Grade 4. 

 However, note that the work of Keay et al. (2014) can only be used to identify trends not absolute 

magnitudes or exact locations of any change and the results should not be interpreted at a local 

scale. The modelling of the impact of climate change (including changes to droughtiness) was 

carried out for c.5800 point at 5 km grid intersections where good quality site specific data was 

collected for the National Soil Inventory between 1978 and 1983. Grades for the whole of England 

and Wales have not been determined.  
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Table 3. Summary statistics of agroclimatic parameters for England and Wales for thirty-year 

climatic periods 1921-1950 to 1971-2000 compared with the ALC climatic dataset (original data). 

Source: Keay et al., 2014 

 

 The current baseline period is 1981-2010, which will be shortly superseded by the period 1991-

2020.  

5.3 Comparison of methods 

 Keay et al. (2014) compared three methods for deriving January to June (AT0) and April to 

September (ATS) accumulated temperatures namely, the original ‘1988 method’ (MAFF, 1988), 

the ‘2004 method’ (ADAS, 2004) and an improved ‘2010 method’ (Table 4). Each method was 

applied to the same 1961-1990 dataset and to the twelve UKCP09 climate scenarios for 2020, 

2050 and 2080 under low, medium and high emission scenarios. The derived estimates of 

accumulated temperature were compared to the observed/actual accumulated temperature for 

each of the stations for the 1961 to 1990 time period. The comparison showed that the 1988 

method underestimated the accumulated temperatures for both AT0 (-102°C) and ATS (-40°C), 

whereas the 2004 and 2010 method estimates were closer to the measured accumulated 
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temperature (Table 5). The root mean square error (a measure of how concentrated the data is 

around the line of best fit, lower values indicate a better fit) was also largest for the 1988 method. 

As expected, the ‘2010’ method outperformed the other methods, since the relationship applied 

was derived from the same 29 stations data. 

Table 4. Methods for calculating accummulated temperature (Source: Keay et al., 2014). 

 

 

Table 5. Mean biases and root mean square errors (RMSE) of the 1988, 2004 and 2010 methods 

when compared to measured data from a) 29 met stations for the 1961-1990 time period and b) 

compared to 7 independent Met stations (Source: Keay et al., 2014). 

 Accumulated temperature  
(April to September) 

Accumulated temperature  
(April to September) 

 2010 
method 

2004 
method 

1988 
method 

2010 
method 

2004 
method 

1988 
method 

Mean bias -1.64 8.43 -101.8 -1.18 3.73 -39.8 

RMSE 7.00 10.7 147.6 14.3 15.1 118.3 

       

Mean bias -6.45 5.44 -363.5 -6.45 -0.57 -165.3 

RMSE 18.9 16.9 449.9 14.3 12.0 201.5 

 Keay et al. (2014) noted that when the original soil moisture deficit equations for winter wheat 

and main crop potatoes (based on ATS and ASR) were extrapolated into the future the results 

were extreme; by 2080 the whole of England and Wales was assessed at ≤ALC Grade 4. As a result, 

the authors used the Met Office Rainfall and Evaporation Calculation System (MORECS) data to 

assess future predictions of soil moisture deficit. The revised equations are detailed in Table 6, 

below. 
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Table 6. Equations for calculating soil moisture deficit for winter wheat (WWSMD) and main crop 

potatoes (MCPSMD) and average monthly summer temperature (AMST) (Source: Keay et al., 

2014). 

Parameter Equation R2 

WWSMD 271.4754 + (-168.802 x LOG10 rainfall) + (10.00217 x temperature) 0.91 

MCPSMD 337.8238 + (-185.614 x LOG10 rainfall) + (5.849057 x temperature) 0.90 

AMST 0.00547 x ATS – 0.04 0.999 

 

 The derived rainfall and temperature variables were calculated and compared to the original 

published moisture deficit values (Met Office, 1989). The results show that the new MORECS 

predictive equation for winter wheat had a strong r2 of 0.99. However, the relationship was less 

strong for main crop potatoes (r2 of 0.94), which would result in different classification cut-offs 

being applied for the same levels of drought. The original classification was validated by experts 

in the field and should be considered as accurate as was possible at the time. As a result, Keay et 

al. (2014) suggested a correction factor to the grade cut-offs for potatoes (Table 7). 

 

Table 7. ALC grade for droughtiness for potatoes (moisture balance limits, mm) as published by 

MAFF, 1988 and thresholds proposed by Keay et al. (2014). 

ALC grade MAFF, 1988 Keay et al. (2014) 

1 10 17 

2 -10 3 

3a -30 -12 

3b -55 -30 

 

 More recently Keay and Hannam (2020) repeated the assessment of the effect of climate change 

on droughtiness (for Wales only) criteria using the UKCP18 datasets8. As noted before, most of 

Wales was not limited by droughtiness in the baseline assessment or when using 2020 predictions 

(Figure 7). However, predictions suggest that by 2050 and 2080 many areas of Wales would be 

downgraded by 1-2 classes by droughtiness constraints, particularly in the Welsh border, 

Pembrokeshire, Anglesey and north Wales (Figure 8). 

                                                           
8 The UKCP18 climate change predictions represent a 30-year average: the 2020 models for low, medium and 
high emissions represent the time period 2010-2039; the 2050 models represent 2040-2069; and 2080 
represents the period 2070-2099. The low emissions scenario predicts 1.8°C warming by 2100, modelled from 
Representative Concentration Pathway (RCP) 4.5, which represents a scenario of global greenhouse gas (GHG) 
emissions peaking around the year 2040, then declining. The medium emissions scenario predicts 2.2°C 
warming by 2100, modelled from RCP 6.0, which represents GHG emissions peaking around the year 2080, 
then declining. The high emissions scenario predicts 3.7°C warming by 2100, modelled from RCP 8.5, which 
represents GHG emissions continuing to rise throughout the 21st century (Lowe et al., 2018). 
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Figure 6. ALC grade based on droughtiness criteria only using new MORECS regression and adjusted potato classification at the NSI sites and UKCP09 

projections for 2020, 2030, 2050 and 2080.
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Figure 7. ALC grade by droughtiness for Wales under UKCP18 low, medium and high RCP scenarios 

for 2020, 2050 and 2080 (Source: Keay and Hannam, 2020). 
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Figure 8. Change in ALC grade by droughtiness (from the baseline) for Wales under UKCP18 low, 

medium and high RCP scenarios for 2020, 2050 and 2080 (Source: Keay and Hannam, 2020). 

 

5.4 Conclusions for climate data suitability 

 The grading of ALC by climatic factors alone is based on the premise that the warmer and drier 

the climate the better the Grade. However, as the climate changes UKCP predictions suggest that 

parts of England and Wales could become too warm and/or too dry. Without effective adaptation 

and genetic improvement, significant yield loss can be caused by stress factors such as excessive 
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heat and drought, for example Zhao et al. (2017) estimated that wheat production will reduce by 

6% for every degree C rise in temperature. This would suggest that changes to the ALC grading 

according to climate would be appropriate, as there is currently no minimum rainfall or maximum 

temperature component, reflecting the fact that wetness was considered a more important 

determinant of yield than droughtiness when the ALC was conceived in the 1960s (i.e. 

droughtiness was considered less common).  

 Both ADAS (2004) and Keay et al. (2014) have identified differences in temperature and summer 

rainfall, compared to the current ALC dataset. Moisture deficit values will be changed by lower 

ASR and higher ATS, indicating that calculations based on the original dataset are unlikely to 

accurately represent current limitations. The future importance of droughtiness in land 

classification was highlighted by Keay et al. (2014). The current method for measuring and 

classifying droughtiness resulted in the amount of Grade 1 (based only on that criterion) land 

being reduced from 37% in 1961-90 to only 7% by the 2080 (high emission scenario) whereas the 

amount of land in Grade 4 increased from 2% to 66% of England and Wales. As the overall ALC 

Grade is defined by the most limiting factor, assessment via the current method for ALC would 

result in a very large area of England and Wales being downgraded to Grade 4. However, note 

that the change in ALC grade was calculated for c.5800 NSI sites rather than England and Wales 

as a whole, therefore, the change in grades over time are indicative of a trend towards increasing 

droughtiness rather than absolute values.  

 The ALC system should be reviewed using contemporary weather and crop yield statistics to 

determine the significance of the droughtiness factor in the grading of agricultural land in England 

and Wales. Farming adaptations to a changing climate also need to be factored in as it is necessary 

to understand the impact of increasing droughtiness on land capability.   
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6 Extreme or episodic events 

 In the assessment of land quality, dynamic variables (e.g. temperature which changes as the 

season progresses) are converted to static variables (i.e. a single value which stays the same).  

Hence, a key weakness in using summarised land qualities is that by treating dynamic variables 

in a static way much of the variability that is an essential property of the land is removed (Hudson 

and Birnie, 2000). Farmers do not farm average landscapes under average climatic conditions. So, 

whilst land evaluation methods based on this approach are of value in land use planning, for land 

management decision making it may be more useful to have information on variability from 

which risk may be assessed (Hudson and Birnie, 2000). 

 Previous work on changing land capability has been based upon shifts in long-term multi-year 

averages that are a feature of established classification systems. However, shorter term 

variability also has a very important role in influencing the relative viability of different land-use 

systems (Hudson and Birnie 2000). In particular, inter-annual variability (IAV) is important for 

agriculture because of the key role of the annual cycle in both planning and management for crop 

or livestock systems (e.g. Reilly 2002). 

 Hudson and Birnie (2000) calculated the Land Capability Classification (LCA) for 23 sites in 

Scotland for two different time periods (1958-1978 and 1961-1980) to test the consistency of the 

classification; the authors also noted the inter-annual variability. LCA classes for climate are based 

on the relationship between maximum potential soil moisture deficit and accumulated 

temperature >0°C (the LCA climatic zones are broader than those used in the ALC which uses grid 

point datasets at 5 km intervals). The analysis showed that the climatic LCA class allocation was 

sensitive to the period from which the climatic data was selected. For example, Braemar was LCA 

class 41 when the 1958-1978 dataset was used and LCA class 42 when the 1961-1980 dataset was 

used.  

 In addition, the authors plotted the 20-year trajectory of each station’s climatic LCA (AT0 versus 

maximum potential soil moisture deficit) between 1961 and 1980. Examples are given in Figure 

9a and b for Auchincruive (climatic LCA class 2) and Braemar (climatic LCA class 42). The graphs 

show that the annual values follow a complex trajectory through the climatic LCA class partitions, 

such that the long-term climatic LCA class rarely occurs in any individual year (Figure 9). For 

example, Auchincruive is classed as LCA 2 (for climate) but in individual years the classification 

varies from 1 to 5 for climate so that on 9 occasions it was increased (i.e. >2), on 7 occasions it 

went down (i.e. it was <2) and 4 occasions it was the same (i.e. 2). Most stations showed similar 

variability except for stations in LCA class 1 which tended to be less variable (data not shown).  
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Figure 9. Trajectories of land capability classes for climate over the 20-year period 1961-1980 for a) 

Auchincruive and b) Braemar (Source: Hudson and Birnie, 2000). 

Details of allocated class (LCA) and change over time (1961-1980) and number of time LCA increased (I), decreased (D) and was unchanged 

(U) over the same period for a) a) Auchincruive and b) Braemar. 

 LCA 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 I D U 

a) 2 2 1 5 2 5 42 42 32 2 2 1 31 1 1 1 1 1 1 32 1 9 7 4 

b) 42 41 42 6 32 5 5 32 5 5 6 41 41 32 2 32 2 42 42 6 41 10 7 3 

 

 Shorter term variability influences land capability classifications because, although the 

established classification is based upon a long-term average, the results are sensitive to the time 

period used to define the long-term average (Hudson and Birnie 2000; Brown et al. 2008). 

However, land that is significantly more variable from year to year should intuitively have a lower 

class rating compared to equivalent land with the same average land capability but a more stable 

annual class (Brown and Castellazzi, 2014). High variability may effectively constrain some land 
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use options due to the higher risks involved, meaning the land is less flexible in its uses. Currently, 

established classification systems do not incorporate this variability, despite its increasing 

relevance for adaptive resource management in a changing climate (Brown and Castellazzi, 2014). 

 Brown and Castellazzi (2014) examined changes in the Land Capability for Agriculture 

classifications for sites in Scotland on an annual and decadal basis to explore the effect of episodic 

events on land classes. The LCA classification for Scotland was undertaken for the years 1961 to 

2011; 20-year means were also summarised along with inter-annual variability. Change data was 

also summarised using three main measures: 1) the spatial extend of land defined as prime 

(classes 1-3) for each year, 2) the likelihood of a 1 km grid cell being defined as prime for a 

summary 20-year period and 3) a volatility index to summarise IAV of LCA classes for a 1 km grid 

cell based upon an accumulated running sum of the difference in LCA classes for each year 

compared to the previous year. 

 Shorter term analysis based on the yearly extent of prime agricultural land shows that 

considerable IAV of land quality occurs (Figure 10). Over the full period 1961–2011, there are 

some years where a considerable proportion of the country may be considered as in ‘prime’ 

climatic condition (e.g. 1974, 1976, 1989 and 2008), whereas by contrast, there are other years 

(e.g. 1985, 1987, 1998, 2004) in which virtually no land is defined in ‘prime’ condition The 

likelihood of land being in prime condition over the standard 20-year periods is shown in Figure 

11. The aggregated volatility index for the same 20-year periods is shown in Figure 12. Areas with 

a volatility index exceeding 20 typically experience a change of at least one LCA class between 

successive years, whereas those over 40 can typically experience a change in two classes between 

years. 

 Brown and Castellazzi (2014) suggest a simplified volatility index which discriminates between 

prime (1) and non-prime land (0) and summing the difference over 20 years, may be used to 

identify a suitable limit for land that is too variable to be considered ‘prime’. In Figure 13, areas 

that would be conventionally defined as prime land due to their long-term average but also have 

a prime/non-prime volatility index greater than 10 are highlighted; these are areas with more 

than 10 inter-annual transitions from prime to non-prime over the 20-year period. Such areas are 

usually in the geographic transition zone between prime and non-prime areas, and therefore 

sensitive to the cut-off value chosen. 

 Brown and Castellazzi (2014), did not include drought in their volatility index noting that at 

present, the risk only applies to small areas and is not a dominant influence on the standard 

classification using long-term averages. They proposed that the inclusion of drought could be 

further investigated by the adoption of a notional LCA class 0 to identify locations where soil 

moisture deficits exceed available soil water capacity. This could then be included in the volatility 

index to identify the risk of excessively dry conditions in addition to the currently dominant 

wetness factors. 
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Figure 10. Area of prime land (i.e. Scottish Land Capability Classes 1-3 for climate) for the years 

1961-2011 (Source: Brown and Castellazzi, 2014). 

 

6.1 Conclusions for episodic and extreme events 

 The work of Hudson and Birnie (2000) and Brown and Castellazzi (2014) highlight the influence 

of annual changes in weather on LCA climate classes for Scotland. Inevitably, any classification 

systems based on average climate data will not reflect the extremes of climate seen in some years 

(i.e. very dry or very wet years). LCA classes for climate are based on the relationship between 

maximum potential soil moisture deficit (-250 to 0 mm) and accumulated temperature >0°C (up 

to 2000 day °C). In comparison, ALC classes for climate are based on the relationship between 

AAR (up to 5000 mm) and AT0 (up to 2000 day °C). Although the two systems use a different 

indicator of wetness (soil moisture deficit or rainfall) both are based on the principle that a warm 

dry climate should be graded more highly than a cool wet climate. Consequently, although the 

precise nature of the effects of episodic or extreme events on land classification will be different 

in the two systems (LCA and ALC) the overarching trends will be similar. 

 As noted, by Brown and Castellazzi (2014) during years of poor weather, climatic constraints will 

be more important factors than when the weather is good. When the weather is poor (e.g. too 

dry or too wet) even land in ALC Grades 1 or 2 may experience management difficulties more 

commonly associated with land in lower Grades. Conversely, during years of relatively good 

weather, the constraints on land capability are likely to be dominated by intrinsic soil properties 

which will delimit the maximum extent for BMV land despite the favourable weather. 

 Climate change predictions suggest that the weather is likely to become more extreme in the 

future. This suggests that, in the future, it will be more important to consider not just the average 
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climatic conditions when allocating an ALC grade for climate but also the variation around that 

average.  

 

 

Figure 11. Number of years classified as prime (i.e. Scottish Land Capability Class 1-3) agricultural 

land during the reference periods a) 1961-1980, b) 1971-1990, c) 1981-2000 and d) 1991-2010 

(Source: Brown and Castellazzi, 2014). 
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Figure 12. Volatility of Land Capability Class during the reference periods a) 1961-1980, b) 1971-

1990, c) 1981-2000 and d) 1991-2010 (Source: Brown and Castellazzi, 2014). 

 

 

Figure 13. Prime agricultural land 1991–2010 which also has a high volatility index (Source: Brown 

and Castellazzi, 2014). 
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7 Overview of ALC droughtiness calculations 

 In the ALC system the method used to assess droughtiness is based on work by Thomasson 

(1979). It provides an indication of the average droughtiness risk based on two reference crops, 

winter wheat and maincrop potatoes. These crops have been selected because they are widely 

grown, have contrasting rooting depths and, in terms of their susceptibility to drought, are 

representative of a broad range of crops.  

 Droughtiness limits for ALC grades and subgrades are defined in terms of moisture balances which 

are calculated separately for winter wheat and potatoes using the following formulae: 

o MB (wheat) = AP (wheat) – MD wheat 

o MB (potatoes) = AP (potatoes) – MD (potatoes) 

Where MB is moisture balance, AP is crop-adjusted water capacity of the soil profile and MD is 

moisture deficit 

 The model used is a simplification of the field situation. It does not take into account any short-

term wetting of the soil following rain in the summer period and also makes simple assumptions 

on rooting depths and degree of development of root systems. Wheat is assumed to root to a 

depth of 120 cm (although water extraction below 50 cm is assumed to be less efficient) and 

potatoes to a depth of 70 cm; in practice, rooting depth may be deeper. Hence the model gives a 

conservative estimate of the soil moisture balance. 

 A brief overview of the calculation of moisture balance is given in Table 8. Subsequent sections 

discuss the calculations and the underlying assumptions in more depth. 
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Table 8. Overview of ALC droughtiness assessment 

Component ALC abbreviation Notes 

Crop adjusted available 
water capacity 

AP (mm) The quantity of water that is 
held in the soil which can 
potentially be accessed by 
the specified crop 

Values for specific 
combinations of soil 
structure and texture are 
listed in ALC Table 14. 
 
Values are given for total and 
easily available water 

Values are adjusted for % 
stone /rock content (ALC 
Table 15) and organic 
matter content (separate 
topsoil, subsoil values; also, 
for organic rich soils). 
 
AP of subsoil horizons is 
reduced by 20% where 
textures are coarse sand, 
medium sand, loamy coarse 
sand or loamy medium sand 
textures because the wilting 
point is reached very rapidly 
due to a lack of medium and 
fine pores. 

Total water available to 
plants 

TAv Volumetric soil water 
between 0.05 and 15 bar 
suction 

For sands/loamy sands it is 
the volumetric soil water 
between 0.10 and 15 bar 
suction 

 

Easily available water to 
plants 

EAv Volumetric soil water 
between 0.05 and 2 bar 
suction 

  

Crop adjusted water 
capacity (wheat) 

AP (wheat) Rooting depth of 120 cm 
assumed.  
 
Values are summed to this 
depth 

All water is assumed to be 
available  
 
TAv value is used from 0-50 
cm. 

Below 50 cm the EAv value is 
used (assumes less efficient 
rooting below 50 cm). 
 
Note adjustments for coarse 
textured subsoil horizons 
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Crop adjusted water 
capacity (potato) 

AP (potato) Rooting depth of 70 cm 
assumed.  
 
Values are summed to this 
depth 

All water is assumed to be 
available to 70 cm. 
 
TAv value is used from 0-70 
cm. 

Note adjustments for coarse 
textured subsoil horizons  

Moisture deficit MD Calculated by regression (detailed below). Alternatively, the values may be obtained from 
the Met Office Climatological Data for Agricultural Land Classification dataset. 

MD (winter wheat) MD (winter wheat) = 325.4 - 162.3 log10 ASR + 0.08022 ATS 

MD (potato) MD (potatoes) = 326.4- 196.5 log10 ASR + 0.1127 ATS 
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7.1 Available water capacity 

7.1.1 Soil available water 

 The maximum suction most crops can exert to withdraw water from soil varies with the crop, but 

the generally accepted value is equivalent to about 15 times the pressure of the atmosphere (i.e. 

15 bar) (Shaxson and Barber, 2003). When soil water has been exhausted down to 15 bar tension, 

the water remaining in the soil will be that stored in pores smaller than 0.0002 mm diameter and 

will correspond to the soil’s permanent wilting point (Figure 14). Water held at tensions greater 

than the permanent wilting point is not available for plant growth. Hence, the total amount of 

soil water available to plants (known as TAv in the ALC) is considered to be the volumetric (ratio 

of the volume of water to the unit volume of soil) soil water content between 0.05 and 15 bar 

tension (or for sands and loamy sands between 0.10 and 15 bar tension). These tensions 

approximate to field capacity defined as the point at which the soil moisture deficit is zero, (i.e. 

when all soil pores other than those that drain under gravity are full of water) and permanent 

wilting point (when the plants can extract no more moisture from the soil). However, note that 

depending on traditions and application needs round the world other values may be chosen to 

represent field capacity (e.g. 0.05, 0.06, 0.10 or 0.33 bar tension) (Tóth et al., 2015). 

 

 

Figure 14. Soil water terminology (Source: Irrigation New Zealand)  

 

 Soil texture is a major factor that controls how much water a soil can hold (water holding capacity) 

(Figure 15) and how available it is to plants (available water capacity) (AHDB, 2019). Total soil 

pore space does vary between soil textures, although it is not a significant factor for ALC. 

However, the type of pores present changes markedly (fine textured soils are dominated by 

micropores and sandy soils by large pores). This affects both the water available to plants and 

water movement. Improving soil structure, for example, increasing soil organic matter content, 
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can significantly improve the TAv. Overall, both soil texture and structure affect pore size and 

pore connectivity and hence TAv. 

 

 

Figure 15. Drainage characteristics of soils where each of the primary particles is dominant 

(Source: AHDB, 2019). 

 

 Figure 16, shows typical water holding capacities for different soil textures in mm of water per 

100 mm of soil depth, along with their typical permanent wilting points and field capacities. It 

illustrates that a) sands have low water storage (field capacity) but that most water can be 

extracted, b) loams have high water storage and high levels of plant available water and c) clays 

have high water storage of which only part is available to the plant. This is further illustrated in 

Figure 17, which shows that, for example, if the soil is at 25% water content the water available 

to plants differs markedly so that i) very sandy soils are wetter than field capacity and drainage 

will occur, ii) clay loam soils are in an ideal condition for plant growth and iii) heavy clay soils 

could be at permanent wilting point (AHDB, 2019).  

 

 

Figure 16. The relationship between water holding capacity and soil texture (Source: Irrigation 

New Zealand). 
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Figure 17. Soil texture affects the available water capacity (Source: AHDB, 2019). 

 

 As laboratory measurements of available water are time consuming and expensive, the ALC 

includes tabulated values based on combinations of soil textures and structure (Table 9, below). 

The values for crop adjusted soil available water are based on a dataset of about 3,600 

measurements of TA from different layers in over 1000 soil profiles throughout England and 

Wales collected by staff from the Soil Survey and Land Research Centre. Analysis of the data by 

Hall et al. (1977) showed that the main factors effecting TA were texture, structure and organic 

matter content. As a result, the TAv values are stratified according to whether they are for topsoils 

or subsoils; subsoils are further sub-divided by structural conditions (good, moderate or poor). 

Guidance is given in the ALC to correctly allocate subsoil structural conditions, see example below 

for soils with sandy loam, sandy silt loam or silt loam subsoil textures (Figure 18). There is only a 

single TAv value (per soil texture) for topsoil (for moderate structural conditions) as ALC 

assessments assume good management standard. 

 In addition, to the total amount of soil water available to plants, Table 9, also includes values for 

easily available water (known as EAv in the ALC), which is the water held in the soil between 0.05 

and 2.0 bar tension. This recognises, the reduced ability of plants to abstract water at depth 

where roots are less well developed or sparse. Available water capacity coupled with soil depth 

determines the volume of water usable by plants at a particular site. The available water is 
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expressed at volumetric percentage so that for example, for a clay soil with a topsoil TAv of 17%, 

this equates to 170 mm of water per 1 m of soil.  

 

Table 9. ALC estimation of available water (%) from texture class, horizon and structural condition 
(Source: MAFF, 1988). 

Texture Class  Topsoil TAv 
Subsoil TAv

 
(EAv

 
in brackets)  

good moderate poor 

Clay  17  21 (15)  16 (8)  13 (7)  

Silty clay  17  21 (15)  15 (8)  12 (7)  

Sandy clay  17  19 (14)  15 (10)  13 (8)  

Sandy clay loam  17  19 (14)  15 (10)  13 (8)  

Clay loam  18  21 (14)  16 (10)  12 (7)  

Silty clay loam  19  21 (12)  17 (10)  12 (6)  

Silt loam  23  23 (17)  22 (14)  15 (9)  

Fine sandy silt loam  22  22 (16)  21 (15)  15 (9)  

Medium sandy silt loam  19  19 (13)  17 (11)  15 (9)  

Coarse sandy silt loam  19  23 (17)  19 (11)  15 (7)  

Fine sandy loam  18  22 (17)  18 (13)  17 (11)  

Medium sandy loam  17  17 (13)  15 (11)  11 (8)  

Coarse sandy loam  17  22 (15)  16 (11)  11 (8)  

Loamy fine sand  18  15 (13)  15 (13)  * 

Loamy medium sand  13  12 (9)  9 (6)  * 

Loamy coarse sand  11  11 (7)  8 (6)  * 

Fine sand  * 14 (12)  14 (12)  * 

Medium sand  12  7 (5)  7 (5)  * 

Coarse sand  *  5 (4)  5 (4)  * 

Marine light silts   33 (30) 28 (22) * 

All Horizons  

Organic sands  23 (16)  

Organic loams  28 (20)  

Organic clays  23 (16)  

Peaty sands  39 (36)  

Peaty loams  27 (18)  

Sandy peats  45 (30)  

Loamy peats  35 (26)  

Humified peats  33 (24)  

Fibrous and semi-fibrous peats  44  
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Figure 18. Assessment of structural conditions in subsoil horizons with sandy loam, sandy silt loam 

or silt loam textures (Source: MAFF, 1988). 

 

7.2 Alternative data for calculating available water capacity 

 The relationship between soil texture and plant available water is generally acknowledged. Table 

10 below, shows the total available water for different soil textures across the US and for generic 

soils, which were calculated by subtracting the water available at permanent wilting point from 

that at field capacity. Note it is not stated at what bar tension field capacity and permanent wilting 

point were calculated, although permanent wilting point is typically measured at 15 bar, field 

capacity may be measured at a range of values (e.g. 0.05, 0.06, 0.10 or 0.33 bar tension). For 

comparison, the ALC values for similar soil textures are shown in square brackets. In general, ALC 

values for plant available water are higher for most soil textures compared to both the US data 

and the Brady and Weil (2002) data, although for the latter the values for silt loam, clay loam and 

clay are very similar to those used in the ALC. However, note that the UK and US particle size 

fractions are not consistent for silt (UK: silt 0.002-0.06. US: 0.02-0.05) and sand (UK: silt 0.06-2.0 

mm. US: 0.05-2 mm); there are also differences in the sand sub-grouping. The differences in the 
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particle size fractions and the potential differences in the value used for field capacity mean that 

the values are not directly comparable, rather indicative of trends in available water capacity.  

 

Table 10. Plant available water for a) US soils (Source: Datta et al., 2017) and b) for ‘generic’ soils 

by texture (Source: Brady and Weil, 2002) [ALC values for similar soil textures]. 

a)  

Soil texture Field capacity  
(%) 

Permanent wilting point  
(%) 

Total plant available water 
(%) 

Sand 10 4 6 [12] 

Loamy sand 16 7 9 [11-18] 

Sandy loam 21 9 12 [17-19] 

Loam 27 12 15 

Silt loam 30 15 15 [23] 

Sandy clay loam 36 16 20 [17] 

Sandy clay 32 18 14 [17] 

Clay loam 29 18 11 [18] 

Silty clay loam 28 12 13 [19] 

Silty clay 40 20 20 [17] 

Clay 40 22 18 [17] 
 

b) 

Soil texture Field capacity  
(%) 

Permanent wilting point  
(%) 

Total plant available water 
(%) 

Sand 10 3 7 [12] 

Sandy loam 20 6 14 [17-18] 

Loam 29 9 20 

Silt loam 35 12 22 [23] 

Clay loam 38 18 20 [18] 

Clay 38 21 17 [17] 
 

7.2.1 Pedotransfer functions 

 As noted earlier the direct measurement of soil hydraulic properties such as field capacity and 

permanent wilting point are time consuming and expensive. Alternatively soil hydraulic 

properties can be estimated using pedotransfer functions based on more easily measurable soil 

properties such as soil particle size distribution (PSD) or soil organic carbon content. A number of 

authors have used pedotransfer functions to estimate plant available water using data on soil 

texture.  

 Pedotransfer functions established for determining soil water retention can be classified in three 

groups (Tietje and Tapkenhinrichs, 1993): point estimation methods, parameter estimation 

methods, and semi-physical methods. A second criterion for describing pedotransfer functions is 

the type of input data needed by the function: class-function or continuous-functions. Class-

pedotransfer functions assign values of the curve parameters or soil water content to classes 

defined by the predictor variables (e.g., soil texture classes, intervals of organic matter content 

or bulk density). Class pedotransfer functions are easy to use and well suited for predicting soil 

hydraulic characteristics at national and continental scale because usually the available data at 
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these scales is not too detailed (Al Majou et al., 2008; Wösten et al., 1995). Continuous functions 

use physical or chemical soil properties as input variables into multivariate regression or machine 

learning models to estimate the parameters of the water retention curve model or soil water at 

specific water potentials (Rubio et al., 2008). 

 Hollis et al. (2014) used three separate sets of measured water-release data representative of the 

whole of the UK to develop a set of pedotransfer functions for predicting volumetric water 

contents at seven pressure heads on the water release curve ranging from 0 to−15 bar. Each 

national dataset was stratified into four groups, 1) very fine sandy horizon (although note that 

this group only included four data points and was subsequently excluded from the analysis), 2) 

other horizons of loamy sand or sand texture sub-divided into horizons with some structural 

development (Sy-structured) or no structural development (Sy-unstructure), 3) other regularly 

cultivated topsoil horizons (Ap) and 4) all other horizons which were subdivided according to their 

packing density (a modification of dry bulk density which removes the ‘clay’ effect) –as low, 

medium or high (low, medium or high Ld). Within each grouping, multiple regression analysis was 

used to derive equations for predicting the water contents at each pressure head, based on a 

selected set of predictors (Table 11). Table 12 includes example calculations of the AWC values 

for the ‘Sy’ groups; the values for field capacity and permanent wilting point were calculated from 

the equations in Table 11. The equations calculate a value of 13-16% for the ‘Sy’ group (loamy 

sand or sand texture). Similarly, the ALC values for loamy sand topsoil range from 11-18%. 

 For all non-sandy horizons not subject to regular cultivation (i.e. low, medium or high Ld horizon 

group in Table 11), additional PTFs incorporating a climatic variable, the average annual potential 

soil moisture deficit (PSMD) gave a further improvement in prediction in drier areas of the UK 

with PSMD greater than 130 mm. 

 Román Dobarco et al. (2019) developed and compared class- and continuous-new pedotransfer 

functions for the predictions of soil moisture at field capacity (0.10 bar) and permanent wilting 

point (15 bar) and the subsequent calculation of AWC for France (Table 13). For continuous 

pedotransfer functions they used multiple linear regression models with sand, clay, organic 

carbon (SOC), and bulk density as predictor variables, whereas class pedotransfer functions were 

defined by texture class, bulk density, and horizon type (all horizons, topsoils, subsoils). The 

models were validated with an independent validation dataset. At independent validation, 

texture class pedotransfer functions had a RMSE (a measure of how concentrated the data is 

around the line of best fit, lower values indicate a better fit) between 0.05 cm3/cm3 and 0.06 

cm3/cm3 and continuous pedotransfer functions had a RMSE between 0.04 cm3/cm3 and 0.05 

cm3/cm3. Texture class pedotransfer functions had similar or better predictive performance than 

texture-structural class-functions. The prediction performance of continuous pedotransfer 

functions improved slightly when including SOC and BD in the models. 

 The prediction ability of texture class pedotransfer functions was similar to the equivalent 

continuous pedotransfer function (clay+sand) at field capacity, which suggests that easy-to-use 

class-functions can be a useful tool for estimating soil moisture at field capacity. However, when 

more information is available (e.g., SOC, bulk density), or for estimating soil moisture at 

permanent wilting point, continuous pedotransfer functions had better prediction ability than 

class pedotransfer functions (Table 14). 

 It is not easy to compare the ALC estimations of available water with those calculated by Román 

Dobarco et al. (2019) as the latter are calculated for much broader textural classes. However, if 

the fine/very fine category is assumed to relate to clay soils then the ALC value of 17% for topsoil 
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is not dissimilar to the calculated value of 12-14% (Table 13 below). Similarly, the ALC topsoil 

value for medium sand (12%) is similar to the value calculated by Román Dobarco et al. of 11% 

for coarse textured topsoils. Also, note that Román Dobarco et al. (2019) define field capacity as 

0.10 bar whereas ALC defines field capacity as 0.05 bar, so that ALC values will be higher. 

 

Table 11. Best fit pedotransfer functions from the stratified dataset (Source: Hollis et al., 2014)  

 

Table 12. Predicted and validation data for the ‘Sy’ (loamy sand/sand) textural group (calculated 

from Hollis et al., 2014). 

Grouping Statistic 

Development data 

% volume water content 

Validation data 

% volume water content  

FC PWP AWC FC PWP AWC 

Sy-structured 

No 85 85  71 71  

Mean 23.5 7.8 15.7 24.2 8.6 15.6 

SD 7.0 3.6  7.5 3.6  

Sy-unstructured 

No 63 63  104 104  

Range 35.5 12.8  32.0 13.5  

Mean 17.4 4.8 12.6 18.7 4.8 13.9 

SD 7.9 2.9  7.1 2.2  
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Table 13. Texture class pedotransfer functions for field capacity and permanent wilting point and 

calculated AWC (%) (Source: Román Dobarco et al., 2019). 

 Field capacity (0.10 bar) Permanent wilting point (15.8 bar) AWC 

Texture class No Mean SD No Mean SD Mean 

All        

Coarse 55 18 6 58 8 3 10 

Medium 155 30 4 194 17 5 13 

Medium fine 125 33 2 152 18 4 15 

Fine 103 37 6 227 28 5 9 

Very fine 19 42 6 58 32 3 10 

        

Topsoil        

Coarse 31 20 6 32 9 3 11 

Medium 41 31 4 50 16 4 15 

Medium fine 47 32 2 53 16 4 16 

Fine 17 39 5 20 27 4 12 

Very fine 2 43 6 2 29 5 14 

        

Subsoil        

Coarse 24 15 6 26 7 4 8 

Medium 114 29 4 144 17 5 12 

Medium fine 78 33 2 99 19 4 15 

Fine 86 37 7 207 28 5 11 

Very fine 17 42 6 56 32 3 10 
SD = standard deviation. 

 

Table 14. Regression coefficients of the continuous pedotransfer functions for estimating soil 

moisture at field capacity (pF = 2.0, equivalent to 0.10 bar) and permanent wilting point (pF = 4.2, 

equivalent to 15.8 bar) (Source: Román Dobarco et al., 2019). 
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 Tóth et al. (2015) used a range of European soil datasets to develop pedotransfer functions for 

calculating soil moisture at field capacity and at permanent wilting point for Europe. Three 

statistical approaches were used to derive quantitative hydraulic properties using a series of 

quantitative or qualitative variables. Model inputs were selected using a stepwise hierarchical 

approach and prediction errors were compared to select the most reliable model. Where no 

statistical difference between models was observed the model with the fewest inputs was 

preferred.  

 For both field capacity and permanent wilting point the recommended PTFs were point based 

(Table 15). The authors noted that in the prediction of field capacity, the most important soil 

information was PSD or texture class, depending on the type of information available for 

prediction. Including bulk density (BD) did not improve the reliability the predictions. Tóth et al. 

(2015) suggested that was probably due to the use of 0.33 bar as the field capacity value. At that 

matric potential (force with which water is held by the soil matrix) inter-aggregate pores at sizes 

that strongly correlate with BD have already drained their water content.  

 As well as estimating field capacity, particle size distribution and organic carbon content, were 

adequate to predict permanent wilting point. Inclusion of additional parameters such as bulk 

density or pH did not significantly improve the reliability of the models. The value of permanent 

wilting point is mainly determined by particle size distribution because at around 15 bar the pores 

are empty and only water adsorbed on the surface of soil particles can be found in the soil matrix 

(Rajka et al., 1981). 

 Using the FAO pedotransfer functions of Toth et al. AWC of 13% and 17% were calculated for 

coarse and medium soils, respectively. In comparison, the ALC values for medium sand (coarse) 

and clay loam topsoil (a medium soil texture) are 12% and 18%, respectively, broadly in line with 

the values calculated using the FAO pedotransfer function.  

 The USDA pedotransfer functions were also used to calculate AWC for loamy sand (12%) and clay 

loam (14%). In comparison, the ALC values for loamy sand topsoil (fine, medium or coarse) are 

11-18% (the loamy coarse sand has the lowest value, the loamy fine sand the highest value) and 

for clay topsoil, 18%, again, broadly in line with the values calculated using the USDA pedotransfer 

function. 
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Table 15. a) Pedotransfer functions for soil textural classes (modified FAO and USDA texture 

classes) and b) example AWC calculations using the FAO and USDA pedotransfer functions (Source; 

Toth et al., 2015). 

a) 

Parameter 
Textural class pedotransfer functions 

Modified FAO USDA 

Field capacity 
 
 

Rule 1  
IF   FAO_MOD=coarse   AND   T/S=sub  
θFC =0.157 
 
Rule 2  
IF   FAO_MOD=coarse   AND   T/S=top 
θFC =0.199 
 
Rule 3  
F   FAO_MOD=medium   AND   T/S=sub 
θFC =0.280 
 
Rule 4  
IF   FAO_MOD=medium   AND   T/S=top 
θFC =0.308 
 
Rule 5  
IF   FAO_MOD=medium fine 
θFC =0.326 
 
Rule 6  
IF   FAO_MOD=fine, very fine 
θFC =0.362 
 
Rule 7  
IF   FAO_MOD=organic 
θFC =0.575 
 

Rule 1  
IF   USDA=S 
θFC =0.094 
 
Rule 2  
IF   USDA=LS 
θFC =0.165 
 
Rule 3  
IF   USDA=Si,SL 
θFC =0.236 
 
Rule 4  
IF   USDA=SC,SCL   AND   T/S=sub 
θFC =0.255 
 
Rule 5  
IF   USDA=SC,SCL   AND   T/S=top 
θFC =0.309 
 
Rule 6  
IF   USDA=L,SiL 
θFC =0.312 
 
Rule 7  
IF   USDA=CL,SiCL   AND   T/S=sub 
θFC =0.321 
 
Rule 8  
IF   USDA=CL,SiCL   AND   T/S=top 
θFC =0.355 
 
Rule 9  
IF   USDA=C,SiC 
θFC =0.373 
 
Rule 10  
IF   USDA=O   AND   T/S=top 
θFC =0.503 
 
Rule 11  
IF   USDA=O   AND   T/S=sub 
θFC =0.596 
 

Permanent wilting point Rule 1  
IF   FAO_MOD=coarse  
θWP =0.069 
 
Rule 2  
IF   FAO_MOD=medium 
θWP =0.140 
 
Rule 3  
IF   FAO_MOD=medium fine 
θWP =0.163 

Rule 1  
IF   USDA=LS,S,Si 
θWP =0.050 
 
Rule 2  
IF   USDA=SL 
θWP =0.100 
 
Rule 3  
IF   USDA=L,SiL 
θWP =0.136 
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Rule 4  
IF   FAO_MOD=fine, organic   AND   
T/S=top 
θWP =0.233 
 
Rule 5  
IF   FAO_MOD=fine, organic   AND   
T/S=sub 
θWP =0.268 
 
Rule 6  
IF   FAO_MOD=very fine 
θWP =0.325 
 

 
Rule 4  
IF   USDA=SCL 
θWP =0.164 
 
Rule 5  
IF   USDA=CL,SC,SiCL 
θWP =0.211 
 
Rule 6  
IF   USDA=C,O,SiC   AND   T/S=top 
θWP =0.251 
 
Rule 7  
IF   USDA=C,O,SiC   AND   T/S=sub 
θWP =0.292 

 Regression PTFs 

Field capacity θFC = 0.2449 - 0.1887 * (1/(OC+1)) + 0.004527 * Cl + 0.001535 * Si + 0.001442 * Si * 
(1/(OC+1)) - 0.00005110 * Si * Cl + 0.0008676 * Cl * (1/(OC+1)) 

PWP θWP =  0.09878 + 0.002127* Cl - 0.0008366 * Si - 0.07670 *(1/(OC+1)) + 0.00003853 * 
Si * Cl + 0.002330 * Cl * (1/(OC+1)) + 0.0009498 * Si * (1/(OC+1)) 

 

b) Field capacity (%) Permanent wilting 

point (%) 

Available water 

capacity (%) 

FAO data    

Coarse 20 7 13 

Medium  31 14 17 

    

USDA data    

Loamy sand 17 5 12 

Clay loam 36 22 14 

 

7.3 Conclusions for available water capacity of soils 

 The relationship between soil texture and plant available water is generally acknowledged. 

However, it is not always straightforward to compare the AWC values with other tabulated 

datasets of AWC values due to differences in the categorisation that is used in other systems. 

Where comparisons are possible, it suggests that the AWC values in the ALC are broadly in line 

with other published datasets. 

 Pedotransfer functions have been used to predict soil AWC based on predictor variables such as 

soil texture, intervals of organic matter content or bulk density etc. Most use regression analysis 

to derive equations for predicting water contents at, for example, field capacity and permanent 

wilting point based on a selected set of predictors. Similarly, to the simple tabulated datasets 

relating soil texture to AWC, the pedotransfer functions predict values of AWC in line with those 

in the ALC. For example, the pedotransfer function of Hollis et al. (2014) for loamy sand or sand 

soils in the UK predicts an AWC of 13-16%, comparable to the ALC value for loamy sand topsoil 

which ranges from 11-18%. Also, Román Dobarco et al., 2019, calculated a value of 12-14% for 

clay soils, which is not dissimilar to the ALC value of 17% for clay topsoils (note that Román 

Dobarco et al., 2019, use 0.1 bar for field capacity, compared to 0.05 bar for ALC meaning that 

ALC values will be larger). 
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 Overall, current ALC tabulated values for the available water capacity of soils approximate to 

values published elsewhere and calculated in peer reviewed papers using pedotransfer functions, 

which suggests there is no need to update the methodology for assessing AWC. 

 

7.4 Available water capacity of stones 

 Further adjustments to the estimates or available water are made to account for the presence of 

stones, rock or a very poorly structured horizon using the values in Table 16, below. 

 

Table 16. Available water in stones and rocks (%). (Source: MAFF, 1988). 

Rock gravel or stone type TAv EAv 

All hard rocks or stones (i.e. those which cannot be scratched with a finger nail) 1 0.5 

Soft, medium or coarse grained sandstone 3 2 

Soft ‘weathered’ igneous or metamorphic rocks or stones 4 2 

Soft oolitic or dolomitic limestone 4 3 

Soft fine grained sandstones 5 3 

Soft argillaceous or silting rocks or stones 8 5 

Chalk or chalk stones 10 7 

Gravel1 with non-porous hard stones 2 1 

Gravel1with porous stones (mainly soft stone types listed above) 5 3 
1Gravel with at least 70% rounded stones by volume 

 Stones directly reduce the volume of soil exploitable by roots, thus reducing water-holding 

capacity and nutrient supply and, as the stone content of a soil increases there will be a 

concurrent increase in droughtiness. Van Orshoven et al. (2014) report that >15% coarse 

fragments (defined as >2 mm) reduce water-holding capacity by at least 40%, exacerbating 

seasonal droughts in most European climates. More recently, Hlaváĉiková et al. (2018) reported 

that the presence of rock fragments in a moderate-to-stony soil decreased soil water storage by 

23% or more and affected the soil water dynamics. In contrast, soil water retention may increase 

significantly with increasing volume of stones exhibiting high porosity such as with chalk (Parajuli, 

2018). 

7.4.1 Other data on available water in rocks and stones 

 The suggested values for the available water in different rock published in ALC are tentative and 

based on limited evidence (MAFF, 1988). Total available water in stones and rock ranged from 

1% (hard rocks or stones) to 10% (chalk or chalk stones); for the same rock types easily available 

water ranges from 0.5 to 7% (MAFF, 1988). More recently, Tetegan et al., 2011, analysed around 

1,900 pebble/gravel samples from different locations, mainly in the central part of France, to 

determine physical and hydric properties. The available water content of each pebble was 

calculated by using the difference between the water content at field capacity and the water 

content at wilting point.  

 Tetegan et al., 2011 reported that the water content of the various rock types at field capacity 

was: chalk (21%), Chert (13%), flint (6%), Gaize (31%) and limestone (9%). A linear relationship 

between W-0.1 bar and W-15 bar (wilting point) was used to derive the available water content 

of the rock. For example, the AWC of chalk was calculated as 14%. This is not dissimilar to the 

value of 10% used in the ALC. 
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 In addition, Rempe and Dietrich (2018), have suggested that deep weathered bedrock capable of 

storing plant-available moisture is common but unquantified. They reported that up to 27% of 

the annual rainfall at a site in northern California, was stored as rock moisture (defined as: the 

exchangeable water stored in the unsaturated zone of weathered bedrock).  

7.4.2 Conclusions for available water capacity of stones 

 Although, the AWC of some stones may be >10% (e.g. chalk), many hard stones are unlikely to 

contribute significantly to the available water in soil as they contain no pores capable of holding 

water. However, some research in other countries (e.g. Tetegan et al., 2011; Rempe and Dietrich, 

2018 reported above) has suggested that the AWC of some rock types may be higher than 

reported by MAFF (1988) albeit this has not been quantified for rocks in Wales. Currently, there 

is insufficient evidence to update the AWC values for rock listed in the ALC guidance.  

 

7.5 Calculation of crop-adjusted available water capacity (AP) 

 Crop available soil water supply depends on both soil properties and crop rooting patterns. 

Thomasson (1979) defined the soil available water to plants (SWAP) as the total amount of water 

that can be extractable by plant roots. Figure 19 is a graphical representation of the simplified 

crop rooting models originally proposed by Thomasson (1979). They are based on idealised 

rooting depth patterns for arable crops (grass, cereals, sugar beet and potatoes) in northern 

Europe. The models assume that a high proportion of plant roots, in some cases as much as 70%, 

is found in the upper part of the soil profile (0–50 cm). Roots in the topsoil would be expected to 

extract all the water held by soil particles at tensions in the range 0.05-15 bar. However, plant 

root densities are often much smaller in the deeper subsoil and less efficient at water extraction 

(e.g. >50 cm depth) where, in practice, only the easily available water (0.05-2.0 bar) is extractable. 
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Figure 19. Root abstraction models for temperate arable crops in northern Europe.  

NB. EAW: easily available water, water held at 0.05-2.0 bar; RAW: restricted available water, water 
held at 2-15 bar; TAW: total available water is EAW + RAW. Source: Jones et al. (2000) based on 
Thomasson (1979). 

 

 In line with Thomasson (1979) the guidance in the ALC assumes that under favourable conditions 

cereal roots grow to c.120 cm and potatoes to c.70 cm. However, the root systems of cereals are 

less well developed below 50 cm and so are less able to extract water beyond that depth. There 

is currently no guidance in the ALC for calculating crop adjusted water capacity for grass or sugar 

beet. However, Thomasson (1979) suggests that the soil water available to permanent grass 

should be calculated to 100 cm taking into account the total available water (0.05-15 bar) to 70 

cm and the easily available water (0.05-2.0 bar) from 70-100 cm. And that for sugar beet, the soil 
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water available should be calculated to 130 cm taking into account the total available water (0.05-

15 bar) to 80 cm and the easily available water (0.05-2.0 bar) from 80-130 cm (Figure 19). Note 

that the ALC currently only includes guidance on calculating the crop adjusted AP for wheat and 

potatoes. 

 To calculate the ALC crop adjusted soil available water capacity (AP) (mm) for wheat or potatoes 

the total available water (TAv) or easily available water (EAv) of each soil layer is multiplied by its 

thickness. For wheat, the value of each layer is added to a depth of 120 cm and adjusted using 

EAv as applicable; for potatoes no adjustments using EAv.is required. Table 17 illustrates the 

calculations of crop adjusted available water capacity (AP) for both wheat and potatoes. 

 

TAvt is Total available water (TAv) for the topsoil texture  

TAvs is Total available water (TAv) for each subsoil layer  

EAvs is Easily available water (EAv) for each subsoil layer  

LTt is thickness (cm) of topsoil layer  

LT50 is thickness (cm) of each subsoil layer to 50 cm depth  

LT50-120 is thickness (cm) of each subsoil layer between 50 and 120 cm depth  

Σ means 'sum of'. 

 

 

LT70 is thickness (cm) of each subsoil layer to 70 cm depth 

Table 17. ALC calculation of crop adjusted soil available water capacity-AP (mm) for wheat and 

potatoes (Source MAFF, 1988). 

 

 Table 18 shows the calculated crop adjusted soil available water capacity for wheat for the ALC 

soil texture classes. Based on the rooting model of Thomasson (1979) topsoil depth is assumed 

to be 0-30 cm and sub-soil depth 30-120 cm. The topsoil TAv (Table 18) has been used for the 0-

30 cm layer, the subsoil TAv for the 30-50 cm layer and the sub-soil EAv for the 50-120 cm layer. 

Overall, the AP wheat (based on a single soil texture throughout the soil profile and moderate 

subsoil condition) ranges from 78 to 213 mm, although for most textural classes the AP wheat is 

>150 mm. The available water is expressed as a volumetric percentage so that for example, for 

the clay topsoil in Table 18 with a topsoil total available water (TAv) of 17%, this equates to 170 

mm of water per 1 m of soil, which to a depth of 30 cm equates to 51 mm (i.e. 30% of 170 mm). 

 Further adjustments to the values are made to account for the presence of stones, rock or a very 

poorly structured horizon and subsoil horizons with coarse sandy textures (see Section 7.4). 
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Table 18. Crop adjusted soil available water capacity (AP) for wheat in ALC soil textural classes. All 
calculations based on a single soil type to 1.2 m (subsoil condition: moderate). 

Soil Depth TAv EAv Calculation Total AP (mm) 

Clay (expanded calculation) 

Topsoil 0-30 17%  300 x 17% = 51 mm 139 

Subsoil 1 30-50 16%  200 x 16% = 32 mm  

Subsoil 2 50-120  8% 700 x 8% = 56 mm  

Other soil textures 

 Topsoil Subsoil    

Silty clay 17 15 8  137 

Sandy clay 17 15 10  151 

Sandy clay loam 17 15 10  151 

Clay loam 18 16 10  156 

Silty clay loam 19 17 10  161 

Silt loam 23 22 14  211 

Fine sandy silty loam 22 21 15  213 

Medium sandy silt loam 19 17 11  168 

Coarse sandy silt loam 19 19 11  172 

Fine sandy loam 18 18 13  181 

Medium sandy loam 17 15 11  158 

Coarse sandy loam 17 16 11  160 

Loamy fine sand 18 15 13  175 

Loamy medium sand 13 9 6 (4.8)*  91 

Loamy coarse sand 11 8 6 (4.8)*  83 

Medium sand 12 7 5 (4)*  78 

*Values for loamy medium sand, loamy coarse sand and medium sand subsoil horizons are reduced by 20% in line with ALC 
guidance 

 

7.6 ALC rooting and reference crop assumptions 

 The assumptions for rooting depth used in the ALC have been outlined in the previous section. 

However, they are based on the data that is c.40 years old and it is essential to establish if the 

data is still representative of modern wheat and potato varieties. 

7.6.1 Rooting overview 

 Plant roots are crucial for water and nutrient uptake which control dry matter yield and quality. 

Root growth is strongly seasonal but mediated by other factors, such as soil moisture 

characteristics (drought or waterlogging) or nutrient availability. Rooting characteristics are 

important because they determine the volume of soil exploited by roots and the efficiency with 

which water is extracted from that soil. The amount of water available to the crop depends on 

the texture of the soil (higher in clay and silt soils), the organic matter content, the rooting depth 

(depth to an impeding layer) and the stone content.  

 Plant rooting depth affects ecosystem resilience to environmental stress such as drought (Fan et 

al., 2017). However, rooting depth is not necessarily a fixed characteristic of individual plant 

species or cultivars and root growth will vary depending on soil conditions and climate. For 
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example, root proliferation in nutrient-rich soil micro-sites is a well-documented phenomenon 

(Hodge 2004). Soil drying can also cause root proliferation at lower depths where moisture 

remains plentiful (Skinner et al., 1998; Skinner, 2008). 

 Rooting depth, root morphology and root architecture all influence the ability of plants to access 

water and nutrients (Nichols et al., 2016). A higher proportion of root mass in deeper soil layers, 

or a greater maximum rooting depth, is likely to increase access to subsoil water (Grieu et al., 

2001) and increase interception of mobile nutrients such as nitrate, (Dunbabin et al., 2003). 

 Current guidance in the ALC for the calculation of crop adjusted AP is based on a rooting depth 

of 120 cm for winter wheat and 70 cm for potatoes and horizon values are summed to those 

depths. However, these assumptions are based on rooting models of Thomasson (1979) and so 

relate to varieties of wheat and potato that were commonly grown more than 40 years ago. 

Consequently, there is a need to assess whether these rooting depths are still relevant for more 

modern varieties.  

7.6.2 Root depth  

 In a global analysis, Canadell et al. (1996) found a maximum rooting depth of 2.1 ± 0.2 m for 

cropped land; for wheat the maximum depth reported ranged from 1 to 3 m in England and 

Australia, respectively. In comparison, Schenk and Jackson (2002) reported a mean maximum 

depth of 0.6 m for annual crops, although there was large variation around the mean value (Figure 

20).  

 

Figure 20. Maximum rooting depth of plant growth forms. (Source: Schenk and Jackson, 2002). 

 

 Schenk (2008) suggested that a number of ecological factors favour shallow over deep roots and 

that root profiles tend to be as shallow as possible. The majority of roots are found at much 

shallower depths where concentrations of nitrogen, phosphorus and potassium tend to be 

highest (Jobbágy and Jackson, 2001); oxygen deficiencies are also least likely in shallow soil layers. 

Jackson et al., 1996 reported that on average 70% of managed ‘crop’ roots including wheat, 

barley, maize, soybeans and peas occurred in the top 30 cm (Figure 21).  
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Figure 21. Cumulative root distribution as a function of soil depth for eleven terrestrial biomes.  

 

7.6.3 Winter wheat root depth 

 The effective rooting depth (i.e., where significant uptake water and nutrients occur) of the most 

commonly grown crops is usually between 0.5 and 1.5 m (Fan et al., 2016). Global food crop 

production is dominated by wheat maize, rice, and soybean with only winter wheat reaching 

rooting depths greater than 1.5 m (Thorup Kristensen et al., 2020).  

 Fan et al. (2016) compiled a database of 96 profiles and root distribution pattern for 11 temperate 

crops. The data was fitted to a modified logistic dose response curve to estimate the root 

distribution profile at depth. For wheat, 95% of wheat roots occurred in the top 1.04 m with a 

maximum rooting depth of 1.50 m; the estimated depth at which 50% of total root was 

accumulated was 16 cm. The authors concluded that the effective root zone for wheat (the depth 

at which most roots are concentrated) was 0.50-1 m, Figure 22. Fan et al. (2016) noted that the 

estimated maximum rooting depth (from their equation) was normally shallower than the 

deepest observed rooting depths obtained from literature (3 m). The depth of root growth can 

be limited by various factors, such as soil bulk density, soil structure, oxygen status, bedrock, 

water table, so that the deepest observations of roots are mainly found in sandy loose soils where 

mechanical impedance to root penetration is less than many other soils (Canadell et al., 1996). 
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Figure 22. Cumulative root distribution as a function of soil depth for 11 crops (Fan et al., 2016). 

 

 In the UK, the maximum rooting depth of winter cereals, is often reported to be around 2 m 

(Gregory et al., 1978; Gales, 1983; Lucas et al., 2000) with root growth continuing up until 

anthesis (Lucas et al., 2000). However, as noted by Fan et al. (2016) the majority of the roots are 

much shallower; Barraclough (1984) reported that for a mature wheat root system: 60-70 % of 

the root length occurred in the top 0.3 m, another 20-25% within the next 0.3 m and less than 1-

2% below 1 m. However, many growth conditions significantly alter the root distribution from the 

generalised pattern. Maximum root depth is influenced by the depth of soil wetting, soil type and 

the duration of the vegetative phase (sowing to anthesis) as determined by interactions of sowing 

date, variety and seasonal conditions (Kirkegaard and Lilley, 2007). 

 There is no strong evidence for large differences in rooting depth between the wheat varieties 

currently grown commercially in the UK (Bai et al. 2019; Hodgkinson et al. 2017; White et al. 

2015). However, there is some  evidence that some varieties are more effective at accessing deep 

water than others (Whalley et al. 2017) which may be related to root length density (RLD, root 

length per unit soil volume)., White et al. (2015) reported that peak root length density RLD was 

shallower in modern UK winter wheat cultivars at 0.36 m than in older cultivars released in the 

1970s and 1980s at 0.86 m, suggesting that modern varieties are potentially less efficient at 

accessing water at lower depths. 

 Barraclough (1989) noted that drought reduced the amount of root growth in the topsoil 

although there was some compensatory growth in the subsoil if there was available nitrogen. 

Drought increased the depth of rooting from 1.4 m to 1.6 m although the root density at depth 

was low (<0.1 cm/cm3) compared to the topsoil (5-9 cm/cm3). In drought conditions and with a 

supply of nitrogen, a rooting density of 1 cm/cm3 was found sufficient to allow all the available 
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water to be extracted to a depth of 0.8 m. Below this depth water uptake was limited by root 

growth. 

7.6.4 Spring cereal root depth 

 Thorup-Kristensen et al. (2009) measured large differences between spring wheat and winter 

wheat root depth and distribution. Although winter and spring wheat grew at a similar rate (1.3 

mm/°C day) the longer growing period for winter wheat meant that it reached depths of 2.2 m, 

twice that of spring wheat (1.1 m). Also, when winter wheat was sown early in August, much 

deeper root development was measured by November compared with winter wheat sown in 

September (Figure 23). By the spring, measurement in May, winter wheat had reached the 

maximum measurement depth of 2.5 m, whereas spring wheat sown at the end of March had 

roots up to 0.75 m by May. During early growth stages, wheat showed its highest root density in 

the topsoil, but the highest root density was measured below 1 m in May and at harvest (Figure 

24). Spring wheat root density in the upper soil layers (0–0.75 m) were usually higher than those 

of winter wheat. 

 Narayanan et al. (2014) investigated the variability of 297 genotypes of spring wheat and found 

that the maximum rooting depth range from <1 m to almost 2 m (most rooted to between 1.3 

and 1.5 m), Figure 25. The region of origin had significant impact on rooting depth. Genotypes 

originated from dry regions (Australia, Mediterranean, and west Asia) had greater rooting depth 

than those from humid regions (south Asia, Latin America, Mexico, and Canada). The authors 

suggested that spring wheat genotypes that evolved in those drier areas might have adapted by 

increasing rooting depth to capture water from the deeper layers of soil. 

 

 

Figure 23. Depth penetration over time by winter wheat (WW), early sown winter wheat (WWe) 

spring wheat (SW) and catch crops roots. Solid lines are the 1st year, dashed lines are the 2nd year 

and dotted lines are the 3rd year (Source: Thorup-Kristensen et al., 2009). 
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Figure 24. Depth distribution of root density for winter wheat (WW), early sown winter wheat 

(WWe) and spring wheat (SW). Data are from year 1 (a, d and g), year 2 (b, e and h) and year 3 (c, f 

and i). The date indicates the day of measurement and the accumulated thermal temperature 

since sowing is shown in brackets. Error bars represent standard errors (n = 3) (Source. Thorup-

Kristensen et al., 2009). 
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a) 

 

b) 

 
 

Figure 25. Distribution of rooting depth among 297 spring wheat genotypes by a) depth (cm) and 

b) region of origin (Source: Narayanan et al., 2014). 

 

7.6.5 Potato root depth 

 Stalham and Allen (2001) examine the effect of different management practices on depth, rate, 

duration and density of root growth in the potato. Maximum rooting depth ranged from 0.59 to 

1.4 m, indicating that potatoes can root to considerable depths and have access to large volumes 

of water (Table 19). Root extension vertically through the soil profile was best described as a 

three-phase process: an initial rapid period lasting 3–5 weeks with growth rates c. 1.2 cm/day, a 

second period of slower growth (c. 0.8 cm/day), followed by cessation of root extension for the 

rest of the life of the crop. Variety had a major influence on the ultimate depth of rooting, 

primarily owing to variations in the length of the different periods of rooting rather than the rate 

in each period. Cara consistently had deeper rooting systems than other varieties (>1m) whilst 

Estima consistently had the shallowest roots (<0.9 m). The depth of rooting of all varieties was 

affected by soil water regime in many experiments (Table 20).  
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Table 19. Effect of season, site, date of planting and irrigation regime on maximum rooting depth 

(cm) in the variety Record (experiments 1–6) (Source: Stalham and Allen, 2001). 

Experiment Year Site Date of planting Irrigation 
regime 

Depth max 
(cm) 

SE (DF)* 

1 1987 CUF 15 April None 90 1.2 (21) 

Late 87 

6 May None 87 

Late 88 

2 Gleadthorpe 6 April Early 59 8.8 (9) 

Late 71 

5 May Early  93 

Late 106 

3 Terrington 5 May - 117 12.1 (7) 

4 1988 CUF 8 April Early 89 0.8 (21) 

Late 88 

6 May Early 88 

Late 90 

5 Gleadthorpe 11 April Early 105 9.2 (9) 

Late 127 

5 May Early 100 

Late 102 

6 Terrington 6 May - 109 8.9 (7) 

*SE: standard error of the mean. DF: degrees of freedom 

 

Table 20 Effect of irrigation regime and variety on maximum rooting depth (cm) in experiments 7, 

8, 9 and 11 (Source: Stalham and Allen, 2001). 

Experiment Variety Irrigation regime Depth max (cm) SE (DF)* 

7 Record Dry 118 8.4 (6) 

Moist 99 

Wet 88 

8 Cara Dry-Dry 140 8.3 (6) 

Dry-Wet 115 

Wet-Dry 120 

9 Estima Dry  90 3.1 (10) 

Wet 88 

Record Dry  100 

Wet 97 

Cara Dry 110 

Wet 104 

11 Estima Dry 88 4.5 (10) 

Moist 89 

Wet 80 

Cara Dry  118 

Moist 115 

Wet 105 

*SE: standard error of the mean. DF: degrees of freedom 
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 Stalham and Allen (2004) examined the effect of irrigation regime on potato crop water uptake. 

All crops rooted to a considerable depth and the variation in final depth was associated with soil 

conditions. The contribution of the deepest roots under all water regimes was considerable and 

much greater than the authors expected. The maximum depths of extraction were 90-120 cm 

and these abstraction depths were reached rapidly, typically 55-75 days after emergence and 

therefore well before the onset of senescence in main crop varieties grown in the UK (Figure 26. 

Roots in deep horizons were found to be capable of taking up water simultaneously with those 

in the surface horizons irrespective of the soil water content in more superficial horizon. 

 

Figure 26. Proportion of total root length and total water uptake in different horizon for Cara 

potatoes under dry and wet irrigation regimes: a) dry, 18-25 days after emergence (DAE; b) dry, 

34-41 DAE; c) dry, 76-83 DAE; d) wet, 18-25 DAE; e) wet, 34-41 DAE and f) wet, 76-83 DAE. Root 

length. Black bars: root length; grey bars: water uptake (Source: Stalham and Allen, 2004). 

 

7.7 Conclusions for rooting depth 

 In the UK the maximum rooting depth of winter cereals is often reported to be around 2m 

although the effective root zone (the depth at which most roots are concentrated) is shallower 

at 0.50-1 m. Barraclough (1984) reported that for a mature wheat root system: 60-70 % of the 
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root length occurred in the top 0.3 m, another 20-25% within the next 0.3 m and less than 1-2% 

below 1 m. Generally, the longer a crop is growing the longer the root system. Therefore, it is 

likely that spring sown combinable crops will have much less total root length and will not explore 

the same depth of soil as autumn grown crops (e.g. Thorup-Kristensen et al., 2009).  

 There is some evidence that some modern winter wheat varieties are more effective at accessing 

deep water than others which may be related to root length density (root length per unit soil 

volume). However, root length density has been reported to be shallower in modern UK winter 

wheat cultivars at 0.36 m than in older cultivars released in the 1970s and 1980s at 0.86 m (White 

et al., 2015). This suggests that modern varieties are potentially less efficient at accessing water 

at lower depths. However, it is likely that the effects of the soil environment (e.g. soil water 

content) on root length will be greater than any variety effect (Hodgkinson et al., 2017). 

 Current ALC guidance for calculating crop adjusted available water for wheat is based on a 

maximum root depth of 120 cm (based on TAv to 50 cm and EAv from 50-120 cm). Based on the 

data that has been reviewed these depths continue to represent appropriate values for winter 

wheat. 

 For potatoes, Stalham and Allen (2001) reported maximum rooting depth ranging from 0.59 to 

1.4 m, indicating that potatoes can root to considerable depths and have access to large volumes 

of water. Variety had a major influence on the ultimate depth of rooting. Cara consistently had 

deeper rooting systems than other varieties (>1m) whilst Estima was consistently had the 

shallowest roots (<0.9 m). However, although maximum root length extended beyond the 70 cm 

depth used in the ALC to calculate crop adjusted available water potatoes most roots were found 

within this depth range. This suggests that the current guidance to calculate crop adjusted water 

for potatoes to 70 cm is valid. 

 The ALC currently only includes guidance on calculating the crop adjusted AP for wheat and 

potatoes. However, there could be merit in expanding the guidance to include a wider range of 

crops. For example, Thomasson (1979), who’s rooting models form the basis of ALC AP guidance 

also included guidance for deep rooted crops such as sugar beet or maize. Further research would 

be required to establish whether the values suggested by Thomasson (1979) (page 45) are 

appropriate for these crops. However, adding additional crops would increase the number of 

droughtiness limitation combinations increasing the likelihood of unforeseen contradictions 

between limitations for individual crops. As a result, this approach may be of more benefit for 

modelling purposes than ALC field assessments. 

 

7.8 Calculation of ALC soil moisture deficit  

7.8.1 Overview 

 The calculation of the soil moisture deficit is the second key component of assessing soil 

droughtiness for ALC. Moisture deficit represents the balance between rainfall and 

evapotranspiration. The concept of potential evapotranspiration (PE) was defined by Penman 

(1948) as the water transpired by a short green crop, such as grass, which completely covers the 

ground and is amply supplied with water to its roots. Given these conditions PE varies with 

meteorological conditions. PE varies less than rainfall and so rainfall has a greater impact on 

moisture deficit. For periods when PE exceeds rainfall (R) the potential soil moisture deficit 
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(PSMD) can be calculated as PSMD = ∑ (R-PE); R-PE is calculated daily and summed for a defined 

period. When the running total of PSMD becomes positive it is set to zero. 

 In developing a moisture deficit dataset for ALC two estimates of maximum PSMD were used: 

1. Median max PSMD, PSMDM, 1961-1980 from daily moisture balance of R-PE at 94 

agromet stations according to the MORECs system 

2. Mean max PSMD, PSMDS, 1961-75 from monthly moisture balances of R-PT at 970 

stations with the same rainfall as 1 but using PT (potential evapotranspiration 

calculated using the Grindley (1967) method, which was used prior to the MORECs 

method).  

 Jones (1987) reported on regression equations that could be used to calculate the PSMD from 

ASR and ATS, which accounted for 85 and 75%, respectively of the variation in the PSMD. The 

addition of extra variables (altitude, latitude and longitude) slightly increased the precision of the 

estimate for PSMDS not for PSMDM. The equations for PSMDS and PSMDM (i.e. based on 

datasets 1 and 2 above) are:  

o PSMDS = -94.9 – 0.3177 ASR + 0.1539 ATS or 

o PSMDM = -106.5 – 0.2055 ASR + 0.1435 ATS 

 Potential deficits under grass are greater than for arable crops which do not attain full ground 

cover early in the growing season. Crop adjusted MDs are smaller than PSMD so that during a dry 

June or July where several crops are growing in the same soil type, soil moisture deficits follow 

the sequence root crops < cereals < grass. For example, the average PSMD adjusted for crop 

growth and cover (i.e. crop adjusted MD) at Gleadthorpe was 90 mm for potatoes, 98 mm for 

spring barley, 103 mm for winter wheat and 152 m for grass (Table 21, calculated by Thomasson, 

1979). 

Table 21. Moisture deficits for winter wheat, spring barley, sugar beet, potatoes and permanent 

grass (Source: Thomasson, 1979). 

Site Winter wheat Spring barley 
Sugar beet 

and potatoes 
Grass 

Newport (Shropshire) 90 82 85 146 

Melton Mowbray (Leicestershire) 109 102 91 152 

Gleadthorpe (Nottinghamshire) 103 98 90 152 

Cambridge  110 104 106 188 

Lowestoft (Suffolk) 121 114 122 208 

 

 To calculate crop specific moisture deficits for wheat and potatoes, Jones (1987) subsequently 

adjusted the PSMD (calculated using the MORECs method) as follows: 

o MD (winter wheat) = mid-July PSMD-1/3 April PSMD 

o MD (potatoes) = August PSMD – 1/3 June PSMD – 1/3 mid-May PSMD 

 The method was designed to reflect the patterns of crop growth throughout the season with 

adjustments made to reflect crop cover or crop growth stage/water demand (Thomasson, 1979). 

For winter wheat, the one third deduction from PSMD in April assumes that full ground cover is 

not yet achieved; after mid-July the crop typically no longer requires water from the ground. For 

potatoes, the crop is assumed to be in bare ground until mid-May with full crop cover achieved 
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about the end of June. Growth is assumed to continue until the end of August. Note that 

Thomasson (1979) also includes guidance on how to calculate MD for spring barley, to reflect the 

later date of full ground cover: 

o MD (spring barley) = mid-July PSMD-1/3 May PSMD 

 Finally, to predict crop specific MD a best fit regression model was derived based on ASR and ATS 

from the agromet dataset. This regression model was then used to derive the 5 x 5 km dataset 

used in the ALC (Met Office, 1989) based on the much more widely available rainfall/temperature 

data from the 970 sites 

o MD (winter wheat) = 325.4 - 162.3 log10 ASR + 0.08022 ATS 

o MD (potatoes) = 326.4- 196.5 log10 ASR + 0.1127 ATS. 

 

 The crop adjusted values of MD for wheat and potatoes used in the droughtiness assessment in 

ALC are obtained using the regression equations above.  

 The ALC system does not currently give any explicit guidance for calculating the moisture deficit 

under grass, which is focused on crop adjusted moisture deficits. In effect, the PSMD, is the value 

that should be used for grass although this is not clear in the ALC guidance.  

7.8.2 Conclusions for moisture deficit 

 Soil moisture levels will be influenced by changes to rainfall and temperature effects on 

evaporation so that moisture deficit values will be changed by lower ASR and higher ATS. This 

suggests moisture deficit calculations based on an updated climatic dataset are more likely to 

accurately represent the current limitations. This would require updating the equation currently 

used to calculate moisture deficit. However, it is unclear whether any updates to the ASR/ATS 

datasets (and resulting updates to the MD calculation methodology) are likely to result in any 

changes to the overall ALC grade for droughtiness; MD is only one part of the droughtiness 

assessment. The areas that would potentially see a change in Grade are those with low soil AWC 

where MD increases significantly.  

7.9 Moisture balance 

 The final stage of the ALC droughtiness assessment is the calculation of the moisture balance 

(MB). 

 Droughtiness limits for ALC grades are defined in terms of moisture balance (mm) for wheat and 

potatoes which are calculated as follows: 

o MB (wheat) = AP (wheat) – MD (wheat) 

o MB (potatoes) = AP (potatoes) – MD (potatoes) 

 

 Table 22, shows example moisture balance calculations for clay/clay loam soils and sandy soils 

for the same five sites in Table 21 (Thomasson, 1979). In general, the crop adjusted AP for 

potatoes is smaller than for the other crops; grass is typically the highest except in sandy soils 

where the greater rooting depth of cereals and sugar beet means that the AP is highest. When 

the two values are combined (i.e. AP – MD) the moisture balance is smallest in grass (i.e. the most 

negative) and usually the highest (i.e. the most positive) for sugar beet.  
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 AP and MD are calculated as detailed above and the droughtiness grade for ALC is allocated 

according to Table 23 below. Positive values indicate an absence of moisture stress and negative 

values imply water availability is insufficient to sustain evapotranspiration and hence plant 

growth is restricted. A value of +30 mm (Grade 1 for wheat) indicates that the soil has surplus 

reserves of water in an average season and is likely to be resistant to drought stress even in dry 

years. A value below -50 mm implies shortage of water in all but the wettest summers.  

 To be eligible for Grades 1 to 3b the MB must be equal to or exceed the minimum values for both 

wheat and potatoes. For land to be classified as ALC Grade 1, the moisture balance must be 

positive for both the indicator crops (wheat and potatoes). Land is downgraded as the moisture 

balance is reduced and the risk of droughtiness is increased. For ALC classes 3a and lower, the 

moisture balance for both crops may be negative, indicating a potential risk of drought. 

Droughtiness limitations chiefly affect arable crops on the higher graded land (1-3a).  

 

Table 22. Moisture balances (crop adjusted available water-AP minus moisture deficit-MD) for 

winter wheat, spring barley, potatoes, sugar beet and permanent grass (Source: Thomasson, 

1979). 

 Winter wheat Spring barley Potatoes Sugar beet Grass 

Clay/clay loam soil      

Crop adjusted AP 118 118 75 120 128 

      

Melton Mowbray 
(Leicestershire) 

+9 
(118-109) 

+16  
(118-102) 

-19  
(75-91) 

+29  
(120-91) 

-24  
(128-152) 

Cambridge 
+8 

(118-110) 
+14  

(118-104) 
-31  

(75-106) 
+14  

(120-106) 
-60 

(128-188) 

Lowestoft (Suffolk) 
-3 

(118-121) 
+4  

(118-114) 
-48  

(75-122) 
-2  

(120-122) 
-80 

(128-208) 

      

Sandy soil       

Crop adjusted AP 99 99 68 113 95 

Newport 
(Shropshire) 

+9 
(99-90) 

+17  
(99-82) 

-17  
(68-85) 

+28  
(113-85) 

-51  
(95-146) 

Gleadthorpe 
(Nottinghamshire) 

-4 
(99-103) 

+1  
(99-98) 

-22  
(68-90) 

+23  
(113-90) 

-57  
(95-152) 

 

 

Table 23. ALC grade according to droughtiness (Source: MAFF, 1988). 

Grade 
Moisture balance limits (mm) 

Wheat  Potato 

1 +30 And +10 

2 +5 And -10 

3a -20 And -30 

3b -50 And -55 

4 <-50 Or <-55 
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 Whilst the process of calculating the moisture balance is described in the ALC guidance document 

the basis for the grade cut-off is not explained. Earlier work by Thomasson (1979) uses different 

droughtiness classes to those in the ALC, i.e. classes a (non-droughty), b (slightly droughty), c 

(moderately droughty) and d (very droughty) equate to moisture balances from +50 to -50 mm. 

In addition, there is evidence that other grade cut-offs were used in the field prior to the 

publication of the ALC by MAFF regional soil scientists. Internal correspondence (MAFF, 1983), 

defines four droughtiness classes, i.e. 1 (non-droughty, MB ≤0 mm), 2 (slightly droughty, MB 0 to 

-20 mm), 3 (moderately droughty, MB -20 to -40 mm) and 4 (very droughty, ≥-40 mm). It is 

believed that the ALC grade cut-offs were based on the expert opinion of those working in the 

field at the time (e.g. drainage experts and soil surveyor). However, the rationale behind the 

grade cut-offs is not fully documented. 

 In Scotland the thresholds for drought risk in the Land Capability Classification for Agriculture 

(Bibby et al., 1991) are different to those used in ALC with the classes  delineated as: 1) >+50 mm, 

non-droughty; 2) >0 mm, slightly droughty; 3) >-50 mm, moderately droughty and 4) <-50 mm, 

very droughty. The grade cut offs are very similar to those proposed by Thomasson (1979).  

‘Prime’ land (i.e. Scottish land classes 1-3) must have a MB of >0 mm (i.e. it is stricter than the 

ALC, where the limit for Grade 3a is -20 mm). According to Bibby et al. (1991) class 1 is non-

droughty for potatoes and winter wheat, class 2 is no worse than slightly droughty for potatoes, 

winter wheat or spring barley, class 3 is no worse than moderately droughty for potatoes, winter 

wheat or spring barley and class 4 is any soil which is very droughty for winter wheat or spring 

barley. If a soil is not droughty for potatoes it will also be non-droughty for wheat and barley.  

7.9.1 Conclusions for moisture balance 

 In the original assessment of droughtiness and crop performance, Jones (1987) noted that AP 

alone explained little of the variation in yield, MD explained 23% and moisture balance (AP-MD) 

explained 33% of the variation (significant at 0.1% level), Figure 27. The dataset included yields 

from 1973-1981 but the correlation was mainly due to the influence of drought in 1975 and 1976 

when the sum of AP-MD was <-40 mm. In non-drought years other factors such as differences in 

management or disease caused wide differences in yield at similar levels of MB. However, 

regression of individual plot data showed a general trend for yield to decline as MB became more 

negative.  
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Figure 27. Average winter wheat yield in relation to moisture balance (AP-MD) (Source: Jones, 

1987). 

 

 It would be of value to examine the relationship between MB and crop yield for a more recent 

dataset to determine if the cut off points for ALC Grades currently in use are still valid.   

8 Evapotranspiration 

 Evapotranspiration plays a key role in the development and therefore also the definition of 

agricultural drought. This is recognised in the ALC, where the calculation of moisture deficit is 

based on the balance between rainfall and potential evapotranspiration.  

 As the crop grows, water is extracted from the soil, and lost by transpiration from the leaves and 

evaporation from the soil and leaf surfaces. The combined effect is known as evapotranspiration. 

Evapotranspiration rates reflect both the energy regime and the water regime that influence 

water loss from the soil and crop. 

 Evaporation is the process whereby liquid water is converted to water vapour (vaporisation) and 

removed from the evaporating surface (vapour removal) (Allen, 1998). Energy is required to 

change the state of water molecules from liquid to vapour. Direct solar radiation and, to a lesser 

extent, the ambient temperature of the air provide this energy.  

 Where the soil can supply water fast enough to satisfy the evaporation demand, evaporation 

from the soil is determined only by the meteorological conditions. However, where the interval 

between rain and irrigation becomes large and the ability of the soil to conduct moisture to the 

surface is small, the water content in the topsoil drops and the soil surface dries out. Under these 

circumstances the limited availability of water exerts a controlling influence on soil evaporation. 

In the absence of any supply of water to the soil surface, evaporation decreases rapidly and may 

cease almost completely within a few days. 

 Transpiration consists of the vaporisation of liquid water contained in plant tissues and the 

vapour removal to the atmosphere (Allen, 1998). Crops predominately lose their water through 

stomata (small openings on the plant leaf through which gases and water vapour pass). The 

water, together with some nutrients, is taken up by the roots and transported through the plant. 
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Well over 90% of the water required by terrestrial plants is not ‘used’ in any biochemical way but 

lost through transpiration (Morison et al., 2008).  

 Evaporation and transpiration occur simultaneously and there is no easy way of distinguishing 

between the two processes. Apart from the water availability in the topsoil, evaporation from a 

cropped soil is mainly determined by the fraction of the solar radiation reaching the soil surface 

(wind can also be an important factor and windy coastal locations may have particularly high MD 

values). This fraction decreases over the growing period as the crop develops and the crop canopy 

shades more and more of the ground area. When the crop is small, water is predominately lost 

by soil evaporation, but once the crop is well developed and completely covers the soil, 

transpiration becomes the main process. At sowing nearly 100% of evapotranspiration comes 

from evaporation, while at full crop cover more than 90% of evapotranspiration comes from 

transpiration (Allen, 1998). 

8.1 Calculating potential evapotranspiration 

 By definition potential evapotranspiration (PE) is a theoretical concept that is difficult to measure, 

so equations deriving PE from measurable climate variables have been developed over several 

decades by hydrologists and agronomists to assess water availability and irrigation needs 

(Prudhomme and Williamson, 2013). In most environments soil moisture has a limiting effect on 

transpiration, causing plant stress and the onset of water-saving mechanisms such as stomatal 

closure, and the real loss of water to the atmosphere is termed actual evapotranspiration (AE). 

Plants can only transpire the water available to them so AE can vary from 0 (no water available) 

to a maximum equal to the PE (Prudhomme and Williamson, 2013). 

 The driving force behind the passage of water molecules from the plant/soil/water surface to the 

atmosphere is the difference in water vapour pressure between the two (Allen et al., 1998), and 

as evaporation occurs the surrounding air will gradually become saturated with water until 

evaporation ceases (Allen et al., 1998). In reality the air at the interface is replaced by drier air at 

a rate dependent on wind speed. This means that the primary climatological parameters to 

consider when estimating PE are radiation, wind speed, humidity and air temperature (Allen et 

al., 1998), with wind speed showing more control of PE at hourly time scales and temperature 

and relative humidity showing more importance at longer time scales (Xu and Singh, 1998). 

8.1.1 The Penman method 

 Of the many empirical methods that been developed over the last 50 years to estimate 

evapotranspiration from different climates a number are derived from the now well-known 

Penman equation (Penman, 1948) that determines evaporation from open water, bare soil and 

grass (now called evapotranspiration). Penman (1948) combined the physical principles of mass 

transfer (mass is transferred between surface and atmosphere driven by a vapour pressure 

gradient and wind speed/turbulence) and energy budget (solar radiation, ground heat flux, 

temperature and pressure) models to derive an equation to compute the evaporation from an 

open water surface from standard climatological records of sunshine, temperature, humidity and 

wind speed. This has become known as a combination equation: 

 

Where Rn is the net radiation, G is the soil heat flux, Δ is the slope of the saturation vapour 

pressure curve, γ is the psychrometric constant, and Ea is the “drying power of air” (a function 
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of wind speed estimates, relative humidity, a wind function (based on roughness or surface 

turbulence accounting), temperature, and atmospheric pressure). 

 In the ALC droughtiness assessment PE is used in combination with rainfall to calculate the 

potential soil moisture deficit, i.e. PSMD = ∑(R-PE), where R is rainfall and R-PE is calculated daily 

and summed for a defined period.  According to Jones (1987), PE is usually calculated for the ALC 

using the Penman equation incorporating the refinements made by Penman 1962, Monteith, 

1965 and Thom and Oliver, 1977. Jones (1987) gives the equation as: 

 

Where ∆(mb/°C), slope of the saturation vapour pressure deficit v temperature curve evaluated 

for the mean daily air temperature, Tm°C measured in a screen; Q (mm/day), net flux of radiant 

energy as an evaporation equivalent; m, an indicator of the aerodynamic roughness of the crop; 

γ(mb°C), a psychrometric constant (0.66); Eap (mm/day) the ‘Penman’ aerodynamic term, a 

function of saturation vapour pressure deficit and wind speed, as an evaporation equivalent; n, 

the ratio of stomatal and aerodynamic resistances. 

8.1.2 The Penman-Monteith method 

 The Penman method was subsequently modified by various researchers and extended to cropped 

surfaces by introducing resistance factors. Resistance factors typically distinguish between 

aerodynamic (friction from air flowing over vegetation) and surface resistance (the resistance of 

vapour flow through stomata openings, total leaf area and soil surface) factors (Allen et al, 1995). 

 The Penman-Monteith form of the equation is: 

 

Where Rn is the net radiation, G is the soil heat flux, (es - ea) represents the vapour pressure 

deficit of the air, Ρa is the mean air density at constant pressure, cp is the specific heat of the air, 

Δ represents the slope of the saturation vapour pressure temperature relationship, γ is the 

psychrometric constant, and rs and ra are the (bulk) surface and aerodynamic resistances. 

The Penman-Monteith approach includes all parameters that govern energy exchange and 

corresponding evaporation from uniform expanses of vegetation. Most of the parameters are 

readily calculated from weather data. The equation can be utilised for the direct calculation of 

any crop evapotranspiration as the surface and aerodynamic resistances are crop specific. 

8.2 Reference transpiration 

 The FAO reject the term potential evapotranspiration due to ambiguities in definition and instead 

define reference evapotranspiration (Allen et al, 1998). Reference evapotranspiration refers to 

the evapotranspiration rate from a hypothetical reference grass crop with specific characteristics 

(detailed below), which is not short of water. 

 The concept of the reference evapotranspiration was introduced to study the evaporative 

demand of the atmosphere independently of crop parameters. As water is abundantly available 



 

65 
 

at the reference surface, soil factors do not affect evapotranspiration. The only factors affecting 

reference transpiration are climatic. The FAO recommends the FAO 56 Penman-Monteith 

method (a modification of the Penman-Monteith method) as the sole method for determining 

reference evapotranspiration.  

8.2.1 The FAO 56 Penman-Monteith method 

 The FAO 56 Penman-Monteith method simplifies the Penman-Monteith method by utilising some 

assumed constant parameters for a short grass reference crop rather than crop specific values 

for surface and aerodynamic resistance. The hypothetical grass reference crop  assumes a crop 

height of 0.12 m, a fixed surface resistance of 70 s/m and an albedo of 0.23 (i.e. portion of light 

reflected by the leaf surface) (Figure 28). The reference surface closely resembles an extensive 

surface of green, well-watered grass of uniform height, actively growing and completely shading 

the ground. The fixed surface resistance of 70 s/m implies a moderately dry soil surface resulting 

from a weekly irrigation frequency.  

 

Figure 28. Characteristics of the hypothetical reference crop (Source: Allen et al., 1988). 

 Following expert consultation held in May 1990 the FAO recommended the FAO 56 Penman-

Monteith method as the sole standard method for the defining and calculation of reference 

evapotranspiration.  

 

 

 

ETo reference evapotranspiration (mm/day) 

Rn net radiation at the crop surface (MJ m2/day) 

G soil heat flux density (MJ m2/day) 

T mean daily air temperature at 2 m height (°C) 

u2 wind speed at 2 m height (m/s) 
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es saturation vapour pressure (kPa) 

ea actual vapour pressure (kPa) 

es-ea saturation vapour pressure deficit 

Δ slope vapour pressure curve (kPa/°C) 

γ psychrometric constant (kPa/°C) 

 Figure 29 details the derivation of the equation for the reference grass crop. 

 The equation uses standard climatological records of solar radiation (sunshine), air temperature, 

humidity and wind speed. To ensure the validity of data for use in the equation above, the 

weather measurements should be made at 2 m (or converted to that height) above an extensive 

surface of green grass, shading the ground and not short of water. 

 Apart from the site location, the FAO 56 Penman-Monteith equation requires air temperature, 

humidity, radiation and wind speed data for daily, weekly, ten-day or monthly calculations. 

Altitude above sea level (m) and latitude (degrees north or south) are needed to adjust some 

weather parameters for the local average value of atmospheric pressure (a function of the site 

elevation above mean sea level) 

 Where data for some of the variables is unavailable, the FAO, provides guidance on how more 

readily available data can be used as a substitute. For example, the (average) daily net radiation 

(MJ is required (Rn in the equation above) but is not commonly available. However, it can be 

derived from the (average) daily duration of bright sunshine (hours per day) measured with a 

sunshine recorder. The conversion methodology is not straightforward and requires the 

calculation of a number of parameters. 

8.2.2 Summary of Penman derived evapotranspiration models 

 In 1948, Penman described his equation to determine ‘evaporation for open water, bare soil and 

grass’ based on a combination of an energy balance and an aerodynamic formula. This was 

subsequently modified by Monteith (1965) by the inclusion of a surface resistance term becoming 

known as the Penman-Monteith equation. Subsequently an updated equation (based on the 

Penman-Monteith equation) was recommended by the FAO, i.e. the FAO-56 Penman-Monteith 

equation. This simplifies the Penman-Monteith equation by assuming some constant parameters 

for a short grass reference crop. 

 Potential evapotranspiration varies less than rainfall; Jones (1987) reports year to year variation 

in PE of 25-30 mm, whereas deviations for annual rainfall are >100 mm. As such rainfall has a 

larger effect on moisture deficit than PE. As a result, any changes to the methodology used to 

calculate PE in the ALC, are unlikely to have significant effects on moisture deficit calculations.  
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Figure 29. Derivation of the FAO 56 Penman-Monteith equation for the hypothetical grass 

reference crop 
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8.2.3 Comparisons to the FAO 56 Penman-Monteith method 

 Although, the FAO 56 Penman-Monteith method is recognised as the standard method for 

quantifying PE it requires detailed meteorological data that may not be available. As a result, 

empirical methods have been devised using fewer variables than the Penman-Monteith method. 

Some methods were designed for particular climatic conditions, e.g. humid, semi-arid or arid 

climates; other methods have a wider remit (i.e. are not limited to a particular climate type). 

Many have the advantage that PE estimates can be made for regions where the full suite of 

climatological data is not available. 

 Prudhomme and Williamson (2013) compared twelve PE methods in the UK, two combined 

models (the FAO 56 Penman-Monteith, a modified Penman-Monteith method, five radiation 

based models (Priestley-Taylor, Turc, Jensen-Haise, Makkink and Priestly-Taylor Idso-Jackson), 

and five temperature-based models (Hamon, McGuiness-Bordne, Blaney-Criddle and 

Thornthwaite). Data used to populate the equations and calculate estimates of PE was from the 

Hadley Centre’s climate model (HadRM3-PPE) for the baseline reference period (1961–1990). The 

output from each equation was compared with MORECS PE (based on a modified Penman–

Monteith method) for short grass, used as reference PE for Great Britain.  

 The outputs from the 12 PE equations were compared using a series of regression analyses 

(Figure 30) of mean monthly MORECS and PE. Figure 30 shows the scatter plot for each equation 

on a monthly basis and the 1:1 line; where there is a close relationship between the MORECS and 

calculated data the data-points are close to the 1:1 line. In comparison, where the calculated data 

over predicts PE (i.e. it is higher than the MORECS data) the data points sit above the 1:1 line or 

conversely, where the calculated data under predicts PE (i.e. it is lower than the MORECS data) 

the data points sit below the 1:1 line. 

 Of all the 12 PE equations, the combination methods (FAO 56 Penman-Monteith and modified 

Penman–Monteith) best reproduced the spatial and seasonal variability of MORECS PE in Great 

Britain. This study also showed that PE methods based on radiation and temperature could 

reproduce MORECS PE well for some months, but that no single method consistently 

outperformed the others across Great Britain throughout the year. Overall, the authors 

recommended the FAO 56 Penman-Monteith method. 
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Figure 30. Scatter plots of paired mean monthly MORECS and HadRM3-Q0-driven PET 

(mm/month) calculated over the 1961–1990 time slice for 12 PET equations (columns) and 12 

months (lines). a: FA056; b: Penman–Monteith (mod); c: Priestley–Taylor; d: Turc; e: Jensen–Haise; 

f: Makkink; g: Priestley–Taylor (Idso–Jackson); h: Hamon; i: McGuinness–Bordne; j: Oudin; k: 

Blaney–Criddle; l: Thornthwaite. Month is given as 1 (January)–12 (December). Values are paired 

by MORECS grid. HadRM3-Q0-driven PET was calculated at the 5 km grid scale and aggregated to 

the MORECS grid. The 1:1 line is the dotted line on each graph. Note variation of scale. 
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 Lang et al. (2017) also compared the FAO 56 Penman-Monteith method with 8 alternate methods 

of calculating evapotranspiration in southwestern China (Table 24). To assess the suitability of 

other models with more limited data requirements Lang et al. (2017) compared, three radiation 

based models (Makkink, 1957; Abtew, 1996 and Priestly-Taylor, 1972) and five temperature 

based methods (Hargreaves-Samani, 1985; Thornthwaite, 1948; Hamon, 1963; Linacre, 1996 and 

Blaney-Criddle, 1986) for calculating PE with the FAO method at the yearly and seasonal scale. 

 The study region was divided into four sub-regions depending on geographic and climatic 

parameters. The results showed that the performance of the methods in PE estimation varied 

among regions; Hargreaves and Samani, 1985, Priestley and Taylor, 1972, and Abtew, 1996 

overestimated PET, while others underestimated (Table 25). Overall, the radiation-based 

methods had a better performance than the temperature-based methods (i.e. the output was 

closer to that of the FAO 56 PM method). The authors note that all three radiation-based methods 

were developed in humid climate conditions, which made them suitable for the study area.  

 Similarly, Song et al. (2019) analysed the performance of 12 PE estimation methods in different 

sub-regions of northeast China and for different periods in comparison to the FAO 56 Penman-

Monteith method (Figure 31). The authors suggested that several methods were suitable 

alternatives to the FAO 56 Penman-Monteith method (i.e. on an annual basis, the Valiantzas (Val), 

Romanenko (Rom), Makkink (Mak), H-Makkink (H-Mak) and modified Penman (M-P) method). 

Also, that the Turc and Hargreaves Samani methods underestimated and overestimated ET0, 

respectively, particularly on an annual basis. 

8.3 Conclusions for calculation of evapotranspiration 

 There is a multitude of methods that can be used to calculate potential evapotranspiration from 

different climatic variables. The method chosen may have a significant effect on the resulting PE 

value. 

 In 1948, Penman described his equation to determine ‘evaporation for open water, bare soil and 

grass’ based on a combination of an energy balance and an aerodynamic formula. This was 

subsequently modified by Monteith (1965) by the inclusion of a surface resistance term becoming 

known as the Penman-Monteith equation. Subsequently an updated equation (based on the 

Penman-Monteith equation) was derived by the FAO, i.e. the FAO-56 Penman-Monteith 

equation. This simplifies the Penman-Monteith equation by assuming some constant parameters 

for short grass reference crop. According to Jones (1987) the ALC uses a modified method of the 

Penman method, although this is not confirmed in the ALC guidelines. 

 Following expert consultation held in May 1990 the FAO recommended the FAO 56 Penman-

Monteith method as the sole standard method for defining and calculating reference 

evapotranspiration. The method uses standard climatic data that can be easily measured or 

derived from commonly measured data. As a result, it is recommended that where PE calculations 

are required for ALC the FAO 56 Penman-Method should be used.  

 Any change to the method used to estimate PE will produce different estimates of 

evapotranspiration. PE is one part of the ALC moisture deficit calculation, the other part is rainfall. 

PE varies less than rainfall; Jones (1987) reports year to year variation in PE of 25-30 mm, whereas 

deviations for annual rainfall are >100 mm. As such changes in rainfall are likely to have a larger 

effect on moisture deficit than PE. As a result, any changes to the methodology used to calculate 

PE in the ALC, are unlikely to have significant effects on moisture deficit calculations.  
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Table 24. Potential evapotranspiration models compared to the FAO 56 Penman-Monteith method 

by Lang et al (2017) 

Model name Model format 

Hargreaves and Samni, 1985 
 

 Ra is the extra-terrestrial solar radiation (MJ/m2/day) 

 Tmax and Tmin are the maximum and minimum temperatures (°C) 

 T is the mean air temperature (°C). 

Hamon, 1963 
 

 Ld is the daytime length (h); 

 RHOSAT is the saturated vapour density (g/m3);  

 KPEC is a calibration coefficient 

Priestley and Taylor, 1972 

 
 a is the calibration constant; a = 1.26;  

 l is the latent heat of vaporization (MJ/kg) 

Linacre, 1966 

 
 A is altitude of the station (m);  

 j is the latitude of the station (°C);  

 Td is dew point temperature (°C). 

Makkink, 1957 

 

 Rs is solar radiation (MJ/m2/day) 

.  

 as and bs are regression constants.  

Abtew, 1996 

 
 k is a dimensionless coefficient = 0.53. 

Thornthwaite, 1948 

 
 T is monthly average temperature (°C); 

 H is annual heat index 

 A is constant 

Brouwer and Heibloem, 1986 
 

 q is daily percentage of annual daytime hours 

 Tm is the mean monthly temperature (°C). 
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Table 25. Annual percentage bias (tendency of the data to be larger or smaller than data 

calculated by the FAO 56 Penman-Monteith method) for eight PET models. Positive values show 

that the model underestimates whilst negative values show overestimation. 

Region HS Ham PT Lin Mak Abt Tho BC 

Sichuan basin -18.79 44.12 -28.62 55.28 15.46 -10.97 72.29 44.64 

Yun-Gui plateau -15.62 40.28 -29.46 -58.31 13.64 -11.04 76.65 53.22 

Eastern Tibetan Plateau -7.16 53.11 -33.14 48.62 9.46 -34.21 83.61 61.64 

Arid river valley  -9.14 45.09 -29.46 -48.95 11.96 -20.60 81.90 59.99 
Note: Hargreaves–Samani (HS), Hamon (Ham), Priestley–Taylor (PT), Linacre (Lin), Makkink (Mak), Abtew (Abt), 

Thornthwaite (Tho) and Blaney–Criddle (BC). 

 

 

Figure 31. Box plots of monthly and annual reference evapotranspiration (ET0) data from the 

different methods used by Song et al. (2019) 
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9 Agricultural drought 

 Drought is a normal, recurring feature of climate which occurs in virtually all climatic regimes. It 

is temporary, in contrast to aridity, which is a permanent feature of climate restricted to low 

rainfall areas. Sub-humid, semi-arid, and arid regions are especially drought prone reflecting the 

highly variable inter-annual precipitation experienced in these regions. Agriculture in these 

regions is frequently quite marginal, even in normal years, but it is especially vulnerable when 

precipitation is lower than average. Even in more humid climatic zones, drought is often a 

common feature and agriculture is one of the key sectors affected by drought (Wilhite, 2010). 

 Droughts can be characterised in terms of their severity, location, duration and timing. Droughts 

can arise from a range of hydro-meteorological processes that supress precipitation and/or limit 

surface water or groundwater availability which create conditions that are significantly drier than 

normal or otherwise limiting moisture availability to a potentially damaging extent (World 

Meteorological Organization (WMO) and Global Water Partnership (GWP), 2016). According to 

the IPCC meteorological droughts refer to deficits of precipitation and hydrological droughts refer 

to deficits in water availability from surface water or groundwater, not including human demand. 

Agricultural drought links various aspects of meteorological and hydrological drought focusing on 

precipitation shortages, differences between actual and potential evapotranspiration, soil water 

deficits, reduced groundwater or reservoir levels (Hendriks et al., 2016). 

 

9.1 Drought indices and models 

 Agricultural drought depends on the crop evapotranspiration demand and the soil moisture 

availability to meet this demand. Agricultural impacts of droughts are the result of short-term 

precipitation shortages, temperature anomalies that increase evapotranspiration demand, and 

soil water deficits that could adversely affect crop production. Hence an agricultural drought 

index should integrate parameters including rainfall, temperature, evapotranspiration and 

runoff, into a single number and give a comprehensive picture for decision making. Agricultural 

drought indices should be based on soil moisture and evapotranspiration deficits in order to 

effectively monitor agricultural drought. 

 Indices are typically computed numerical representations of drought severity, assessed using 

climatic or hydro-meteorological inputs such as precipitation, temperature, soil moisture etc. 

There is no single index or indicator that can account for and be applied to all types of droughts, 

climate regimes and sectors affected by droughts. Models or indices of drought are often 

concerned with drought hazard, drought impact (exposure x vulnerability) or drought risk (hazard 

x impact). Model types can include indices, datasets, data models, modelling software etc. and 

interrelations between model types is common.  

 Van Orshoven et al. (2014) reported on an expert panel review of the bio-physical criteria used 

to identify areas of ‘severe natural constraint to agriculture’ in the EU28. The expert panel 

classified characteristics such as soil depth, dryness or gradient, as not limiting or severely limiting 

for agriculture, and if one criterion was rated as severely limiting the land was judged to present 

severe limitations for agricultural production. Van Orshoven et al. (2014) proposed the use of a 

dryness index to identify the threshold for severe limits to agriculture in Europe. The authors 

selected the UNEP Aridity Index (AIUNEP) described in the 2nd World Atlas of Desertification 

(Middleton and Thomas, 1997). The Index was chosen as it simply delineates areas according to 

water stress, is simple to compute and not related to any specific crop. 
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 The AIUNEP index is the ratio of annual precipitation (P) to annual potential evapotranspiration 

(PET): 

o AIUNEP =P/PET 

 The threshold values for the AIUNEP as described by Middleton and Thomas (1997) are detailed in 

Table 26, below. Note that the classifications according to AIUNEP were maintained in the updated 

3rd World Atlas of Desertification (Cherlet et al., 2018). Van Orshoven et al. (2014) suggested that 

the severe threshold (for EU agriculture) should be AIUNEP ≤0.5 (i.e. semi-arid in Table 26 below). 

Specifically, if the probability of exceeding the threshold (dryness index value is less than or equal 

to 0.5) in an area is higher than 20%, then the area is considered to be affected by too dry 

conditions. 

Table 26. AIUNEP dryness index classification, values and description 

Classification  AI Dryness Index Description 

Hyper-arid ≤0.05 Highly variable rainfall both inter-annually (up to 100%) and on 
a monthly basis. Year-long periods without rainfall may have 
been recorded.  

Arid 0.05 ≤0.20 Mean annual precipitation values up to approximately 200 mm 
and inter-annual variability in the 50-100% range. Grassland 
agriculture may be possible but without groundwater 
resources it is highly susceptible to climatic variability. 

Semi-arid 0.20 ≤0.50 Highly seasonal rainfall regimes and mean annual values up to 
800 mm in summer rainfall areas and 500 mm in winter 
regimes. Inter-annual variability is nonetheless high (25-50%). 
Susceptible to seasonal and inter-annual moisture deficiency. 

Dry sub-
humid 

0.50 ≤0.65 Highly seasonal rainfall regimes with less than 25% inter-
annual rainfall variability; agriculture is widely practised. 

Humid ≥0.65  

Cold PET <400 mm  
 

 Van Orshoven et al. (2014) indicate that the AIUNEP is based on the Penman-Monteith 

methodology, however, Middleton and Thomas (1997) state that PET was calculated using the 

Thornthwaite (1948) PET method, described below. The Thornthwaite model was chosen 

because it requires only limited data and was practical for a study on a global scale.  

 The Thornthwaite (1948) PET equation is based on monthly meteorological data: 

 

T is monthly average temperature (°C); H is annual heat index and A is a constant. Monthly 

index values (i) of (T/5)1.514 are summed to give the heat index, I. The formula gives unadjusted 

rates of PE which are reduced or increased by a factor that varies with the month and latitude 

(tabulated values are given in Thornthwaite, 1948). 

 However, Middleton and Thomas (1997) noted that the Thornthwaite method is known to 

systematically underestimate PET for dry conditions and to overestimate values for moist and 

cold conditions. As a result, an empirical adjustment factor was applied to the data, which bought 

the values in line with those of the Penman method.  
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9.2 Types of drought indices 

 Drought indices can be broadly grouped as meteorological, soil moisture, hydrological, remote 

sensing or combined. A survey commissioned by the WMO Commission for Agricultural 

Meteorology of National Meteorological and Hydrological Services identified the wide range of 

drought indices are in use globally (Table 27).  

 The first generation of drought indices relied on meteorological variables that were observed at 

synoptic weather stations. Examples include the Standardised Precipitation Index, the Effective 

Drought Index, Standardised Precipitation Evapotranspiration Index and the Reconnaissance 

Drought Index. Another widely used model is the Palmer Drought Severity Index (PDSI) where 

data on the available water content of the soil is used in conjunction with meteorological 

parameters. Several authors have proposed improvements to this model, for example, the self-

calibrated PDSI. The PDSI was further developed to explicit agricultural drought indices such as 

the Crop Moisture Index (Palmer, 1968), which uses evapotranspiration rather than precipitation 

deficits. More recent agricultural drought indices are the Crop Specific Drought Index, Soil 

Moisture Deficit Index, the Soil Water Index (SWI) and the Evapotranspiration Deficit Index (ETDI).  

 Another class of drought indices is the hydrological model, e.g. the Standardised Streamflow 

Index (SSFI), the Aggregate Dryness Index (ADI) or the Streamflow Drought Index (SDI). 

Hydrological drought indices measure water in the hydrological system, i.e. streamflow in rivers 

in lakes or water levels in reservoirs, lakes or groundwater. 

 The development of Earth observation satellites from the 1980s onwards provided new 

opportunities for drought monitoring and detection, allowing spatial information to be collected 

at a regional or global scale. The most well-known is the Normalised Difference Vegetation Index 

(NDVI), which has been used in drought indices such as the Vegetation Supply Water Index 

(VSWI), Temperature Vegetation Dryness Index, and Standardised Vegetation Index. Thermal 

data have also been collected, for example, from Advanced Very High Resolution Radiometer 

(AVHRR) sensors to estimate land surface temperatures and used in conjunction with NDVI data 

(e.g. Temperature Condition Index-TCI). Other indices have been based on the empirical 

relationship between land surface temperatures and NDVI (e.g. the Temperature Vegetation 

Dryness Index-TVDI).  

 Newer remote sensing-based indices aim to make use of the multi-band capabilities of, for 

example, the MODIS sensor. One example is the Normalised Multi-Band Drought Index (NMDI) 

proposed by Wang and Qu (2007) based on one near infrared and two short wave infrared 

channels. Recent indices, such as the Vegetation Drought Response Index (VegDRI) or the 

Multivariate Standardised Drought Index aim to combine meteorological and remote sensing 

derived data.  

 

  



 

76 
 

Table 27. List of drought indices used in a range of countries for the period 2010-2014 as reported 

by the WMO Commission for Agricultural Meteorology survey (Source: World Meteorological 

Organization and Global Water Partnership, 2016) 
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 WMO and GWP, include an online database of drought indicators and indices9, which are 

categorised by type (a) meteorology, (b) soil moisture, (c) hydrology, (d) remote sensing and (e) 

composite or modelled. This database, along with a more general literature review has been used 

to compile the excel spreadsheet that accompanies this report that lists more than 50 drought 

models/indices developed post 1988. The list is not intended to be exhaustive but provides a 

good overview of the range and type of drought indices/models that have been produced in the 

past 30 years.  

 The Excel spreadsheet details the model type, the data used in the model, model details, model 

outputs and the strengths and weaknesses of each model. The applicability of each model in 

terms of modification to the ALC droughtiness assessment has also been considered. Table 28, 

lists the models/indices which have been reviewed in the accompanying spreadsheet.  

 Of the 50 models reviewed, most (c.85%) would not be suitable for use in the ALC droughtiness 

assessment. Many indices were concerned with drought prediction or monitoring, or were crop 

or region specific, identified crop stress (e.g. crop yellowing) that could not be directly attributed 

to drought or were too complicated for general use. However, a few could potentially be of 

relevance to the ALC, albeit that modification and/or further investigation might be required. For 

example, the Evapotranspiration Deficit Index and Soil Moisture Deficit Index, could potentially 

be of relevance to the ALC. These are calculated together and can be used to calculate historic 

values and values at different soil depths, allowing the indices to be adapted to different crops. 

The indices also showed good correlation with crop yields, meaning that they could be applicable 

to the ALC, where classifications reflect limitations on agricultural use.  

 Other potentially applicable indices are the Drought Reconnaissance Index (DRI) and the 

Standardised Precipitation Evapotranspiration Index (SPEI) both of which are based on water 

balance. The DRI is based on the ratio between aggregated quantities of precipitation and 

evapotranspiration. It uses monthly temperature and precipitation values and could potentially 

be used to calculate historic values that would allow drought prone areas to be identified. 

Similarly, the SPEI, uses water balance (precipitation and potential evapotranspiration) and 

temperature to calculate positive and negative values to identify wet and dry conditions. 

Potentially the SPEI could be used to calculate historic values. 

 Two other soil water indices were identified as of some potential relevance to the ALC. The first, 

the Fractional Water Index, indicates soil moisture at three depth using a range of values from 0 

(dry soil) to 1 (wet soil) using an automated network of sensing devices. Although the system was 

designed and used in Oklahoma a similar approach could be adopted across the UK. The second, 

the Empirical Standardised Soil Moisture Index is calculated from daily observations of soil 

moisture from satellite sensors, negative values correspond to drier periods and positive values 

to wetter periods. The index showed good correlation with crop yield, meaning that it could be 

applicable to the ALC. 

The ALC soil wetness class system was developed over a number of years using dip-well 

monitoring; the data was then related to field capacity days. An automated network of sensing 

devices could be used to derive new data on soil wetness. However, it would require a substantial 

monitoring period (e.g. 5-10 years) to gather sufficient data to identify areas subject to significant 

periods of wet or dry conditions that would limit agricultural potential.   

                                                           
9 https://www.droughtmanagement.info/indices/ 
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Table 28. List of drought model/indices described in the accompanying Excel spreadsheet. 

ID no. Model/Index name Date Type Reference 

1 Soil Moisture Anomaly (SMAI). 1988 SM Bergman et al., 1988 

2 Cumulative Moisture Anomaly 

Index (CMAI) 

1988 SM Bergman et al., 1988 

3 Soil Adjusted Vegetation Index 

(SAVI) 

1988 RS Huete A. R., 1988 

4 Vegetation Supply Water Index 

(VSWI) 

1990 RS Carlson and Gillies, 1994  

Carlson et al., 1990  

Abbas et al., 2014 

5 Standardized Precipitation Index 

(SPI) 

1993 MET McKee et al., 1993 

6 Standardized Streamflow Index 

(SSFI) 

1993 MET McKee et al., 1993 

7 Crop Specific Drought Index 

(CSDI) 

1993 HY Meyer et al., 1993 

8 China Z Index (CZI) 1995 MET Hong et al., 2001 

9 Temperature Condition Index 

(TCI) 

1995 RS Kogan, 1995 

10 Vegetation Condition Index (VCI) 1995 RS Kogan, 1995 

11 Vegetation Health Index (VHI) 1995 RS Kogan, 1995 

12 Reclamation Drought Index (RDI) 1996 MET Weghorst, 1996  

13 Normalized Difference Water 

Index (NDWI) 

1996 RS Gao, 1996 

14 Effective Drought Index (EDI) 1999 MET Byun and Wilhite, 1999 

15 Enhanced Vegetation Index (EVI) 2002 RS Huete et al., 2002 

16 United States Drought Monitor 

(USDM) 

2002 C/M United States Drought Monitor, 

2020 

17 Temperature Vegetation Dryness 

Index (TVDI) 

2002 RS Sandholt et al., 2002 

18 Standardized Vegetation Index 

(SVI) 

2002 RS Peters et al., 2002 

19 Shortwave Infrared Water Stress 

Index (SIWSI) 

2003 RS Fensholt and Sandholt, 2003 

20 Weighted Anomaly Standardized 

Precipitation Index (WASP) 

2004 MET Lyon and Barnston, 2005 

21 Self-Calibrated Palmer Drought 

Severity Index (SC-PDSI) 

2004 MET Wells et al., 2004 

22 Evapotranspiration Deficit Index 

(ETDI) 

2004 SM Narasimhan and Srinivasan, 2005 

23 Soil Moisture Deficit Index 

(SMDI). 

2004 SM Narasimhan and Srinivasan, 2005 

24 Standardized Water-Level Index 

(SWI). 

2004 HY Bhuiyan, 2004 

25 Aggregate Dryness Index (ADI). 2004 HY Keyantash and Dracup, 2004 

26 Global Land Data Assimilation 

System (GLDAS). 

2004 C/M Rodell et al., 2004 

27 Drought Reconnaissance Index 

(DRI/RDI) 

2005 MET Tsakiris and Vangelis, 2005 
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28 Surface Water capacity index 

(SWCI) 

2007 RS Du et al., 2007 

29 Normalized Multi‐band Drought 

Index (NMDI) 

2007 RS Wang and Qu, 2007 

30 Standardized Runoff Index (SRI) 2007 M Shukla and Wood, 2008 

31 Normalized Soil Moisture (NSM) 2008 C/M Dutra et al., 2008 

32 Streamflow Drought Index (SDI). 2009 HY Nalbantis and Tsakiris, 2008 

33 Cropland Soil Moisture index 

(CSMI)  

2009 RS Chen et al., 2009 

34 Standardized Precipitation 

Evapotranspiration Index (SPEI) 

2010 MET Vicente-Serrano et al., 2010 

35 Scaled Drought Condition Index 

(SDCI) 

2010 RS Rhee et al., 2010 

36 Agricultural Reference Index for 

Drought (ARID). 

2011 MET  

37 Evaporative Stress Index (ESI) 2011 RS Fraisse et al., 2011 

38 Combined Drought Indicator 

(CDI). 

2012 C/M Anderson et al., 2011 

39 Visible and Shortwave infrared 

Drought Index (VSDI) 

2012 RS Sepulcre-Canto et al., 2012 

40 Vegetation Drought Response 

Index (VegDRI) 

2013 RS Zhang et al., 2013  

41 Multivariate Standardized 

Drought Index (MSDI) 

2013 C/M Vegetation Drought Response Index 

VegDRI, 2020 

42 Fractional Water Index (FWI) 2013 SM Hao and AghaKouchak, 2013 

43 Standardized Snowmelt and Rain 

Index (SMRI). 

2014 SM Schneider et al., 2003 

44 Soil Water Index (SWI) 2014 HY Staudinger et al., 2014 

45 Global Integrated Drought 

Monitoring and Prediction 

System (GIDMaPS). 

2014 RS Kidd and Wagner, 2014 

46 Standardized Reservoir Supply 

Index (SRSI). 

2015 HY Hao et al., 2014 

47 Modified Vegetation Supply 

Water Index (MVSWI) 

2016 RS Gusyev et al., 2015 

48 Empirical Standardized Soil 

Moisture Index (ESSI) 

2016 SM Wu and Lu, 2016 

49 Surface Water Content 

Temperature Index (SWCTI 

2018 RS Carro et al., 2016 

50 Vegetation soil water deficit 

(VSWD) 

2019 RS Hong et al., 2018 

51 Locally Weighted Standardized 

Precipitation Index (LWSDI) 

2019 MET Cao et al., 2019 

52 Regionally Improved Weighted 

Standardized Drought Index 

(RIWSDI) 

2019 MET Ali et al, 2019 

Note: model types are SM: soil moisture, RS: remote sensing; MET: meteorology; HY: hydrology; C/M: composite or 

modelled; M: modelled  
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10 Land capability or suitability models 

 Agricultural land capability assesses the nature of limitations and degree of limitations imposed 

on cultivated agriculture by the physical characteristics of a land unit (Bock et al., 2018). It is the 

general assessment of, for example, climatic and soil factors without taking into consideration 

the current agricultural usage. In comparison, the term ‘land suitability’ is an estimate of the 

fitness of a soil and its landscape for production of a specific agricultural crop (FAO, 1976). As 

plants have specific requirements related to the functional status of soil, classifications based on 

production limitations and crop productivity must have a certain stratification or be specific to a 

single crop or groups of related crops (Mueller et al., 2010). 

 Land capability classification involves systematically categorizing units of the landscape in a way 

that reflects the inherent ability to produce sustainably into the future (Lynn et al., 2009). The 

ALC is an assessment of land capability. It provides a framework for classifying agricultural land 

according to the extent to which the physical or chemical characteristics restrict agricultural use. 

The limitations may affect the range of crops which can be grown, the level and consistency of 

yield and the associated cost of farming the land. The ALC grade describes the capability of the 

land for a range of potentially suitable crops. It provides a framework for classifying land into six 

classes (ALC grades 1, 2, 3a, 3b, 4 and 5) according to the extent that climatic, soil and site 

characteristics limit agricultural production. Limits to agricultural production become 

progressively greater from class 1 to class 5. The ALC system used in England and Wales was 

developed for land use planning, to help steer urban development away from areas of land with 

the greatest flexibility for agricultural use (Hallett et al., 2017). It was not intended to assess the 

suitability of a particular field for growing a particular crop. 

 Crop suitability models are designed to be more specific than capability models and may be 

designed for specific crops, or more usually, broad groups of similar crops (e.g. cereals, oilseeds, 

maize, root crops etc.). For example, in Canada the Land Suitability Rating Systems (LSRS) is a 

rule-based set of algorithms that integrate soil, climate and landscape factors to calculate a 

classed suitability rating for a given area to support a commercial crop (Bock et al., 2018). The 

attributes used to define each of the factors are based on their proven ability to affect crop 

growth, their ability to be measured (or estimated by proxy) and their availability in accessible 

databases. The LSRS was first published in 1995 by Agriculture and Agri-Food Canada as a site-

specific, manual calculator for spring-seeded small grains that incorporated sets of attribute point 

deduction curves based on expert knowledge. Since that time the system has been expanded to 

include additional crop modules and all data handling and calculations are automated through a 

set of web-based applications. The LSRS includes guidance for maize, soybeans, forages (alfalfa 

and grasses), oilseeds and spring-seed small grains. 

 Jahanshiri et al. (2020), combined expert-defined and widely available crop requirement data 

with occurrence data for 40 crops of different types (cereals, legumes, vegetable, fruits and 

tuber/roots). Results showed that a suitability index based on soil pH and an index that combines 

the thermal suitability moderated by the soil pH, texture, and depth suitability had the potential 

to predict crop suitability. The authors suggested that the data on crop suitability could be 

combined with more general information on land suitability. 

 The main advantage of a land capability classification scheme is the versatile and simple basic 

structure of the system. It can be simply adapted without changing the basic structure (e.g. 

updating the dataset used to assess the climatic limitations). In contrast, crop suitability models 

are more specific, although, the rigidity of a model can limit wider application of its outputs, as 



 

82 
 

detailed biophysical information can be missing for many locations, crops, and scales (Manna et 

al., 2009). Muller et al. (2010) also argue, that although successful at a local scale, data 

requirements prevent suitability models from performing acceptably at larger scales. 

10.1 Conclusions 

 To some extent the appropriateness of either type of model (capability or suitability) depends on 

the specific aim of the land assessment. ALC is designed to inform land use planning by giving 

developers a means to compare the quality of agricultural land in England and Wales. For 

planning purposes, Grades 1, 2 and 3a are considered to be the ‘best and most versatile’ and this 

land is given a higher status when considering development. A general capability system is good 

for this purpose.  

 A suitability approach gives a good overview of what crops can be grown in a specific area. For 

example, where land is ALC Grade 1 a wide range of crops can be grown, in comparison, where 

land is ALC 5, land use is restricted to permanent pasture or rough grazing. There is likely to be 

little to be gained from specific suitability models when assessing the latter category. However, 

where land is ALC Grade 1-3, more specific information on crop suitability would be useful to 

enable more precise decisions on cropping choices. However, note that this is outside of the 

scope of the ALC in its current format and is more suited to land management than a planning 

support role. 

 The use of the two types of models in combination, i.e.  a capability model to broadly categorise 

production limitations (for planning support) followed by further crop-specific refinements using 

a suitability model to highlight potential land management choices would seem the best option. 

The best combination of approaches will depend on the purpose in hand. This can be as a planning 

support system (the primary purpose of ALC) or for assessing land management and future land 

use options. 

11 The ALC and climate change 

 The main effects of climate change on soils will be through changes to soil moisture regimes. Soil 

moisture is a key driver to most soil processes and is instrumental in the use that can be made of 

soils. As climate changes, soil moisture levels will be influenced by direct climatic effects 

(precipitation, temperature effects on evaporation), climate induced changes in vegetation, 

different plant growth rates and different cycles, different rates of soil water extraction and the 

effect of enhanced CO2 levels on plant transpiration (NSRI, 2005).  

 Those areas predicted to have warmer temperatures and less rainfall will have less soil moisture 

with potentially large implications for the crops that can be grown and the natural and semi-

natural ecosystems that can continue to exist (NSRI, 2005). The temporal nature of changes in 

climatic variables is particularly important, for example less soil moisture in summer, more soil 

moisture in winter. 

 As the climate changes it is likely that some modifications may be necessary to the ALC to ensure 

that it is still relevant for grading the quality of agricultural land in England and Wales. As noted 

by Keay et al. (2014) the main climate limitation in ALC is built on the premise that warmer and 

drier climate conditions lead to improvements in land grade. However, as the climate changes 

and conditions become drier, the limitations on agricultural production (and hence ALC grading) 

are likely to be less dominated by cold and wetness climate factors and more influenced by 

drought risk (Brown et al., 2011). The areas that will be most severely affected are likely to be 
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those with low soil AWC and high PSMD. Hence, soils which are considered optimal now for 

growing certain crops may become too dry in the future because of their limited storage capacity.  

 Keay et al. (2014) assessed how future changes in climate might affect ALC grading in the future. 

Future changes were modelled relative to a 1961-90 baseline using 12 UKCP09 climate change 

scenario, for selected time periods (2020s to 2080s). Changes in grading were modelled for 

climate, soil wetness and drought and then combined with the seven soil and site criteria (i.e. 

gradient, flooding, texture, depth, stoniness, chemical and erosion) and given an overall grade 

based on the most limiting factor. The droughtiness criteria dominated the resulting ALC grade; 

by 2080, 42-70% of land was classified as ALC grade 4, depending on the scenario, compared to 

14% in the baseline (1961-1990). Based only on the drought criteria, the amount of Grade 1 land 

reduced from 37% (baseline) to 7% by the 2080s (high emission scenario). Conversely, the 

amount of land in Grade 4 was estimated to increase from 2% to 66%. However, note that the 

change in ALC grade was calculated for c.5800 NSI sites rather than England and Wales as a whole 

therefore the change in grades over time are indicative of a trend towards increasing 

droughtiness rather than absolute values. 

11.1 Conclusions 

 The work of Keay et al. (2014), emphasises the increasing importance of the drought criteria in 

determining the final ALC grade in the future (based on current classifications). This suggests that 

some amendments to the drought criteria may be required going forward to ensure that the 

majority of land is not downgraded where this is not appropriate. As noted by Keay et al. (2014) 

it is important to understand if this a real problem or simply an artefact of the classification. 

Consequently, there is a need to further assess alternative droughtiness methodologies and to 

identify key physiological thresholds for a range of crop species (or crop types). Potential changes 

in cropping (i.e. revised planting dates, new crop types or varieties) may also necessitate changes 

to the drought model, which assumes certain cropping patterns, full crop cover dates etc. 

12 Including grassland in ALC 

 The ALC is used to grade the quality of agricultural land (in terms of the types of limitation that 

can occur) so that informed decisions can be made in relation to its future use within the planning 

system. The current land use does not affect the grading or agricultural potential of land; the ALC 

grade describes what the land is potentially capable of. Grades are based on the severity of 

limitations to agricultural use, i.e. Grade 1 land has no or very minor limitations and Grade 5 land 

has severe limitations. The highest graded land gives a high yield or output, has the widest range 

and versatility of use, produces the most consistent yield and requires fewer inputs. Higher 

graded land can grow a wide range of crops in addition to grass whereas Grade 5 land may be 

restricted to permanent pasture or rough grazing. Economic factors are likely to be the main 

reason that grass is not typically grown on the higher grades of land. 

 Grass is different from many other crops as it is a perennial; it responds quickly to nitrogen 

fertiliser and water and in ideal conditions it grows quickly and can be usable in as little as three 

weeks. Depending on the season length, there can be one, two or even three or four cuts. 

Furthermore, land capability is related not only to the ability of land to grow grass but also to 

physically carry animals and vehicles. Climate regulates the period over which soils are trafficable 

and able to graze stock. This is considered in the soil wetness assessment. 
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 It is beyond the scope of this report to make recommendations for the cut-off points which should 

be used to define site limitations for grassland. However, given the perennial, multi-harvest 

characteristics of the crop it is unlikely that the limits in place for annual single harvest crops are, 

in many cases, appropriate for grass. Harrod (1979) defined grassland suitability classes based on 

factors which indicated relative suitability for grass production (rather than suggested levels of 

dry matter yield). Harrod described four grass suitability classes, A) well suited, B) moderately 

suited, C) marginally suited (with sub-categories i) trafficability/poaching risk, ii) yield restrictions) 

and iii) trafficability/poaching risk and yield restrictions) and D) ill-suited to grassland (Table 29). 

The controlling influence of grassland suitability is soil moisture which may be in deficit (yield 

potential) or excess (poaching/trafficability risk). 

 

Table 29. Grassland suitability classes and definitions (Source: Harrod, 1979). 

Class Description Definition 

Class A Well suited 

(intensive grassland) 

Potential high yields, good growth throughout the 

season 

Land is readily trafficked 

Poaching risk is low even at high stock densities 

Soil deep, well-drained loamy or silty. 

Soil able to absorb excess rainfall quickly 

Slope <11° 

Rainfall moderate to high 

Occasional summer flooding 

Class B Moderately suited 

(intensive grassland) 

Slight imbalance of yield and trafficability 

Impeded drainage 

Shallow, stony or sandy soils – slightly droughty 

Flooding that may occasionally limit growth 

Short growing season (less than 240 days) 

Slope <11° 

Slight summer drought in dry areas 

Restricted opportunities for winter grazing in wet areas 

Class C 

 

Marginal  

(seasonal pasture) 

i. trafficability/poaching 

ii. yield restrictions 

iii. trafficability/poaching 

and yield restrictions 

Limitations to both yield and trafficability 

Soil is wet – risk of flooding frequent 

Soil is dry 

Slopes 11-25° 

Boulders or rock outcrop 

Short growing season (<240 days) 

May be very productive summer pasture 

Class D Ill-suited 

(upland and rough grazing) 

Low yield potential and poor trafficability 

Very wet, uneconomic to drain 

Very stony or rocky 

Steep slopes >25° 

Frequent flooding  
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12.1 Drought and grassland 

 There is an acknowledged relationship between soil moisture deficit and grass growth. When the 

soil moisture deficit goes beyond 25-30 mm, grass growth rates will reduce. At 50 mm soil 

moisture deficit, grass growth is severely compromised (Teagasc, 2020).  

 Rounsevell et al. (1996) adapted the grass yield model proposed by Harrod (1979) and defined 

four yield categories, based on a combination of droughtiness classes (AP-MD) and the length of 

the growing season, with additional delineation based on a cut-off point of PSMD > or ≤115 mm 

(Table 30). Trafficability/poaching risk was categorised from 1-5 based on a combination of soil 

wetness classes I-VI, depth to impermeable layer (>80, 80-40 and <40 cm) and retained water 

capacity (low, medium or high) for both dry (PSMD ≥115 mm) and wet climates (PSMD <115 mm). 

Table 31 details the criteria for the estimation of grassland suitability classes as defined by 

Rounsevell et al (1996). 

 

Table 30. Yield potential (modified from Harrod, 1979). Source: Rounsevell et al., 1996. 

 

Dryness 
subclass 

Yield categories  

Dry climate (PSMD ≥115 
mm) 

Moist climate (PSMD <115 
mm) 

Growing season (days) 

Short  
(≤225 days) 

Long 
(>225 days 

Short 
(≤225 days) 

Long  
(>225 days) 

Increasing 
dryness 

a (>50) b a b a 

Increasing 
yield 

b (1-50) c b c a 

c (-49-0) d c d b 

d (≤-50) d d d c 

Dryness class = Soil available water capacity (AP) – potential soil moisture deficit (PSMD) 

 

Table 31. Estimation of grassland suitability classes (modified from Harrod, 1979). Source: 

Rounsevell et al., 1996. 

Yield category 

 Trafficability/poaching risk 

Low  High 

1 2 3 4 5 

d Low C (ii) C (ii) C (iii) C (iii) D 

c  B B C (iii) C (iii) D 

b A B B C (i) C (i) 

a High A A B C (i) C (i) 
 

12.2 ALC, drought and grassland 

 The ALC droughtiness criteria method is based on an estimation of the average soil moisture 

balance for two reference crops (potatoes and wheat) at a given location. Moisture balance is 

calculated from two parameters: 1, the crop-adjusted available water capacity of the soil profile 
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(AP) and 2, moisture deficit (MD). As the climate gets warmer and drier in the summer the 

drought factor becomes more limiting to crop productivity. 

 Potential deficits under grass are greater than for arable crops which do not attain full ground 

cover early in the growing season. Hence, for calculating ALC grade, the PSMD is adjusted for two 

reference crops, winter wheat and main crop potatoes, which are considered representative of a 

broad range of crops in terms of their susceptibility to drought. Crop adjusted MDs are smaller 

than PSMD so that during a dry June or July where several crops are growing in the same soil 

type, soil moisture deficits follow the sequence root crops < cereals < grass.  

 The ALC guidance does not currently give any explicit guidance for calculating the moisture deficit 

under grass, which is focused on crop adjusted moisture deficits. In effect, the PSMD, is the value 

that should be used for grass although this is not clear in the ALC guidance. 

 Thomasson (1979) suggests that the soil water available to permanent grass should be calculated 

to 100 cm considering the total available water (0.05-15 bar) to 70 cm and the easily available 

water (0.05-2.0 bar) from 70-100 cm. However, the Thomasson (1979) model was designed for 

permanent pasture and based on data current in 1979 thus it is questionable how appropriate it 

is for use with modern varieties or ley grass. Based on more recent rooting depth data, most grass 

roots are predominately shallow, extending to ≤ 30 cm (e.g. 40% are in the top 10 cm and >80% 

in the top 30 cm), albeit that there is some variation between species. However, a small 

proportion of the roots of many species will extend to depths greater than 30 cm. This suggests 

that the Thomasson (1979) model depths may not adequately represent many present-day grass 

varieties. For example, for the ryegrass species, which predominate in many improved pasture, 

AP grass (mm) could be calculated based on TAv to a depth 15 cm and based on EA to a depth of 

1 m, to account for the sparse root system below 15 cm.  

12.3 Conclusions for grassland and the ALC 

 The ALC was developed to inform land use planning decisions. The ALC Grade does not determine 

what crops can be grown but indicates the type of crops that are generally suited to land of that 

quality and versatility. As such, the guidance for allocating land is not intended to be crop specific.  

However, it could be argued that the inclusion of grass is implicit rather than explicit when some 

of the limiting factors are graded.  
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13 Summary 

13.1 ALC climate data suitability 

 The current ALC climatic dataset (although dated) provides a single data source, which facilitates 

comparison between sites (i.e. all sites that are ALC Grade 1 have the same degree of limitation, 

e.g. for Grade 1, no or very minor limitations due to climate). Prior to the publication of the 1988 

ALC guidelines, maps or meteorological station data would have been used to estimate climatic 

parameters at a site. However, both the manual interpretation of maps and the extrapolation of 

data (without specific guidance) relied on subjective judgements and so were less accurate than 

the current use of the single reference dataset. 

 The grading of ALC by climatic factors alone is based on the premise that the warmer and drier 

the climate the better the Grade. However, as the climate changes UKCP predictions suggest that 

parts of England and Wales could become too warm and/or too dry. Significant yield loss can be 

caused by stress factors such as excessive heat and drought, for example Zhao et al. (2017) 

estimated that wheat production will reduce by 6% for every degree C rise in temperature. This 

suggests that changes to the ALC grading according to climate would be appropriate as there is 

currently no minimum rainfall or maximum temperature component, reflecting the fact that 

wetness was considered a more important determinant of yield than drought when the ALC was 

conceived (i.e. drought was less common).  

 The current ALC climate dataset is based on data from 1941-1970 (rainfall) or 1961-1980 

(temperature); given that it is more than 40-50 years old it is potentially unrepresentative of 

current climatic conditions. Data suggests that most of the warmest years in Wales have occurred 

after 1990 (i.e. outside of the time period covered by the ALC climate data). The 1961-1990 

average annual mean temperature for Wales was 8.6°C, compared to 9.4°C over the period 2008-

2017 (+9%); over the same time period rainfall has increased from 1400 mm to 1453 mm (+4%) 

(Lowe et al., 2018).  

 Accumulated temperature (January to June, AT0) and average annual rainfall (AAR) are used to 

allocate the ALC Grade according to climate. Keay et al. (2014) noted that AT0 was lowest 

between 1951 and 1980 (1314 day °C) and highest between 1971 and 2000 (1381 day °C). The 

30-year AAR reached its lowest point in the period 1961-90 (879 mm) but increased to 893 mm 

in 1971-2000. These are averages for c.5,800 sites in England and Wales but suggest that at some 

sites, the use of an updated climate dataset might result in a change in ALC grade. Given the 

narrow AT0 bandings for ALC Grades 3a (1100-1150 day °C) and 3b (1000-1100 day °C) it is likely 

that these grades would be the most likely to be subject to change if the climate dataset was 

updated. The difference between Grade 3a and 3b is key for planning purposes; Grade 3a is 

protected as part of the best and most versatile land whilst Grade 3b is not. 

 Note that the work of Keay et al. (2014) can only be used to identify trends not absolute 

magnitudes or exact locations of any change and the results should not be interpreted at a local 

scale. The modelling of the impact of climate change was carried out for c.5800 points at 5 km 

grid intersections where good quality site specific data was collected for the National Soil 

Inventory between 1978 and 1983. Grades for the whole of England and Wales have not been 

determined. The data suggests that the main changes in grade will take place after 2030 so ALC 

is currently considered fit for purpose. 

 The current climatic dataset was developed on a 5 km grid and standard methods were devised 

for estimating or interpolating the value at any location. Potentially there could be a mismatch 
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between the spatial resolution of current and future datasets. However, this is unlikely to cause 

any significant problems as interpolation using appropriate methodology can be used to match 

spatial scales.   

13.2 Episodic and extreme events 

 The work of Hudson and Birnie (2000) and Brown and Castellazzi (2014) highlight the influence 

of annual changes in weather on LCA classes for Scotland. Inevitably, any classification systems 

based on average climate data will not reflect the extremes of climate seen in some years (i.e. 

very dry or very wet years). As noted, by Brown and Castellazzi (2014) during years of poor 

weather, climatic constraints will be more important factors than when the weather is good. 

When the weather is poor (e.g. too dry or too wet) even land in ALC Grades 1 or 2 may experience 

management difficulties more commonly associated with land in lower Grades. Conversely, 

during years of relatively good weather, the constraints on land capability are likely to be 

dominated by intrinsic soil properties which will delimit the maximum extent for BMV land 

despite the favourable weather. 

 Climate change predictions suggest that the weather is likely to become more extreme in the 

future. This suggests that it will be more important to consider not just the average climatic 

conditions when allocating an ALC grade for climate but also the variation around that average.  

13.3 ALC droughtiness assessment 

 In the ALC system the method used to assess droughtiness is based on work by Thomasson 

(1979). It provides an indication of the average drought risk based on two reference crops, winter 

wheat and maincrop potatoes. These crops have been selected because they are widely grown, 

have contrasting rooting depths and, in terms of their susceptibility to drought, are 

representative of a broad range of crops. The method used to assess droughtiness takes account 

of crop rooting and foliar characteristics to obtain an estimate of the average soil moisture 

balance (MB) for the reference crops at a given location. 

13.3.1 Crop adjusted soil available water capacity (AP) 

 Moisture balance assessments are calculated by subtracting the crop adjusted soil moisture 

deficit (MD) from the crop adjusted soil available water capacity (AP). The AP is calculated to 120 

cm for cereal roots and to 70 cm for potatoes. However, the root systems of cereals are less well 

developed below 50 cm and so are less able to extract water beyond that depth. Consequently, 

ALC guidance suggests that the soil water available to cereals should be calculated to 120 cm 

taking into account the total available water (0.05-15 bar) to 50 cm and the easily available water 

(0.05-2.0 bar) from 50-120 cm.  

 The ALC currently only includes guidance on calculating the crop adjusted AP for wheat and 

potatoes. However, there could be merit in expanding the guidance to include a wider range of 

crops. This may be of more value for modelling purposes than ALC field assessments. For 

example, Thomasson (1979), who’s rooting models form the basis of ALC AP guidance also 

included guidance for deep rooted crops such as sugar beet or maize. Further research would be 

required to establish whether the values suggested by Thomasson (1979) (page 45) are 

appropriate for these crops. 

13.3.2 ALC moisture deficit (MD) 

 Soil moisture is a key driver to most soil processes and is instrumental in the use that can be made 

of soils. The moisture deficit term used in the ALC droughtiness assessment is a crop related 
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meteorological variable which represents the balance between rainfall and potential 

evapotranspiration, i.e. potential soil moisture deficit (PSMD). Potential deficits under grass are 

greater than for arable crops which do not attain full ground cover early in the growing season. 

Crop adjusted MDs are smaller than PSMD so that during a dry June or July where several crops 

are growing in the same soil type, soil moisture deficits follow the sequence root crops < cereals 

< grass. 

 Soil moisture levels will be influenced by changes to rainfall and temperature effects on 

evaporation so that moisture deficit values will be changed by lower ASR and higher ATS. This 

suggests moisture deficit calculations based on an updated climatic dataset are more likely to 

accurately represent the current limitations. This would require updating the equation currently 

used to calculate moisture deficit. However, it is unclear whether any updates to the ASR/ATS 

datasets (and resulting updates to the MD calculation methodology) are likely to result in any 

changes to the overall ALC grade for droughtiness; MD is only one part of the droughtiness 

assessment. The areas that would potentially see a change in Grade are those with low soil AWC 

where MD increases significantly.  

13.3.3 ALC moisture balance (MB) 

 When the two values are combined (i.e. AP – MD) positive values indicate an absence of moisture 

stress and negative values imply water availability is insufficient to sustain evapotranspiration 

and hence plant growth is restricted. A value of +30 mm (Grade 1 for wheat) indicates that the 

soil has surplus reserves of water in an average season and is likely to be resistant to drought 

stress even in dry years. A value below -50 mm implies shortage of water in all but the wettest 

summers. To be eligible for Grades 1 to 3b the MB must be equal to or exceed the minimum 

values for both wheat and potatoes. 

 In the original assessment of droughtiness and crop performance, Jones (1987) noted that AP 

alone explained little of the variation in yield, MD explained 23% and moisture balance (AP-MD) 

explained 33% of the variation (significant at 0.1% level). The dataset included yields from 1973-

1981 but the correlation was mainly due to the influence of drought in 1975 and 1976 when the 

sum of AP-MD was <-40 mm. In non-drought years other factors such as differences in 

management or disease caused wide differences in yield at similar levels of MB.  

 It would be of value to examine the relationship between MB and crop yield for a more recent 

dataset to determine if the cut off points for ALC Grades currently in use are still valid.   

 Both ADAS (2004) and Keay et al. (2014) have identified differences in temperature and summer 

rainfall, compared to the current ALC dataset. Moisture deficit values will be changed by lower 

ASR and higher ATS, indicating that calculations based on the original dataset are unlikely to 

accurately represent current limitations. The future importance of drought in land classification 

was highlighted by Keay et al. (2014). The current method for measuring and classifying drought 

resulted in the amount of Grade 1 (based only on that criterion) land being reduced from 37% in 

1961-90 to only 7% by the 2080 (high emission scenario) whereas the amount of land in Grade 4 

increased from 2% to 66% of England and Wales. As the overall ALC Grade is defined by the most 

limiting factor, assessment via the current method for ALC would result in a very large area of 

England and Wales being downgraded to Grade 4.  

 The ALC system should be reviewed using contemporary weather and crop yield statistics to 

determine the significance of the droughtiness factor in the grading of agricultural land in England 

and Wales.  
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13.4 Validity of data underpinning droughtiness assessments 

13.4.1 Available water capacity 

 The relationship between soil texture and plant available water is generally acknowledged. 

However, it is not always straightforward to compare the AWC values with other tabulated 

datasets of AWC values due to differences in the categorisation that is used in other systems. 

Where comparisons are possible, it suggests that the AWC values in the ALC are broadly in line 

with other published datasets. 

 Pedotransfer functions have been used to predict soil AWC based on predictor variables such as 

soil texture, intervals of organic matter content or bulk density etc. Most use regression analysis 

to derive equations for predicting water contents at, for example, field capacity and permanent 

wilting point based on a selected set of predictors. Similarly, to the simple tabulated datasets 

relating soil texture to AWC, the pedotransfer functions predict values of AWC in line with those 

in the ALC. For example, the pedotransfer function of Hollis et al (2014) for loamy sand or sand 

soils in the UK predicts an AWC of 13-16%, comparable to the ALC value for loamy sand topsoil 

which ranges from 11-18%. Also, Román Dobarco et al., 2019, calculated a value of 12-14% for 

clay soils, which is not dissimilar to the ALC value of 17% for clay topsoils. 

 Overall, current ALC tabulated values for the available water capacity of soils approximate to 

values published elsewhere and calculated in peer reviewed papers using pedotransfer functions, 

which suggests there is no need to update the methodology for assessing AWC.  

13.4.2 Available water capacity of stones 

 Although, the AWC of some stones may be >10% (e.g. chalk), many hard stones are unlikely to 

contribute significantly to the available water in soil as they contain no pores capable of holding 

water. However, some research in other countries (e.g. Tetegan et al., 2011; Rempe and Dietrich, 

2018 reported above) has suggested that the AWC of some rock types may be higher than 

reported by MAFF (1988) albeit this has not been quantified for rocks in Wales. Currently, there 

is insufficient evidence to update the AWC values for rock listed in the ALC guidance.  

13.4.3 Rooting depth 

 In the UK the maximum rooting depth of winter cereals is often reported to be around 2m 

although the effective root zone (the depth at which most roots are concentrated) is shallower 

at 0.50-1 m. Barraclough (1984) reported that for a mature wheat root system: 60-70 % of the 

root length occurred in the top 0.3 m, another 20-25% within the next 0.3 m and less than 1-2% 

below 1 m. Generally, the longer a crop is growing the longer the root system. Therefore, it is 

likely that spring sown combinable crops will have much less total root length and will not explore 

the same depth of soil as autumn grown crops (e.g. Thorup-Kristensen et al., 2009).  

 There is some evidence that some modern winter wheat varieties are more effective at accessing 

deep water than others which may be related to root length density (root length per unit soil 

volume). However, root length density has been reported to be shallower in modern UK winter 

wheat cultivars at 0.36 m than in older cultivars released in the 1970s and 1980s at 0.86 m (White 

et al., 2015). This suggests that modern varieties are potentially less efficient at accessing water 

at lower depths. However, it is likely that the effects of the soil environment (e.g. soil water 

content) on root length will be greater than any variety effect (Hodgkinson et al., 2017). 

 Current ALC guidance for calculating crop adjusted available water for wheat is based on a 

maximum root depth of 120 cm (based on TAv to 50 cm and EAv from 50-120 cm). Based on the 
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data that has been reviewed these depths continue to represent appropriate values for winter 

wheat. 

 For potatoes, this review reported maximum rooting depth ranging from 0.59 to 1.4 m, indicating 

that potatoes can root to considerable depths and have access to large volumes of water. Variety 

had a major influence on the ultimate depth of rooting. Cara consistently had deeper rooting 

systems than other varieties (>1m) whilst Estima was consistently had the shallowest roots (<0.9 

m). However, although maximum root length extended beyond the 70 cm depth used in the ALC 

to calculate crop adjusted available water potatoes most roots were found within this depth 

range. This suggests that the current guidance to calculate crop adjusted water for potatoes to 

70 cm is valid. 

13.5 Evapotranspiration  

 Evapotranspiration plays a key role in the development and definition of agricultural drought. 

This is recognised in the ALC, where the calculation of moisture deficit is based on the balance 

between rainfall and potential evapotranspiration.  

 There is a multitude of methods that can be used to calculate potential evapotranspiration from 

different climatic variables. The method chosen may have a significant effect on the resulting PE 

value. 

 In 1948, Penman described his equation to determine ‘evaporation for open water, bare soil and 

grass’ based on a combination of an energy balance and an aerodynamic formula. This was 

subsequently modified by Monteith (1965) by the inclusion of a surface resistance term becoming 

known as the Penman-Monteith equation. Subsequently an updated equation (based on the 

Penman-Monteith equation) was recommended by the FAO, i.e. the FAO-56 Penman-Monteith 

equation. This simplifies the Penman-Monteith equation by assuming some constant parameters 

for short grass reference crop. According to Jones (1987) the ALC uses a modified method of the 

Penman method, although this is not confirmed in the ALC guidelines. Overall, it is recommended 

that where PE calculations are required for ALC the FAO-56 Penman-Monteith Method should be 

used.  

13.6 Droughtiness 

 Droughtiness is a normal, recurring feature of climate which occurs in virtually all climatic 

regimes. It is temporary, in contrast to aridity, which is a permanent feature of climate restricted 

to low rainfall areas. Droughts can be characterised in terms of their severity, location, duration 

and timing and often classified as meteorological, hydrological or agricultural. Agricultural 

drought links various aspects of meteorological and hydrological drought focusing on 

precipitation shortages, differences between actual and potential evapotranspiration, soil water 

deficits, reduced groundwater or reservoir levels (Hendriks et al., 2017). Hence an agricultural 

drought index should integrate parameters including rainfall, temperature, evapotranspiration 

and runoff, into a single number and give a comprehensive picture for decision making. 

Agricultural drought indices should be based on soil moisture and evapotranspiration deficits in 

order to effectively monitor agricultural drought. 

 World Meteorological Organisation and Global Water Partnership include an online database of 

drought indicators and indices10, which are categorised by type (a) meteorology, (b) soil moisture, 

(c) hydrology, (d) remote sensing and (e) composite or modelled. This database, along with a 

                                                           
10 https://www.droughtmanagement.info/indices/ 
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more general literature review was used to compile the excel spreadsheet that accompanies this 

report that lists more than 50 drought models/indices developed post 1988. The list is not 

intended to be exhaustive but provides a good overview of the range and type of drought 

indices/models that have been produced in the past 30 years. Of the 50 models reviewed, most 

(c.85%) would not be suitable for use in the ALC droughtiness assessment. Many indices were 

concerned with drought prediction or monitoring, or were crop or region specific, identified crop 

stress (e.g. crop yellowing) that could not be directly attributed to drought or were too 

complicated for general use. However, a few could potentially be of relevance to the ALC, albeit 

that modification and/or further investigation might be required. These include the 

Evapotranspiration Deficit Index, the Soil Moisture Deficit Index, the Drought Reconnaissance 

Index, the Standardised Precipitation Evapotranspiration Index, the Fractional Water Index and 

the Standardised Soil Moisture Index. 
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14 Conclusions and recommendations 

 It is recommended that ALC grading according to climate should be reviewed. The grading of ALC 

by climatic factors alone is based on the premise that the warmer and drier the climate the better 

the Grade. This reflects the assumption that wetness was a more important determinant of yield 

than droughtiness when the ALC was conceived (i.e. drought was less common). However, as the 

climate changes UKCP predictions suggest that parts of England and Wales could become too 

warm and/or too dry for some agricultural production. As such it may be necessary to introduce 

maximum values for AT0 and minimum values for rainfall so that very warm/dry sites are not 

classed as Grade 1 for climate. 

 At present the ALC grade by climate is based the relationships between AAR and AT0 and a 

curvilinear separation of grades is shown in Figure 1 of the ALC guidance document. However, 

whilst the derivation of the AAR and AT0 is clear, the way in which the curvilinear cut-offs 

between grades were derived is not clear. According to Keay et al (2014), each of the curves 

shown in the 1998 guidance document were used to derive an equation separating the 6 classes. 

This assumes that either the curves were produced subjectively or that any equation used to 

define them originally had been lost. This needs to be clarified. It is recommended that any review 

of overall grading according to climate should first clarify the basis for current cut-offs 

 It is recommended that the reference climatic dataset used for the ALC should be reviewed. The 

current ALC climate dataset is based on data from 1941-1970 (rainfall) or 1961-1980 

(temperature); given that it is more than 40-50 years old it is potentially unrepresentative of 

current climatic conditions. Analysis of climate data suggests that most of the warmest years in 

Wales have occurred after 1990 (i.e. outside of the time period covered by the ALC climate data). 

Keay et al. (2014) have also noted changes in the AT0 and AAR (the two parameters used to 

allocate ALC grade according to climate), which also support updating the climate dataset. 

 Climate change predictions suggest that the weather is likely to become more extreme in the 

future. This suggests that it will be more important to consider not just the average climatic 

conditions when allocating ALC grades for climate but also the variation around that average. 

Further work is required to determine the best metric for capturing climatic variation within the 

ALC. 

 It is recommended that where PE calculations are required for ALC the FAO-56 Penman-Monteith 

Method should be used. It is acknowledged that any change to the method used to estimate PE 

will produce different estimates of evapotranspiration. However, PE is only one part of the ALC 

moisture deficit calculation, the other part is rainfall which is more variable. As such variations in 

rainfall are likely to have a larger effect on moisture deficit than PE and any changes to the 

methodology used to calculate PE, are unlikely to have significant effects on moisture deficit 

calculations. Any changes to the methodology used to calculate PE would also require the 

regression analysis used for PSMD and crop specific MD to be reviewed. Therefore, it is 

recommended that the equation currently used to calculate soil moisture deficit should also be 

reviewed.  

 It is recommended that the ALC system should be reviewed using contemporary weather and crop 

yield statistics to determine the significance of the droughtiness factor in the grading of 

agricultural land in England and Wales. Farming adaptations to a changing climate also need to 

be factored in as it is necessary to understand the impact of increasing doughtiness on land 

capability.   
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 Consideration should be given to expanding the range of crops for which the crop adjusted AP is 

calculated. The research by Thomasson (1979), which forms the basis of the ALC guidance also 

included deep rooted crops such as sugar beet or maize. Further research would be required to 

establish whether the values are still appropriate for these crops. However, adding additional 

crops would increase the number of droughtiness limitation combinations increasing the 

likelihood of unforeseen contradictions between limitations for individual crops. As a result, this 

approach may be of more benefit for modelling purposes than ALC field assessments. 

 There is no need to update the ALC values for the available water capacity of soils. Overall, current 

ALC tabulated values for the available water capacity of soils approximate to values published 

elsewhere and calculated in peer reviewed papers using pedotransfer functions. Currently, there 

is insufficient evidence to update the AWC values for rock listed in the ALC guidance.  

 There is no need to update the ALC parameters related to root length of the reference crops, wheat 

and potatoes. Based on the data that has been reviewed the maximum root depth of 120 cm for 

winter wheat and 70 cm for potatoes continue to be valid. Although maximum root length may 

extend beyond these depths, the depth range will be appropriate for most crop roots. 

 Overall, it is suggested that the ALC system for the assessment of climate and droughtiness 

remains generally fit for purpose and this review does not undermine the ALC system in its 

current form. Whilst some updating to the reference climate dataset is recommended the 

reference values for available water capacity and assumptions around rooting depth remain valid.  
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