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Preface

This document contains the results from the project “Pilot study on estimating the
volume of water used for irrigation”, initiated in 2008 according to agreement
number 40701.2008.001-2008.141 between Eurostat and Statistics Norway.

The regulation EC 1166/2008 - “on farm structure surveys and the survey on agri-
cultural production methods -” foresees that a new survey on agricultural produc-
tion methods (SAPM) will be carried out, linked to the data obtained from the farm
structure survey in 2010. Norway, represented by Statistics Norway, will be
obliged by the regulation to provide estimates on volumes for irrigation at the indi-
vidual agricultural holding-level.

In this project, the objective has been to develop a model for calculating volumes
of irrigation practices based on existing, geo-referenced data, and without any new
reporting obligations for anybody. The data involved encompasses precipitation,
evaporation, soil, cultured land, crops and specific information on growth periods
and irrigation requirements for each crop type.

The output from the pilot study is an applicable methodology, calculated figures on
irrigation for agricultural holdings in four case municipalities (presented in Appen-
dix I.) and aggregated figures on irrigation volumes for four counties (presented in

chapter 3).

Editor of this report has been the project leader, Mr. Jorn Kristian Undelstvedt, at
the Division for Environmental Statistics.

Mr. Ola Erik Nordbeck and Mr. Erik Engelien, both at the Division for Environ-
mental Statistics, have been part of the project group and have contributed in data
collection, data processing, analyses and writing. Both Ms. Anne Snellingen Bye
and Mr. Ole Rognstad at the Division for Primary Industries Statistics, have made
valuable contributions. Head of Division for Environmental Statistics, Mr. Svein
Homstvedt, has contributed as well.

Attached, in Appendix 111, is a report from the associated third party in this pilot
study; the Norwegian Institute for Agricultural and Environmental Research (Bio-
forsk). Statistics Norway appreciates the fruitful cooperation with Bioforsk.

Statistics Norway would also like to thank Eurostat for supporting this pilot study
on irrigation by the contribution of financial resources.
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Abstract

The regulation EC 1166/2008 on Farm Structure Surveys (FSS) and the survey on
agricultural production methods foresees that a new survey on agricultural produc-
tion methods (SAPM) will be carried out, linked to the data obtained from the farm
structure survey in 2010. Norway, represented by Statistics Norway, will be
obliged by the regulation to provide figures on volumes for irrigation at the indi-
vidual agricultural holding-level.

In this project, the objective has been to develop a model for calculating volumes
of irrigation practices based on existing, geo-referenced data, and without introduc-
ing any new reporting obligations. The data employed encompass precipitation,
evaporation, soil texture, cultivated land, crops and specific information on growth
periods and irrigation requirements for each crop type.

Statistics Norway is responsible for the project and the report. As stated in the pro-
ject application, the Norwegian Institute for Agricultural and Environmental Re-
search (Bioforsk) has acted as an associated third party in the project. In the first
phase of the project, Bioforsk has designed estimates of irrigation requirements for
a range of agricultural crops in regions of Norway where irrigation is currently
practiced. Statistics Norway used these estimates as coefficients for irrigation re-
quirements in the second phase of the pilot study.

The output from the pilot study is an applicable methodology, calculated figures on
irrigation for agricultural holdings in four case municipalities (presented in Appen-
dix I.) and aggregated figures on irrigation volumes for four counties (presented in

chapter 3).
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1. Introduction

1.1. Background

The regulation EC 1166/2008 on Farm Structure Surveys (FSS) and the survey on
agricultural production methods foresees that a new Survey on Agricultural Pro-
duction Methods (SAPM) will be carried out, linked to the data obtained from the
Farm Structure Survey in 2010. The regulation states: "For each holding surveyed,
Member States shall also provide an estimation of the volume of water used for
irrigation on the holding (in cubic metres). The estimation may be produced by
means of a model."

In this context, Norway, as a part in the European Economic Area Agreement
(EEA), will be obliged by the regulation to provide estimations on volumes for
irrigation at the individual agricultural holding-level. Until now, this information
has not been available, and no methodology is on hand for estimation of such irri-
gation volumes in Norway.

Access to water has never been considered a problem in Norway, being mostly a
humid country with relatively low temperatures, only 1 million hectares of agricul-
tural land, and finally also with a short vegetation period. Hence, the national de-
mand for detailed statistics on irrigation has been relatively limited. Nevertheless,
locally and periodically there may be serious shortage of precipitation, and there-
fore, many farmers have invested in modern irrigation equipment.

The source for the irrigation system is most often natural surface water (lakes, riv-
ers and creeks), but also ground water is used. Public water systems are hardly ever
the source for irrigation (a part from some exceptions for market gardens and
greenhouses). The water sources for irrigation are often rich, underlining the fact
that the exploitations of the water sources themselves very seldom lead to shortage
of water.

However, Norway is also a country with a vast quantity of available data that can
be used for calculating volumes of irrigation through practices. Statistics may
therefore be produced by merging administrative data on farm practices and local-
ization, data on soil texture, precipitation and evaporation in a model, and without
burdening any farm holding with statistical questionnaires. The main idea is there-
fore that given a robust model, yearly collected data should be put into it, thus cre-
ating yearly statistics by just running the model.

In this pilot model work, Statistics Norway together with the Norwegian Institute
for Agricultural and Environmental Research (Bioforsk) have been awarded a Eu-
rostat grant from the European Commission on the theme: “4.07 — Pilot studies for
estimating the volume of water used for irrigation”. Eurostat - Directorate E (Agri-
culture and environment statistics), administers the grant.

1.2. Objectives
The objectives of this pilot study are:

1) To develop a model based on geo-referenced data. The data involved encom-

passes precipitation, evaporation, soil, cultured land, crops and specific information
on growth periods and irrigation requirements.
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2) To produce a final technical implementation report including:

e Descriptions of the methodologies studied and model(s) developed.

e Definitions of the main concepts used.

e Recommendations for the relevant national statistical authorities on how to es-
timate the volume of water per holding in the SAPM: advantages and disadvan-
tages.

e Preliminary results from estimations based on the data available to this date and
the models or best approaches recommended for the future. The results are to be
presented in such a manner that confidentiality is ensured, and limited to an
amount of information suitable for a pilot study report.

e Suggestions, if necessary, to further development of the methodology.

1.3. Accomplishment of the project

From the very beginning, in the Grant application phase, it was clear that the pro-
ject should be implemented as a cooperation project between the natural scientists
at Bioforsk and the environmental statisticians at Statistics Norway.

The first project phase was conducted by Bioforsk, investigating various crops’
need for irrigation under different temperatures and soil texture conditions. In
phase two, Statistics Norway merged this information with administrative data on
agricultural holdings, precipitation and temperature data from different meteorol-
ogycal gauging stations near the test area. Area data on irrigated crops have until
today not been collected and Statistics Norway was therefore obliged to give area
estimations. These estimates were based on the assumption that agricultural hold-
ings that previously have reported on usage of irrigation equipment do make use of
these on crops that have important water needs.

Data regarding each holdings agricultural production (cultivated crops by area) is
available from the Norwegian Agricultural Authority, which is responsible for the
agricultural production subsidies. Not all datasets are currently available on a na-
tional scale and the pilot project was therefore restricted to some few munici-
palities, however with considerable agricultural area.

1.4. Definitions

Agricultural holding: A single unit, both technically and economically, which has
a single management engaged in agricultural production.

Agricultural property: A cultivated property. Can be owned by, or rented out to,
an agricultural holding.

Farm structure survey (FSS): A survey that is carried out by the EU Member
States every 10" year (the full scope being the agricultural census) and inter-
mediate sample surveys are carried out three times between these basic surveys.

The basic unit underlying the FSS is the agricultural holding. The FSS covers all

agricultural holdings with a Utilized Agricultural Area (UAA) of at least one hec-
tare and those holdings with a UAA of less than 1 hectare if their market produc-

tion exceeds certain natural thresholds.

Survey on Agricultural Production Methods (SAPM): A survey on agricultural
production methods used by agricultural holdings to be carried out by the EU
Member States. Member States shall provide information on the characteristics of
the agricultural production methods, such as; tillage methods, soil conservation,
landscape features, animal housing, animal grazing, manure (storage, treatment and
application) and irrigation.
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For each holding surveyed, Member States shall provide an estimation of the vol-
ume of water used for irrigation on the agricultural holding (in cubic metres, m’).
The estimation may be produced by means of a model. The results of this survey
shall be linked to the data obtained from the farm structure survey in 2010 at the
level of individual agricultural holdings.

Real property: Units identified by a municipality code and a unique address code.
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Documents 15/2010

Pilot study on estimating the volume of water for irrigation in Norway

2. Methodology

2.1. The water balance model

It was decided to use an existing model that includes water balance calculations
and various irrigation strategy options; the “EU-Rotate N (Rahn et al. 2008). The
model calculates potential evaporation and actual crop evapotranspiration using the
FAO approach (The Food and Agriculture Organization of the United Nations)
described in Allen et al. (1998), and was originally designed to calculate nitrogen
dynamics of arable and vegetable crops. For further study of this model, we rec-
ommend to read chapter 2 in Appendix III.

2.2. Data sources and data collection

Bioforsk and Statistics Norway have identified and used the data sources listed in
table 2.1. For references under the Bioforsk-section in table 2.1, see the report in

Appendix III.
Table 2.1. Data sources and the share of work
Institution [Topic Data sources
Bioforsk |Agricultural area that may be irrigated (access to Agricultural census 1999, Statistics Norway web
irrigation equipment) site
lAvailable soil water capacities (AWC) Riley, H. (1994). Irrigation needs and strategies
on soils of Southeast Norway. Proc. NJF seminar
nr. 247. "Agrohydrology and nutrient balances",
Uppsala. Medd. avd. for lantbrukets hydroteknik
94:5, 34-37
Precipitation: Monthly, annual and growing season | Norwegian Meteorological Institute,
precipitation sums (mm) for representative weather | http://met.no/English/
stations in various regions of Norway
[Evaporation Hetager & Lystad (1974), Johansson (1970),
Lystad (1981), Riley (1989), Riley (2003)
Irrigation strategies — crops’ drought sensitivity Riley & Dragland 1988;1991
Irrigation practices E. Berentsen, at Bioforsk: “Survey” on four col-
lective irrigation operators and one farmer host-
ing a field run-off study. Described in Appendix
111
Statistics [Soil texture Georeferenced data from The Norwegian Forest
Norway and Landscape Institute
Crops The Norwegian Agricultural Authority:
- Register of applications for agricultural produc-
tion subsidies. 2007
IAgricultural holdings The Norwegian Agricultural Authority:

- Farm Register

Potentially irrigated agricultural area in 2007
(equipped with irrigation systems) — data per agri-
cultural holding

Dataset from the Agricultural Survey 2007, Sta-
tistics Norway
http://statbank.ssb.no/statistikkbanken/selectvava
1/Define.asp?subjectcode=&Productld=&MainT
ble=Vanning&nvl=true&PLanguage=1&nyTmp
Var=true

Information on total area irrigated at least once in
2006, data per agricultural holding

Dataset from the Agricultural Survey 2007, Sta-
tistics Norway

Statistics Norway
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2.3. Geographical coverage

The estimates on irrigation requirements- development of coefficients
It was decided to concentrate on the Eastern region, which accounts for over 70 per
cent of the irrigated area in Norway, and on the Southern, South-Western and Cen-
tral regions. See figure 2.1 and chapter 2 in Appendix III.

Figure 2.1. Distribution of counties in the irrigation regions included in this study

Irrigation regions with coun-
ties

Eastern region (north):

2. Akershus (northern part)

4. Hedmark

5. Oppland

6. Buskerud (northern part)
Central region Eastern region (south):

1. Ostfold

2. Akershus (southern part)

6. Buskerud (southern part)

7. Vestfold

Eastern region 8. Telemark

north) Southern/South-Western region:
9. Aust-Agder

10. Vest-Agder

427 11. Rogaland

15. More og Romsdal

16. Ser-Trendelag

17. Nord-Trendelag

Norway

-

412

Oslo

Eastern region

(south) Case municipalities

0136 Rygge
0412 Ringsaker
0427 Elverum
0706 Sandefjord

138

Southem/
South-western regio

Application of the coefficients from the Bioforsk-study

For practical reasons Statistics Norway has narrowed down the number of agricul-
tural holdings included in the presentation of the individual irrigation volumes (see
Appendix I). The results are presented for agricultural holdings in four case mu-
nicipalities in the eastern irrigation region (see map above). Two municipalities are
located in the northern part, and two in the southern part of the region. The munici-
palities represent different agricultural production districts and irrigation regions
(see map above).

Further, Statistics Norway has previously used another method for estimating the
water usage in agriculture (Undelstvedt et al. 2008). In order to compare the results
from this pilot study with previous estimates four counties with reasonable data
coverage were selected. In chapter 3, preliminary figures from this study are com-
pared with previous estimates.
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Datasets used by Statistics Norway

The register of agricultural holdings

The register of agricultural holdings for 2007 contains 49 935 units, and informa-
tion on applications for agricultural subsidies from 48 138 agricultural holdings, or
96 per cent of the population.

Dataset from the Agricultural Survey 2007

This dataset includes data on areas reported as irrigated in 2006, for 1 236 agricul-
tural holdings. In the same survey the agricultural holdings reported on the poten-
tially irrigated area (area with access to irrigation equipment) for the survey year
(2007). This question was the same in the Agricultural Census 1999, whereby it
was possible to inflate the survey data from 2007. This sample inflation resulted in
data covering potentially irrigated land for 1 915 agricultural holdings in 2007.

Soil texture dataset from The Norwegian Forest and Landscape Institute

The geo-dataset on soil texture covers 163 out of 430 municipalities, or 43 per cent
of the total arable land. The soil texture data is collected on arable land only and
the coverage varies between municipalities and counties. Figure 2.2, below, illus-
trates the soil texture coverage of arable land per county.

For three of the counties we find almost a complete coverage of soil texture data:
Ostfold (81 per cent), Akershus (91 per cent) and Vestfold (99 per cent). In Hed-
mark, only half of the arable land is covered with regard to soil texture data.

Figure 2.2.  Soil texture, coverage for counties in the southern part of Norway in per cent

Soil texture coverage (%)
0-25
. 26-50
B 51-75
B s-o

County level — the four “case counties”:

The chosen counties for this case study are Vestfold, Ostfold, Akershus, and Hed-
mark (see figure 2.1). These counties represent only 12 per cent of the total Nor-
wegian land area, but more than one third (34 per cent of the total arable land. The
four counties contain 22 per cent of the agricultural holdings, some of the most
intensive agriculture holdings and some of the most important users of irrigation
equipment as they are localized in the driest parts of the country. According to the

1"
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survey data of 2007, 56 percent of the irrigated arable land is to be found here. The
four counties are within two different irrigation regions; the Eastern region (north)
and Eastern region (south). See figure 2.1 for location of the counties.

Table 2.2. Area-figures and number of agricultural holdings for selected counties

Total area, Arable land, Soil texture Agricultural hold-
County hectare hectare  data, hectare ings, number
1@stfold ..........cocoeeiii 388 761 73510 59 501 2674
2 Akershus ..........cccooeeeeiiiinnnn. 457 875 76 743 69 646 2532
4 Hedmark ... 2 608 388 102 575 50718 4039
7 Vestfold ..., 214 747 42 018 41 455 1742

2.4. Model development

The model for calculation of irrigation requirements focuses on the individual agri-
cultural holding. This can be viewed as a bottom up modelling approach. The vari-
ous features deciding the irrigation activity are attached to the holdings in steps
described below, and illustrated in figure 2.3.

First, using a GIS-tool, the map (geo-dataset) on real properties was joined with the
soil texture map (geo-dataset), and the soil texture was “translated” into the
drought sensitivity classes established by Bioforsk (see chapter 2.4 in Appendix
IIT). The major drought sensitivity classes are “Drought prone” and “Drought resis-
tant”. Each real property was assigned with a value for one of these classes. As
mentioned in the previous chapter, soil texture data is not complete and it was
therefore mandatory to assign a default drought sensitivity value for the real prop-
erties that were missing data. It was here decided to use drought prone as a default,
since drought resistant soils are rarely irrigated in Norway. Bearing in mind that the
later calculations will be carried out for agriculture holdings which have reported
on potentially irrigated land (access to irrigation equipment), it was reasonable to
assume that these holdings were not irrigating drought resistant soils.

The second step, in a SAS®-programme (see Appendix II), was to join information
on the irrigation regions with the agricultural properties and their soil characteris-
tics (drought sensitivity). The dominating drought sensitivity class (by area) was
identified for each agricultural holding.

Then, also in SAS®, the datasets on the agricultural holding level, on dominating
drought sensitivity classes and crops were joined. In addition, information from the
Agricultural Survey 2007 on agricultural holdings with irrigation equipment and
irrigation activity in 2006 and 2007 was attached.

The output was a dataset with (i) agricultural holdings that have applied for subsi-
dies for certain areas and crops. (ii) Data on areas that were reported in the 2007-
survey as irrigated at least once in 2006, and (iii) areas that could be irrigated (in
2007). In other words, we have three area-figures for each agricultural holding that
may reflect the irrigated area.

For the 2007 calculations, the best available information was the figures given on
areas that could be irrigated. For the further use in the study it was decided to con-
sider the figures as having the same status as the 2006 figures, i.e. irrigated at least
once in 2007.

The next step in the modelling was a selection process based on the areas in the

subsidies applications (from the register at The Norwegian Agricultural Authority)

and the Agricultural Survey 2007:

e When the total area in the application for subsidies for a given holding was
smaller than the area reported in the survey, the smaller figure in the further cal-
culations was used.

Statistics Norway
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e  When the opposite occurred, a larger area in the application than reported in the
survey, the smaller figure in the further calculations was used.

For the case municipalities, the areas chosen for further use in the calculations are
listed in Appendix I under the heading “Irrigated area, from model, hectare”.

Further it was necessary to assign the adequate coefficients to the areas chosen as
the most likely to be irrigated. Since no information exists on which agricultural
property (or field) that is irrigated, and no information on actually where the vari-
ous crops are grown, some assumptions based on expert assessment were made
(Hugh Riley at Bioforsk, Anne Snellingen Bye and Ole Rognstad at Statistics
Norway). The experts assumed, and agreed, that farmers with access to irrigation
equipment would prioritize their irrigation efforts to crops according to the follow-
ing ranked list:

1. Vegetables, field grown (carrot and herbs included)
2. Potatoes

3. Spring wheat

4. Barley

5. Oat

6. Fully cultivated meadows

7. Other

In our model, the chosen figure for irrigated area was distributed (or split) for each
agricultural holding, starting at the top of the list. When there was no information
available on vegetables in the application for subsidies for the agricultural holding
in question, next item was examined — potatoes, and so on. In cases where the cho-
sen figures were lower than in the subsidies applications, the area was distributed
following the same ratio as the crop areas in the application in addition to the rank-
ing above.

Finally, the adequate coefficients for irrigation requirement according to crop, soil
characteristics and irrigation region were employed (see also chapter 3 in Appendix
1I):

Irrigation volumes on cropland per holding:

Variables:

ah = agricultural holding with irrigation equipment available and irrigated once or
more last year (Values: “irrigated” or “not-irrigated”)

ir = Irrigation region or climate region as in figure 2.1 (Values: ir; — ir4)
st = soil texture (Values: “st; -drought resistant” or “st, -drought prone”)

Qahy = total volume of water for irrigation on cropland, m’, per agricultural hold-
ing and year

Irrigated area (hectares):

cra; = Vegetables, field grown (carrot and herbs included)
cra, = Potatoes

cra; = Spring wheat

cray = Barley

cras = Oat

Irrigation needs (mm):

crq; = Vegetables, field grown (carrot and herbs included)
crq, = Potatoes

crqs; = Spring wheat

crqq = Barley

crqs = Oat

13
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For each agricultural holding (ah) with irrigation equipment available and irrigated
once or more last year = “irrigated””:
If Ir = ir;..ir, then
If st = st,..st, then

Qahy =
((crap) * (crqp) ) + ( (cray) * (crqq) ) + ( (craz) * (crqs) ) +
((crag) * (crqqs) ) + ((cras) * (crqs) )

Figure 2.3. “Work flow” in development of model for calculation of irrigation volumes at
-agricultural holding-level.

a_
S=——— Ground properties
map &~ Soil texture map
e

A 4

< Geographical union and |
reclassification of soil texture
v to drought sensitivity classes.

\@_/ Agricultural property
with information

. \—/
on drought sensitivity classes. T — Irrigation region

for each
v municipality.

4 ]
The drought sensitivity class with largest area is identified.
@ Agricultural property with information on
dominating drought sensitivity class.

v

[ ]
e —————
_

\/

v

& — Agricultural holdings that have applied for subsidies

\_/_/
= and have areas that were irrigated (in 2006) or
could be irrigated (in 2007).
Distribution of the total irrigated area at each agricultural holding
which has applied for subsidies, by crop areas.
Distribution by priority:
1. Vegetables, field grown (carrot and herbs included)
2. Potatoes
. Spring wheat
. Barley
Oat
. Fully cultivated meadows
. Other

&= Agricultural property and the
v

— agricultural holding to which they
belong (owned or hired).

Agricultural holding with information on dominating drought
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& Agricultural holding with information on area
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holdings - applications for subsidies).
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3. Results

3.1. Output from the model

Clarification of the table in Annex |

Table of irrigation volumes for agricultural holdings in the four case municipalities
are available in Appendix I. The data are made anonymous. The municipalities are
Rygge (in Ostfold County), Ringsaker and Elverum (in Hedmark County) and
Sandefjord (in Vestfold County) (see figure 2.1).

The table in Appendix 1. contains the following headings:
Agricultural holding, anonymous

Year

Potentially irrigated area 1999, hectare
Irrigated area 2006, hectare

Potentially irrigated area 2007, hectare

Area in applications for subsidies 2007, hectare
Irrigation region

Dominating drought sensitivity class (1= drought prone, 2 = drought resistant)
Irrigated area, from model, hectare

Vegetables, hectare

Potatoes, hectare

Spring wheat, hectare

Barley, hectare

Oat, hectare

Fully cultivated meadows, hectare

Cherries, hectare

Apples, hectare

Pears, hectare

Plums, hectare

Strawberries, hectare

Other berries, hectare

Irrigation volume, m3

Appendix 1. shows the results covering two years, 2006 and 2007, and the figures
per agricultural holding for these two years are paired. In some cases there are no
information for 2006 available, hence the rows where 2007-figures are not sepa-
rated by a “2006-row”.

Below are two examples that illustrate how the area selection process worked:

Example 1, (Rows 1 and 2, municipality Rygge):
Agricultural holding 01360000X000X0000 (The agricultural holding id, Appendix
I field 1, is made anonymous)

The 2006-calculation:

As the figure on area (in hectares) irrigated at least once in 2006 (from survey) is
smaller than the figure from the application for subsidies the survey figure was
used. The figure was distributed to “Spring wheat” according to information in the
application for subsidies. Adequate coefficient was employed for calculation of the
irrigation volume.

The 2007-calculation:

As the figure on area that could be irrigated (from survey) is equal to the figure
from the application for subsidies, the application figure was used. The figure was
distributed to “Spring wheat” according to information in the application for subsi-

15
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dies and adequate coefficient was employed for calculation of the irrigation vol-
ume.

Example 2, (second pair under municipality Ringsaker):
Agricultural holding 041200XXX000X0000 (The agricultural holding id, Appen-
dix I field 1, is made anonymous)

The 2006-calculation:

As the figure on area irrigated at least once in 2006 (from survey) is smaller than
the figure from the application for subsidies, the survey figure was used. The figure
was distributed to “Vegetables” according to information in the application for
subsidies and adequate coefficient was employed for calculation of the irrigation
volume.

The 2007-calculation:

As the figure on area that could be irrigated (from survey) is smaller than the figure
from the application for subsidies, the survey figure was used. The figure was dis-
tributed to “Vegetables” and “Barely” according to information in the application
for subsidies and adequate coefficient was employed for calculation of the irriga-
tion volume.

The above reasoning gives quite different outputs for many of the agricultural hold-
ings for 2006 and 2007. This is discussed in chapter 4.

The distribution of areas on crops in Appendix |

In Appendix I, not all areas distributed on crops contribute to the figure on irriga-
tion volume (column to the far right). This is because coefficients have been devel-
oped only for vegetables, potatoes and cereals. In an attempt to avoid misunder-
standings, and with respect to the dataset from agricultural subsidies applications,
the columns on fruits and berries are included for completeness.

3.2. The total volume of irrigation in four counties -
compared with previous estimates by Statistics
Norway

In 2008, Statistics Norway submitted a pilot study on improvement of methods for
water statistics (Undelstvedt et al. 2008). The irrigation-figures given in the pilot
study were calculated with the following model:

Irrigation on cropland — model from pilot study in 2008:

p. = precipitation in mm, long term annual average, by county

Pn = precipitation in mm, year n, by county

r, = irrigation requirements in an average year = 100 mm/year

r, = irrigation requirements in year n, by county

a, = area with irrigation equipment available and irrigated once or more last
year, by county

Q. = irrigation, by county

Q = total volume of water for irrigation on cropland, million m’

In = (pa _pn)+ra
Qi = if (1, >0 then (1, * a, /1 000 000) else 0)

Q=(2.Q, Q)

Based on the available data on soil texture for the project here (see chapter 2) we
have used the new model on the counties Dstfold, Akershus, Hedmark and Vest-
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fold. The dataset for these counties comprises 1 165 agricultural holdings. The new
approach to irrigation calculations presented in the recent study shows that the total
volume for irrigation comes out quite different compared to the 2008-pilot (see
table 3.1).

The former model is rather “rough” since it is based on the precondition that the
annual irrigation requirement is 100 mm on average, regardless soil texture and
crop. The former model also presupposes that all areas that potentially could be
irrigated (access to irrigation equipment according to Agricultural Survey 2007)
actually were irrigated. The recent model must be considered much more sophisti-
cated and more likely to reflect the actual irrigation activity.

Table 3.1. Estimates on irrigation volumes by county 2006 and 2007, figures from 2008-pilot
versus recent model.

Year 2006 2007

2008-pilot 2008-pilot 2009-pilot
County Mill. m* Mill. m* Mill. m®
Gstfold ...........cooeeiiiie 9.38 5.00 1.1
Oslo and Akershus ................. 3.39 0.00 0.83
Hedmark ...............ccooeeil. 22.34 24.50 1.96
Vestfold ............ccoeeiiiiiinil. 5.34 0.00 1.02
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4. Assessments and future work

4.1. Assessment of the results

Main output: Irrigation figures at the agricultural holding level

Despite methodological challenges, due to lack of direct or indirect geo-referenced
information on crops and insufficient information on soil texture, figures on irriga-
tion volumes per agricultural holding have been calculated for parts of Norway.

The accuracy of the calculations has been improved considerably compared with
the former model employed by Statistics Norway. This is so because the input data
are partly on the holding level (crop areas, irrigated areas) and partly on regional
level (coefficients based on climate observations and soil texture).

The area selection

An important source of error in the calculated volumes is the design of the selec-
tion process for which area figure to use for each agricultural holding. This has to
do with the precondition set in chapter 2.4 for potentially irrigated areas, i.e. the
areas reported as “could be irrigated” in 2007:

“For the 2007 calculations, the best available information was the figures given on
areas that could be irrigated. For the further use in the study it was decided to
consider the figures as having the same status as the 2006 figures, i.e. irrigated at
least once in 2007.”

Compared with the 2006-figures on actually irrigated areas, the 2007-figures may
in many cases be much too high.

Many of the agricultural holdings reported 2007-figures that also exceeded the crop
areas in the subsidies-applications, and vice versa. However, in many cases the two
figures do match. A minimum solution to this dilemma was chosen; whenever
there was divergence the smaller of the two figures/areas was selected. The conse-
quence is that the estimates on water use are conservative; figures might be even
higher.

The same principle was used for the 2006-calculations, since divergences also oc-
curred between reported 2006-figures on actually irrigated areas and the crop areas
in the subsidies-applications.

Figure 4.1 is an attempt to illustrate the diversity in the two datasets. Out of the

1 165 agricultural holdings in the four counties included in our calculations, nearly
590 holdings reported in 2007 areas as “could be irrigated” that exceeded the crop
areas (vegetables, potatoes and cereals) from the subsidies applications included in
our model. This feature calls for caution when it comes to using the 2007-survey
information on “could be irrigated” as basis for our water volume calculations,
hence the minimum solution as described above.
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Figure 4.1. Number of agricultural holdings by proportion of potentially irrigated area (2007) in
relation to crop areas (vegetables, potatoes and cereals) from applications for sub-
sidies for 2007
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The coefficients on irrigation requirements

The coefficients made available to Statistics Norway relates to climate, soil texture
and various crops. The coefficients are exclusive for every year in the period com-
prised by the Bioforsk-study. This gives Statistics Norway the possibility to study
the variation in irrigation needs over the years but also to determine future irriga-
tion needs.

Sources of error

Apart from the selection method discussed in chapter 4.1.2, there are two other
major sources of error. One is lack of soil texture data. In this project, missing soil
data has been replaced by a default value (see chapter 2.4). We have made no at-
tempt to quantify the consequence of this error.

The other source of error is the ranked list of crops used to distribute the assumed
irrigated areas by crop. We have made no attempt to quantify the consequence of
this error.

4.2. Recommendations and future work

Revision of national figures on water use
The results from this pilot study indicate that Statistics Norway should revise the
previously reported national figures on water use in the primary industries.

Future reporting

Statistics Norway should consider if the method developed here can form the basis
for future reporting on irrigation according to regulation EC 1166/2008. Questions
which must be considered, is the cost-effect-fraction on the work to maintain the
model and to extend the data base with more units to cover the whole country.
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Future improvements

In the 2010 Agriculture Census, Statistics Norway will ask for more information on
irrigation; most likely breakdown of the irrigated land per crop. This could provide
useful information for more accurate calculations per agricultural holding in the
years to come.

Another field that needs attention is data on soil texture. The coverage is not suffi-
cient if the method developed in this study should be employed for all regions (see
figure 2.2). In the years to come, more areas will be mapped according to soil
qualities, and these data should be used in the model.

To achieve a complete picture on water use for irrigation in Norway it will be nec-
essary to improve the methodology for outdoor' fruits and berries.

In order to fulfil future reporting obligations according to the regulation EC
1166/2008, all of the above-mentioned fields of improvement should be considered
and acted upon.

As of date the methodology developed in this study is the most likely to provide
the best available information on irrigation at the agricultural holding level in Nor-
way. This report recommends that Statistics Norway employ the model and con-
ducts the necessary development work as outlined above.

! Greenhouse-irrigation was included in a former pilot study on water use carried out by Statistics
Norway (Undelstvedt et al. 2008).
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Appendix | - Table on irrigation volumes for agricul-
tural holdings in four case municipalities

Irrigation volumes for agricultural holdings in 4 case municipalities. The data are
anonymous. The municipalities are 0136 Rygge, 0412 Ringsaker, 0427 Elverum
and 0706 Sandefjord.
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Agri- Year Hectare Irriga- Domi- Hectare Irriga-
cultural tion nating tion
holding, region  drought vogume
anonym- Irri- Poten- Area sensmwtz Irriga- Vege- Pota- Spring Bar- Oat Fully Cher- Ap- Pears Plums Straw- Other M
ous gated tially in class (1= ted tables toes wheat ley cul- ries ples berries berries

- ) drought :

area irriga-  gppli- prone,  area, tiva-
2006 ted cations 2=dr0ughi from ted
area for istant) model mea-
2007 b resistant) dows
sidies
2007

0136000 Eastern
0X000X region
0000 .... 2006 2 28 28 (south) 1 2 - - 2 - - - - - - - 2970
0136000 Eastern
0X000X region
0000 .... 2007 2 28 28 (south) 1 28 - - 28 - - - - - - - 12375
0136000 Eastern
0X000X region
0000 .... 2006 25 25 22 (south) 1 22 - - 22 - - - - - - - 29025
0136000 Eastern
0X000X region
0000 .... 2007 25 25 22 (south) 1 22 - - 22 - - - - - - - 9675
0136000 Eastern
XX000X region
0000 .... 2006 57 57 41 (south) 1 41 - 18 22 - - - - - - - 46 665
0136000 Eastern
XX000X region
0000 .... 2007 57 57 41 (south) 1 41 - 18 22 - - - - - - - 12795
0136000 Eastern
X0000X region
0000 .... 2006 40 50 44  (south) 1 40 4 2 - - - 35 - - - - 3630
0136000 Eastern
X0000X region
0000 .... 2007 40 50 44 (south) 1 44 4 2 - - - 38 -0 - - 2355
0136000 Eastern
XX000X region
0000 .... 2006 26 30 51 (south) 1 26 - - 26 - - - - - - - 35100
0136000 Eastern
XX000X region
0000 .... 2007 26 30 51 (south) 1 30 - - 30 - - - - - - - 13 500
0136000 Eastern
XX000X region
0000 .... 2006 13 13 13 (south) 1 13 5 3 6 - - - - - - - 12945
0136000 Eastern
XX000X region
0000 .... 2007 13 13 13 (south) 1 13 5 3 6 - - - - - - - 5940
0136000 Eastern
XX000X region
0000 .... 2006 50 61 61 (south) 1 50 11 17 19 4 - - - - - - 51600
0136000 Eastern
XX000X region
0000 .... 2007 50 61 61 (south) 1 61 11 17 19 14 - - - - - - 23775
0136000 Eastern
XX000X region
0000 .... 2006 50 55 58 (south) 1 50 9 19 - 22 - - - - - - 52 050
0136000 Eastern
XX000X region
0000 .... 2007 50 55 58 (south) 1 55 9 19 - 27 - - - - - - 20430
0136000 Eastern
XX000X region
0000 .... 2006 19 22 5 (south) 1 5 - - 5 - - - - - - - 7155
0136000 Eastern
XX000X region
0000 .... 2007 19 22 5 (south) 1 5 - - 5 - - - - - - - 2385
0136000 Eastern
XX000X region
0000 .... 2006 6 8 10 (south) 1 6 - - 6 - - - - - - - 8100
0136000 Eastern
XX000X region
0000 .... 2007 6 8 10 (south) 1 8 - - 8 - - - - - - - 3375
0136000 Eastern
XX000X region
0000 .... 2007 - 3 4 (south) 1 3 - - 3 - - - - - - - 1260
0136000 Eastern
XX000X region
0000 .... 2006 10 28 28 (south) 1 10 3 2 5 - - - - - - - 10 350
0136000 Eastern
XX000X region
0000 .... 2007 10 28 28 (south) 1 28 3 2 13 10 - - - - - - 12315
0136000 Eastern
XX000X region
0000 .... 2007 - 13 14 (south) 1 13 13 - - - - - - - - - 7800
0136000 Eastern
XX000X region
0000 .... 2006 4 4 4 (south) 1 4 - - - - - - - - - 4 -
0136000 Eastern
XX000X region
0000 .... 2007 4 4 4 (south) 1 4 - - - - - - - - - 4 -
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Agri- Year Hectare Irriga- Domi- Hectare Irriga-
cultural tion nating tion
holding, region  drought vogume
anonym- Irri- Poten- Area sensmwtz Irriga- Vege- Pota- Spring Bar- Oat Fully Cher- Ap- Pears Plums Straw- Other M
ous gated tially in class (1= ted tables toes wheat ley cul- ries ples berries berries

- ) drought :

area irriga-  gppli- prone,  area, tiva-
2006 ted cations 2=dr0ughi from ted
area for istant) model mea-
2007 b resistant) dows
sidies
2007

0136000 Eastern
XX000X region
0000 .... 2006 10 20 8 (south) 1 8 - - 3 5 - - - - - - - - 10 800
0136000 Eastern
XX000X region
0000 .... 2007 10 20 8 (south) 1 8 - - 3 5 - - - - - - - - 3600
0136000 Eastern
XX000X region
0000 .... 2006 17 19 19 (south) 1 17 10 3 - 3 - - - - - - 1 - 12480
0136000 Eastern
XX000X region
0000 .... 2007 17 19 19 (south) 1 19 10 3 - 3 - - - - - - 3 0 7905
0412000 Eastern
0X000X region
0000 .... 2006 8 8 11 (north) 1 8 1 - 5 - 2 - - - - - - - 8700
0412000 Eastern
0X000X region
0000 .... 2007 8 8 11 (north) 1 8 1 - 5 - 2 - - - - - - - 2240
041200X Eastern
XX000X region
0000 .... 2006 4 9 13 (north) 1 4 4 - - - - - - - - - - - 1575
041200X Eastern
XX000X region
0000 .... 2007 4 9 13 (north) 1 9 4 0 - 4 - - - - - - - - 2930
041200X Eastern
XX000X region
0000 .... 2006 60 60 89 (north) 1 60 - 13 47 - - - - - - - - - 66 630
041200X Eastern
XX000X region
0000 .... 2007 60 60 89 (north) 1 60 - 13 47 - - - - - - - - - 13 800
041200X Eastern
XX000X region
0000 .... 2006 50 50 66 (north) 1 50 - - 22 22 - 6 - - - - - - 52920
041200X Eastern
XX000X region
0000 .... 2007 50 50 66 (north) 1 50 - - 22 22 - 6 - - - - - - 11025
041200X Eastern
X0000X region
0000 .... 2007 - 45 50 (north) 1 45 7 15 18 6 - - - - - - - - 11050
041200X Eastern
XX000X region
0000 .... 2006 19 25 25 (north) 1 19 - - - 19 - - - - - - - - 22 800
041200X Eastern
XX000X region
0000 .... 2007 19 25 25 (north) 1 25 - - - 23 - 2 - - - - - - 5725
041200X Eastern
XX000X region
0000 .... 2006 5 5 34 (north) 1 5 - - - 5 - - - - - - - - 6000
041200X Eastern
XX000X region
0000 .... 2007 5 5 34 (north) 1 5 - - - 5 - - - - - - - - 1250
041200X Eastern
0X000X region
0000 .... 2006 50 55 79 (north) 1 50 - - 25 25 - - - - - - - - 60 000
041200X Eastern
0X000X region
0000 .... 2007 50 55 79 (north) 1 55 - - 25 30 - - - - - - - - 13750
041200X Eastern
XX000X region
0000 .... 2006 37 37 75 (north) 1 37 - - 24 13 - - - - - - - - 44 640
041200X Eastern
XX000X region
0000 .... 2007 37 37 75 (north) 1 37 - - 24 13 - - - - - - - - 9300
041200X Eastern
X0000X region
0000 .... 2007 - 5 8 (north) 1 5 - - - - - 5 - - - - - - -
041200X Eastern
XX000X region
0000 .... 2007 - 24 60 (north) 1 24 - - 21 3 - - - - - - - - 6000
041200X Eastern
XX000X region
0000 .... 2006 25 25 46 (north) 1 25 - - 12 13 - - - - - - - - 30 000
041200X Eastern
XX000X region
0000 .... 2007 25 25 46 (north) 1 25 - - 12 13 - - - - - - - - 6250
041200X Eastern
XX000X region
0000 .... 2006 70 70 57 (north) 1 57 - 8 10 11 29 - - - - - - - 65175
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Agri- Year Hectare Irriga- Domi- Hectare Irriga-
cultural tion nating tion
holding, region  drought vogume
anonym- Irri- Poten- Area sensmwtz Irriga- Vege- Pota- Spring Bar- Oat Fully Cher- Ap- Pears Plums Straw- Other M
ous gated tially in class (1= ted tables toes wheat ley cul- ries ples berries berries

- ) drought :

area irriga-  gppli- prone,  area, tiva-
2006 ted cations 2=dr0ughi from ted
area for istant) model mea-
2007 b resistant) dows
sidies
2007

041200X Eastern
XX000X region
0000 .... 2007 70 70 57 (north) 1 57 - 8 10 11 29 - - - - - 13530
041200X Eastern
XX000X region
0000 .... 2006 35 90 78 (north) 1 35 - - 10 16 5 4 - - - - 36 960
041200X Eastern
XX000X region
0000 .... 2007 35 90 78 (north) 1 78 - - 10 16 5 47 - - - - 7700
041200X Eastern
XX000X region
0000 .... 2006 33 33 56 (north) 1 33 - - - 33 - - - - - - 39600
041200X Eastern
XX000X region
0000 .... 2007 33 33 56 (north) 1 33 - - - 33 - - - - - - 8250
041200X Eastern
XX000X region
0000 .... 2006 15 70 75 (north) 1 15 - - 9 7 - - - - - - 18 000
041200X Eastern
XX000X region
0000 .... 2007 15 70 75 (north) 1 70 - - 9 40 - 22 - - - - 12125
041200X Eastern
X0000X region
0000 .... 2006 7 7 49 (north) 1 7 - - - 7 - - - - - - 8400
041200X Eastern
X0000X region
0000 .... 2007 7 7 49 (north) 1 7 - - - 7 - - - - - - 1750
041200X Eastern
XX000X region
0000 .... 2007 - 25 24 (north) 1 24 - - - 17 7 - - - - - 6100
041200X Eastern
XX000X region
0000 .... 2006 30 31 33 (north) 1 30 - - 18 - - 12 - - - - 21600
041200X Eastern
XX000X region
0000 .... 2007 30 31 33 (north) 1 31 - - 18 - - 13 - - - - 4500
041200X Eastern
XX000X region
0000 .... 2006 20 23 17 (north) 1 17 - - - 17 - - - - - 0 20 400
041200X Eastern
XX000X region
0000 .... 2007 20 23 17 (north) 1 17 - - - 17 - - - - - 0 4250
041200X Eastern
XX000X region
0000 .... 2006 9 9 19 (north) 1 9 - 1 - 8 - - - - - - 10335
041200X Eastern
XX000X region
0000 .... 2007 9 9 19 (north) 1 9 - 1 - 8 - - - - - - 2150
041200X Eastern
XX000X region
0000 .... 2006 20 22 22 (north) 1 20 - - 11 9 - - - - - - 24 000
041200X Eastern
XX000X region
0000 .... 2007 20 22 22 (north) 1 22 - - 11 11 - - - - - - 5375
041200X Eastern
XX000X region
0000 .... 2006 47 91 120 (north) 1 47 - 13 34 - - - - - - - 50 370
041200X Eastern
XX000X region
0000 .... 2007 47 91 120 (north) 1 91 - 13 78 - - - - - - - 21410
041200X Eastern
XX000X region
0000 .... 2006 42 42 33 (north) 1 33 - - - 23 10 - - - - - 39600
041200X Eastern
XX000X region
0000 .... 2007 42 42 33 (north) 1 33 - - - 23 10 - - - - - 8250
041200X Eastern
XX000X region
0000 .... 2006 47 47 44 (north) 1 44 - - 11 33 - - - - - - 52 680
041200X Eastern
XX000X region
0000 .... 2007 47 47 44 (north) 1 44 - - 11 33 - - - - - - 10975
041200X Eastern
X0000X region
0000 .... 2006 40 50 51 (north) 1 40 21 - - 2 - 18 - - - - 11625
041200X Eastern
X0000X region
0000 .... 2007 40 50 51 (north) 1 50 21 - - 2 - 28 - - - - 9725
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Agri- Year Hectare Irriga- Domi- Hectare Irriga-
cultural tion nating tion
holding, region  drought vogume
anonym- Irri- Poten- Area sensmwtz Irriga- Vege- Pota- Spring Bar- Oat Fully Cher- Ap- Pears Plums Straw- Other M
ous gated tially in class (1= ted tables toes wheat ley cul- ries ples berries berries

- ) drought :

area irriga-  gppli- prone,  area, tiva-
2006 ted cations 2=dr0ughi from ted
area for istant) model mea-
2007 b resistant) dows
sidies
2007

041200X Eastern
XX000X region
0000 .... 2006 7 18 20 (north) 1 7 - - 4 3 - - - - - - - 8400
041200X Eastern
XX000X region
0000 .... 2007 7 18 20 (north) 1 18 - - 4 5 - 8 - - - - - 2350
041200X Eastern
XX00X0 region
0000 .... 2006 5 5 4 (north) 1 4 - - 4 - - - - - - - - 5280
041200X Eastern
XX00X0 region
0000 .... 2007 5 5 4 (north) 1 4 - - 4 - - - - - - - - 1100
041200X Eastern
XX00XX region
0000 .... 2007 - 12 8 (north) 1 8 - - 4 4 - - - - - - - 1975
041200X Eastern
XX000X region
0000 .... 2006 67 85 85 (north) 1 67 - - 35 14 - 17 - - - - - 58 920
041200X Eastern
XX000X region
0000 .... 2007 67 85 85 (north) 1 85 - - 35 14 - 30 - - - 6 112275
041200X Eastern
XX000X region
0000 .... 2006 15 100 119 (north) 1 15 - - 15 - - - - - - - - 18 000
041200X Eastern
XX000X region
0000 .... 2007 15 100 119 (north) 1 100 - - 44 49 - 7 - - - - - 23275
041200X Eastern
XX000X region
0000 .... 2006 49 49 48 (north) 1 48 - M 33 - - 4 - - - - - 47 490
041200X Eastern
XX000X region
0000 .... 2007 49 49 48 (north) 1 48 - M 33 - - 4 - - - - - 9825
041200X Eastern
X0000X region
0000 .... 2006 4 32 58 (north) 1 4 - - 4 - - - - - - - - 4800
041200X Eastern
X0000X region
0000 .... 2007 4 32 58 (north) 1 32 - - 32 - - - - - - - - 7875
041200X Eastern
XX000X region
0000 .... 2006 7 31 31 (north) 1 7 - - - - - 7 - - - - - -
041200X Eastern
XX000X region
0000 .... 2007 7 31 31 (north) 1 31 - - - - - 31 - - - - - -
041200X Eastern
0X000X region 118
0000 .... 2006 110 110 110 (north) 1 110 - 28 55 27 - - - - - - - 800
041200X Eastern
0X000X region
0000 .... 2007 110 110 110 (north) 1 110 - 28 55 27 - - - - - - - 24 575
041200X Eastern
0X000X region
0000 .... 2007 - 47 42 (north) 1 42 - - - 42 - - - - - - - 10575
041200X Eastern
XX000X region
0000 .... 2006 27 27 28 (north) 1 27 4 - 24 - - - - - - - - 29775
041200X Eastern
XX000X region
0000 .... 2007 27 27 28 (north) 1 27 4 - 24 - - - - - - - - 7450
041200X Eastern
XX000X region
0000 .... 2006 5 9 9 (north) 1 5 - - 5 - - - - - - - - 6000
041200X Eastern
XX000X region
0000 .... 2007 5 9 9 (north) 1 9 - - 8 - - - - - - 1 - 1900
041200X Eastern
X0000X region
0000 .... 2006 6 8 13 (north) 1 6 6 - - - - - - - - - - 2475
041200X Eastern
X0000X region
0000 .... 2007 6 8 13 (north) 1 8 6 - - 2 - - - - - - - 3120
041200X Eastern
XX000X region
0000 .... 2007 - 50 68 (north) 1 50 - 21 29 - - - - - - - - 10 400
041200X Eastern
XX000X region
0000 .... 2006 44 4 53 (north) 1 44 12 - 24 8 - - - - - - - 43 350
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Agri- Year Hectare Irriga- Domi- Hectare Irriga-
cultural tion nating tion
holding, region  drought vogume
anonym- Irri- Poten- Area sensmwtz Irriga- Vege- Pota- Spring Bar- Oat Fully Cher- Ap- Pears Plums Straw- Other M
ous gated tially in class (1= ted tables toes wheat ley cul- ries ples berries berries

- ) drought :

area irriga-  gppli- prone,  area, tiva-
2006 ted cations 2=dr0ughi from ted
area for istant) model mea-
2007 b resistant) dows
sidies
2007

041200X Eastern
XX000X region
0000 .... 2007 44 4 53 (north) 1 4 4 - - - - - - - - - 1800
041200X Eastern
XX000X region
0000 .... 2006 50 60 61 (north) 1 50 - " 31 8 - - - - - - 54 960
041200X Eastern
XX000X region
0000 .... 2007 50 60 61 (north) 1 60 - " 31 9 - 9 - - - - 11555
041200X Eastern
X0000X region
0000 .... 2006 30 38 26 (north) 1 26 - - 7 19 - - - - - - 30720
041200X Eastern
X0000X region
0000 .... 2007 30 38 26 (north) 1 26 - - 7 19 - - - - - - 6400
041200X Eastern
XX000X region
0000 .... 2006 5 5 6 (north) 1 5 - - - - - - - - 5 - -
041200X Eastern
XX000X region
0000 .... 2007 5 5 6 (north) 1 5 - - - - - - - - 5 - -
041200X Eastern
XX000X region
0000 .... 2006 50 50 66 (north) 1 50 - 6 24 9 - 11 - - - - 44 220
041200X Eastern
XX000X region
0000 .... 2007 50 50 66 (north) 1 50 - 6 24 9 - 11 - - - - 9175
041200X Eastern
XX000X region
0000 .... 2006 15 27 29 (north) 1 15 - - - - 4 11 - - - - 5040
041200X Eastern
XX000X region
0000 .... 2007 15 27 29 (north) 1 27 - - - - 4 22 - - - - 1050
041200X Eastern
X0000X region
0000 .... 2006 17 38 39 (north) 1 17 - - - 17 - - - - - - 20 400
041200X Eastern
X0000X region
0000 .... 2007 17 38 39 (north) 1 38 - - - 20 - - - - 18 - 4900
041200X Eastern
XX000X region
0000 .... 2007 - 8 10 (north) 1 8 - 0 - - - 7 - - - - 15
041200X Eastern
XX000X region
0000 .... 2007 - 32 53 (north) 1 32 - - 17 15 - - - - - - 8000
041200X Eastern
XX000X region
0000 .... 2006 30 54 44 (north) 1 30 - - 24 6 - - - - - - 36 000
041200X Eastern
XX000X region
0000 .... 2007 30 54 44 (north) 1 44 - - 24 15 - 5 - - - - 9750
041200X Eastern
XX000X region
0000 .... 2006 20 25 28 (north) 1 20 - - 20 - - - - - - - 24 000
041200X Eastern
XX000X region
0000 .... 2007 20 25 28 (north) 1 25 - - 23 2 - - - - - - 6250
041200X Eastern
XX000X region
0000 .... 2006 60 60 123 (north) 1 60 - 16 44 - - - - - - - 64 800
041200X Eastern
XX000X region
0000 .... 2007 60 60 123 (north) 1 60 - 16 44 - - - - - - - 13400
041200X Eastern
X0000X region
0000 .... 2006 10 70 61 (north) 1 10 - - 10 - - - - - - - 12 000
041200X Eastern
X0000X region
0000 .... 2007 10 70 61 (north) 1 61 - - 37 11 7 6 - - - - 13675
041200X Eastern
XX000X region
0000 .... 2007 - 7 7 (north) 1 7 - - 7 - - - - - - - 1750
0427000 Eastern
XX000X region
0000 .... 2006 56 89 86 (north) 1 56 - - - 45 - 11 - - - - 54 480
0427000 Eastern
XX000X region
0000 .... 2007 56 89 86 (north) 1 86 - - - 45 - 40 - - - - 11 350
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Agri- Year Hectare Irriga- Domi- Hectare Irriga-
cultural tion nating tion
holding, region  drought vogume
anonym- Irri- Poten- Area sensmwtz Irriga- Vege- Pota- Spring Bar- Oat Fully Cher- Ap- Pears Plums Straw- Other M
ous gated tially in class (1= ted tables toes wheat ley cul- ries ples berries berries

- ) drought :

area irriga-  gppli- prone,  area, tiva-
2006 ted cations 2=dr0ughi from ted
area for istant) model mea-
2007 b resistant) dows
sidies
2007

0427000 Eastern
XX000X region
0000 .... 2007 - 12 25 (north) 1 12 - - - 12 - - - - - - - - 3000
0427000 Eastern
XX000X region
0000 .... 2006 10 35 33 (north) 1 10 - - - 8 2 - - - - - - - 12 000
0427000 Eastern
XX000X region
0000 .... 2007 10 35 33 (north) 1 33 - - - 8 25 - - - - - - - 8225
0427000 Eastern
XX00X0 region
0000 .... 2006 10 30 64 (north) 1 10 - - 5 - 5 - - - - - - - 12 000
0427000 Eastern
XX00X0 region
0000 .... 2007 10 30 64 (north) 1 30 - - 5 - 25 - - - - - - - 7500
0427000 Eastern
XX000X region
0000 .... 2006 15 30 81 (north) 1 15 - 15 - - - - - - - - - - 11250
0427000 Eastern
XX000X region
0000 .... 2007 15 30 81 (north) 1 30 - 15 5 9 - - - - - - - - 5980
0427000 Eastern
XX000X region
0000 .... 2006 5 5 48 (north) 1 5 - - 5 - - - - - - - - - 6000
0427000 Eastern
XX000X region
0000 .... 2007 5 5 48 (north) 1 5 - - 5 - - - - - - - - - 1250
0427000 Eastern
XX00XX region
0000 .... 2006 55 100 286 (north) 1 55 - 34 21 - - - - - - - - - 50 745
0427000 Eastern
XX00XX region
0000 .... 2007 55 100 286 (north) 1 100 - 34 26 40 - - - - - - - - 21610
0427000 Eastern
XX00XX region
0000 .... 2007 - 5 2 (north) 1 2 - 1 - - 1 - - - - - - - 490
0427000 Eastern
XX000X region
0000 .... 2006 30 36 70 (north) 1 30 - - - 30 - - - - - - - - 36 000
0427000 Eastern
XX000X region
0000 .... 2007 30 36 70 (north) 1 36 - - - 36 - - - - - - - - 9000
0427000 Eastern
XX000X region
0000 .... 2007 - 7 60 (north) 1 7 - - - 7 - - - - - - - - 1750
0427000 Eastern
XX000X region
0000 .... 2007 - 17 63 (north) 1 17 - - - 17 - - - - - - - - 4250
042700X Eastern
0X000X region
0000 .... 2007 - 13 1 (north) 1 1 - - - - - 1 - - - - - - -
0706000 Eastern
0X000X region
0000 .... 2007 - 9 59 (south) 1 9 - - - - 6 3 - - - - - - 2700
0706000 Eastern
0X000X region
0000 .... 2007 - 35 18 (south) 1 18 - - 18 - - - - - - - - - 7965
0706000 Eastern
X0000X region
0000 .... 2006 27 88 47 (south) 1 27 6 - 21 - - - - - - - - - 31950
0706000 Eastern
X0000X region
0000 .... 2007 27 88 47 (south) 1 47 6 - 41 - - - - - - - - - 21870
0706000 Eastern
XX00XX region
0000 .... 2007 - 3 3 (south) 1 3 - 1 - - - - - - - - 1 0 180
0706000 Eastern
XX00XX region
0000 .... 2006 50 100 18 (south) 1 18 - - - 18 - - - - - - - - 23625
0706000 Eastern
XX00XX region
0000 .... 2007 50 100 18 (south) 1 18 - - - 18 - - - - - - - - 7875
0706000 Eastern
XX000X region
0000 .... 2006 1 15 33 (south) 1 1 - - 1 - - - - - - - - - 1350
0706000 Eastern
XX000X region
0000 .... 2007 1 15 33 (south) 1 15 - - 6 - 7 3 - - - - - - 5580
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Agri- Year Hectare Irriga- Domi- Hectare Irriga-
cultural tion nating tion
holding, region  drought vogume
anonym- Irri- Poten- Area sensmth Irriga- Vege- Pota- Spring Bar- Oat Fully Cher- Ap- Pears Plums Straw- Other M
ous gated tially in class (1= ted tables toes wheat ley cul- ries ples berries berries

- ) drought :

area irriga-  gppli- prone,  area, tiva-
2006 ted cations 2=dr0ughi from ted
area for istant) model mea-
2007 b resistant) dows
sidies
2007

0706000 Eastern
X0000X region
0000 .... 2006 17 42 38 (south) 1 17 6 1 - 10 - - - - - - 17 880
0706000 Eastern
X0000X region
0000 .... 2007 17 42 38 (south) 1 38 6 1 - 12 - 19 - - - - 9330
0706000 Eastern
XX00XX region
0000 .... 2006 8 10 22 (south) 1 8 - - 5 - - 3 - - - - 6210
0706000 Eastern
XX00XX region
0000 .... 2007 8 10 22 (south) 1 10 - - 5 - - 5 - - - - 2070
0706000 Eastern
XX000X region
0000 .... 2006 3 15 23 (south) 1 3 - - - - - 3 - - - - -
0706000 Eastern
XX000X region
0000 .... 2007 3 15 23 (south) 1 15 - - - - - 15 - - - - -
0706000 Eastern
XX000X region
0000 .... 2006 5 22 29 (south) 1 5 1 - 5 - - - - - - - 6375
0706000 Eastern
XX000X region
0000 .... 2007 5 22 29 (south) 1 22 1 - 7 - - 15 - - - - 3315
0706000 Eastern
XX000X region
0000 .... 2006 20 45 65 (south) 1 20 - - - 20 - - - - - - 27 000
0706000 Eastern
XX000X region
0000 .... 2007 20 45 65 (south) 1 45 - - - 32 - 13 - - - - 14 220
0706000 Eastern
XX000X region
0000 .... 2006 2 20 20 (south) 1 2 2 - 0 - - - - - - - 1155
0706000 Eastern
XX000X region
0000 .... 2007 2 20 20 (south) 1 20 2 - 18 - - - - - - - 9030
070600X Eastern
00000X0 region
000 ...... 2007 - 3 3 (south) 1 3 3 - - - - - - - - - 1680
070600X Eastern
0X000X region
0000 .... 2006 5 13 13 (south) 1 5 2 3 - 0 - - - - - - 3990
070600X Eastern
0X000X region
0000 .... 2007 5 13 13 (south) 1 13 2 3 - 8 - - - - 1 - 5220
070600X Eastern
XX000X region
0000 .... 2007 - 12 52 (south) 1 12 - - 12 - - - - - - - 5400
070600X Eastern
XX000X region
0000 .... 2006 4 36 44 (south) 1 4 - - 4 - - - - - - - 5400
070600X Eastern
XX000X region
0000 .... 2007 4 36 44 (south) 1 36 - - 34 - 2 - - - - - 16 200
070600X Eastern
X000X0 region
0000 .... 2006 8 24 6 (south) 1 6 - - 6 - - - - - - - 8370
070600X Eastern
X000X0 region
0000 2007 8 24 6 (south) 1 6 - - 6 - - - - - - - 2790
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Appendix Il - SAS-programme

/******************************************************************************

Prosjekt .............: Eurostats prosjekt: "Development of models or best ap-
proaches for estimation of the volume of water used for irrigation on individual
holdings in Norway - by applying georeferenced datasets, Geographical Information
Systems (GIS) and coefficients for irrigation requirements"

Program navn .........: Beregne vanning.sas
Skrevet av ...........: EER
Dato .................: 24.11.09
Versjon ..............: 1.0
Programmets funksjon
Filer inn ............: 1. Jordsmonndata per eiendom (Soil data per agricultural
property)

2. Driftssentra og arealer (agricultural holding and area
information)

3. Informasjon om bl.a. type vekster fra soknader om pro-
duksjonstilskudd

(info on crop areas from the applications for agricul-
tural subsidies)
Filer ut .............:
Endret ndr ...........: DD.MM.AA
Endret av ............:

Grunn til endring ....:
******************************************************************************/

libname vanning 'X:\220\AREAL\Prosjekter\1699 jordbruksvanning\Beregninger\f07\';
libname vanne 'X:\220\AREAL\Prosjekter\1699 jordbruksvanning\Beregninger\sas\';
run;

$let fylke = 07;

run;

* Identify dominating drought sensitivity class (largest area) per agricultural
property ;

proc sort data=vanning.jordeie&fylke. out=eiejordsmonn;

by eiekode DESCENDING sum_jordar;

run;

PROC MEANS DATA=eiejordsmonn NOPRINT;

CLASS eiekode vannlager;

VAR sum_jordar;

OUTPUT OUT=eiejord2 SUM(sum_jordar)=sumareal;

run;

data eiejord3;

set eiejord2;

where _type = 3;

run;

proc sort data=eiejord3;

by eiekode descending sumareal;

run;

data vanning.a2 (Keep=eiekode domin vannlagr sumareal) ;

set eiejord3 (rename=(vannlager=domin vannlagr)) ;

by eiekode descending sumareal;

if first.eiekode then

output;

run;

* Join agricultural holding and agricultural property;

Proc sort data=vanning.driftssentra&fylke. out=driftsareal;
by driftsarealenhet;

run;

data driftsareal2 (rename=(driftsarealenhet=eiekode)) ;

set driftsareal;

run;

data vanning.A3 (drop=telle kunjor kunsto) ;
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merge driftsareal2 (in=jor)
vanning.a2 (in=sto)
END=slutt;
by eiekode;
if jor and sto then
do;
telle + 1;
output;
end;
else
if jor then
do;
kunjor + 1;
* Using standard value if missing soil texture data;
domin vannlagr = 1;
output;
end;
else
kunsto + 1;
if slutt then
do;
put telle ' kobler';
put kunjor ' kun fra driftsareal sentra fila ';
put kunsto ' kun fra fila med de dominerende vannlagringsklassene';
end;
run;

* Identify dominating drought sensitivity class (biggest area) on agricultural
holding;

PROC MEANS DATA=vanning.a3 NOPRINT;

CLASS driftsentraenhet domin vannlagr;

VAR driftsareal;

OUTPUT OUT=a3_2 SUM(driftsareal)=sumdriftsareal;

run;

data a3_3;

set a3_2;

where _type = 3;

run;

proc sort data=a3_3;

by driftsentraenhet descending sumdriftsareal;

run;

data vanning.A4 (Keep=driftsentraenhet s domin vannlagr) ;
set a3_3 (rename=(domin_vannlagr=s_domin_ vannlagr)) ;

by driftsentraenhet descending sumdriftsareal;

if first.driftsentraenhet then

output;

run;

* B.1. Only agricultural holdings that have applied for agricultural production
subsidies and had land area that were watered and could be watered are chosen;
proc sort data=vanne.vanning out=vanningsentra;

by id areal;

run;

data vanning.B1l;

set vanningsentra;

sum PK = pk230 + pk240 + pk242 + pk243 + pk264 + pk271 + pk272 + pk273 + pk274 +
pk280 + pk281 + pk210;

if (van_area99 gt 0 or van area gt 0) and sum pk gt 0 then

output;

run;

* Join the dominating drought sensitivity class to information on land that can be
irrigated;
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data bl 2 (keep=id areal komm gnr bnr fenr van area99 van area van 06 pk210 pk230
pk240 pk242 pk243 pk264 pk271 pk272 pk273 pk274 pk280 pk281 x ko utm33 y ko utm33
sum_pk) ;
set vanning.bl;
run;
data a4 (rename=(driftsentraenhet=id areal)) ;
set vanning.aé;
run;
proc sort data=a4;
by id areal;
run;
proc sort data=bl 2;
by id areal;
run;
data bl 3 (drop=telle kunjor kunsto);
merge bl 2 (in=jor)
a4 (in=sto)
END=slutt;
by id areal;
if jor and sto then
do;
telle + 1;
output;
end;
else
if jor then
do;
kunjor + 1;
*output;
end;
else
kunsto + 1;
if slutt then
do;
put telle ' kobler';
put kunjor ' kun fra fila med driftssentra (vanning.txt) ';
put kunsto ' kun fra A4';
end;
run;
* Join info on irrigation region;
proc sort data=bl 3;
by komm;
run;
proc sort data=vanne.klimaregioner;
by komm;
run;
data vanning.B2 (drop=telle kunjor kunsto fid join count);
merge bl 3 (in=jor)
vanne.klimaregioner (in=sto)
END=slutt;
by komm;
if jor and sto then
do;
telle + 1;
output;
end;
else
if jor then
do;
kunjor + 1;
*output;
end;
else
kunsto + 1;
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if slutt then
do;
put telle ' kobler';
put kunjor ' kun fra fila med driftssentra (vanning.txt) ';
put kunsto ' kun fra klimaregion';
end;
run,;
/* C Distribute the area figure for land which can be irrigated (2007)and land
which was irrigated (2006) over the land area under each agricultural holding
which has applied for agricultural production subsidies. Distribution by priority:
pk264, pk230, pk240, pk242, pk243, pk210, and rest of the crops.
*
/
data vanning.c2007 (drop=hjelpe);
set vanning.b2;
where van_area
length pk264 v
pk230_ v
pk240_ v
pk242 v
pk243 v
pk210 v
pk271 v
pk272_ v
pk273_ v
pk274 v
pk280 v
pk281 v
hjelpe

t 0;

0 0 0 00 00 0 WQ

0 0 0 00 00 00 0

if van area ge pk264 then
do;
pk264 v = pk264;
hjelpe = van_area - pk264;
if hjelpe ge pk230 then
do;
pk230 v = pk230;
hjelpe = hjelpe - pk230;
if hjelpe ge pk240 then
do;
pk240_v = pk240;
hjelpe = hjelpe - pk240;
if hjelpe ge pk242 then
do;
pk242 v = pk242;
hjelpe = hjelpe - pk242;
if hjelpe ge pk243 then
do;
pk243 v = pk243;
hjelpe = hjelpe - pk243;
if hjelpe ge pk210 then
do;
pk210 v = pk210;
hjelpe = hjelpe - pk210;
if hjelpe ge pk271 then
do;
pk271 v = pk271;
hjelpe = hjelpe - pk271;
if hjelpe ge pk272 then
do;
pk272 v = pk272;
hjelpe = hjelpe - pk272;
if hjelpe ge pk273 then
do;
pk273_v = pk273;
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end;
else
pk272 v =
end;
else
pk271 v = hjelpe;
end;
else
pk210 v = hjelpe;
end;
else
pk243 v = hjelpe;
end;
else
pk242 v = hjelpe;
end;
else
pk240_v = hjelpe;
end;
else
pk230_v = hjelpe;
end;
else

pk264_v = van_area;

if pk264 v = then pk264 v = 0;
if pk230 v = then pk230 v = 0;
if pk240 v = then pk240 v = 0;
if pk242 v = then pk242 v = 0;
if pk243 v = then pk243 v = 0;
if pk210 v = then pk210 v = 0;

if pk271 v = . then pk271 v =

~.

|
OO O0OO0OO0OO0DO0OO0OO0OO0OOoOOo

if pk272 v = then pk272 v = 0;
if pk273 v = then pk273 v = 0;
if pk274 v = then pk274 v = 0;
if pk280 v = then pk280 v = 0;
if pk281 v = then pk281 v = 0;
run;
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hjelpe - pk273;

if hjelpe ge pk274 then

pk274 v = pk274;

hjelpe = hjelpe - pk274;
if hjelpe ge pk280 then
do;
pk280_v = pk280;
hjelpe = hjelpe - pk280;
if hjelpe ge pk281 then
do;
pk281 v = pk281;
hjelpe = hjelpe - pk281;
end;
else
pk281 v = hjelpe;
end;
else
pk280 v = hjelpe;

pk274 v = hjelpe;
end;
else

hjelpe;
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data vanning.c2006

set vanning.b2;
where van_ 06 gt 0;

length pk264 v
pk230_ v
pk240 v
pk242 v
pk243 v
pk210_v

0 0 00 00 0

[oe]

pk271 v
pk272 v
pk273_ v
pk274 v
pk280_v
pk281 v
hjelpe

(drop=hjelpe) ;

0 00 00 00 0O 0

if van 06 ge pk264 then

do;

pk264 v = pk264;

hjelpe = van 06

- pk264;

if hjelpe ge pk230 then

do;
pk230 v =

pk230;

hjelpe = hjelpe - pk230;
if hjelpe ge pk240 then

do;
pk240_v = pk240;
hjelpe = hjelpe - pk240;
if hjelpe ge pk242 then
do;

Statistics Norway

pk242 v = pk242;

hjelpe = hjelpe - pk242;
if hjelpe ge pk243 then
do;
pk243 v = pk243;
hjelpe = hjelpe - pk243;
if hjelpe ge pk210 then
do;
pk210 v = pk210;
hjelpe = hjelpe - pk210;
if hjelpe ge pk271 then
do;
pk271 v = pk271;
hjelpe = hjelpe - pk271;
if hjelpe ge pk272 then
do;
pk272_v = pk272;
hjelpe = hjelpe - pk272;
if hjelpe ge pk273 then
do;
pk273_v = pk273;
hjelpe = hjelpe - pk273;
if hjelpe ge pk274 then
do;
pk274 v = pk274;
hjelpe = hjelpe - pk274;
if hjelpe ge pk280 then
do;
pk280 v = pk280;
hjelpe = hjelpe - pk280;
if hjelpe ge pk281 then
do;
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pk281 v = pk281;
hjelpe = hjelpe - pk281;
end;
else
pk281 v = hjelpe;
end;
else
pk280 v = hjelpe;

pk274 v = hjelpe;

pk273_ v

end;
else
end;
else
end;
else
pk272 v = hjelpe;
end;
else
pk271 v = hjelpe;
end;
else
pk210 v = hjelpe;
end;
else
pk243 v = hjelpe;
end;
else
pk242 v = hjelpe;
end;
else
pk240 v = hjelpe;
end;
else
pk230_v = hjelpe;
end;
else

pk264_v = van_06;

if pk264 v = then pk264 v = 0;
if pk230 v = . then pk230 v = 0;
if pk240 v = . then pk240 v = 0;
if pk242 v = then pk242 v = 0;
if pk243 v = then pk243 v = 0;
if pk210 v = then pk210 v = 0;
if pk271 v = then pk271 v = 0;
if pk272 v = then pk272 v = 0;
if pk273 v = then pk273 v = 0;
if pk274 v = then pk274 v = 0;
if pk280 v = then pk280 v = 0;
if pk281 v = then pk281 v = 0;
run;

/*

D. Volume calculations by irrigation coefficients
For 2007 (area that could be irrigated in 2007)
*/

data vanning.D2007;

set vanning.C2007;

Length volum2007 8.;

if region = 'Eastern region (south)' then
do;
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hjelpe;

(from Bioforsk) :
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If s domin vannlagr = 1 then

volum2007 =
((pk264 _v*1000) 60/1000 )+ ((pk230_v*1000) 15/1000 )+ ( (pk240_v*1000) * (45/1000))
+((pk242_v*1000) * (45/1000) )+ ( (pk243_v*1000) * (45/1000)) ;

If s domin vannlagr = 2 then

volum2007 = ((pk264 v*1000) * (25/1000) ) + ((pk230 v*1000)*(0/1000)) +
((pk240_v*1000)*(25/1000) )+ ( (pk242 v*1000)* (25/1000) )+ ( (pk243_v*1000) * (25/1000) ) ;
end;
if region = 'Eastern region (north)' then
do;

If s domin vannlagr = 1 then

volum2007 =
((pk264 v*1000 *(45/1000) ) + ( (pk230_ v*1000 * (15/1000) ) + ( (pk240_v*1000) * (25/1000) ) + (

(pk242 v*1000)*(25/1000) )+ ( (pk243_v*1000) * (25/1000) ) ;
If s domin vannlagr = 2 then

volum2007 =
((pk264 - v*lOOO *(0/1000)) + ( (pk230_ v*lOOO *(0/1000) )+ ( (pk240_v*1000)*(30/1000) )+ ((p
k242 v*1000)*(30/1000))+((pk243 v*1000)*(30/1000)) ;
end;
run;
/* E:

Volume calculations by irrigation coefficients (from Bioforsk) :
For 2006 (irrigated area in 2006)
*/

data vanning.D2006;
set vanning.C2006;
Length volum2006 8.;

if region = 'Eastern region (south)' then
do;

If s _domin vannlagr = 1 then

volum2006 =
((pk264 _v*1000)*(60/1000) )+ ((pk230_v*1000)*(90/1000))+ ((pk240_v*1000) * (135/1000))
+((pk242 v*1000) *(135/1000) )+ ( (pk243_v*1000) * (135/1000)) ;

If s domin vannlagr = 2 then

volum2006 =
((pk264_v*1000)*(50/1000) )+ ( (pk230_v*1000)*(75/1000) )+ ( (pk240_v*1000) * (100/1000) ) +
((pk242 v*1000)*(100/1000)) + ( (pk243 v*1000)*(100/1000)) ;
end;
if region = 'Eastern region (north)' then
do;

If s domin vannlagr = 1 then

volum2006 =
((pk264 v*1000)*(45/1000) )+ ( (pk230_v*1000)*(75/1000) )+ ( (pk240_v*1000) * (120/1000) )
+((pk242 v*1000)*(120/1000)) + ( (pk243 _v*1000) * (120/1000)) ;

If s _domin vannlagr = 2 then

volum2006 = ((pk264 v*1000)*(50/1000))+((pk230_v*1000)*(75/1000)) +
((pk240_v*1000)*(100/1000) )+ ( (pk242 v*1000)*(100/1000) )+ ((pk243 v*1000)*(100/1000)
)
end;
run;
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Appendix lll - Bioforsk Report Vol. 4 Nr. 174 2009

Bioforsk Report Vol. 4 Nr. 174 2009 - Estimation of water use for irrigation in Norwegian agriculture, Pilot
study for Statistics Norway/Eurostat, by Hugh Riley & Erling Berentsen at Bioforsk @st Apelsvoll, Norway.

- Separate document.
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1. Background and aims

The background for this study is a pilot project that Statistics Norway is running, financed by
Eurostat (“Development of models or best approaches for estimation of the volume of water
used for irrigation on individual holdings in Norway — by applying georeferenced datasets,
Geographical Information Systems (GIS) and coefficients for irrigation requirements”,
Agreement no. 40701.2008.001-2008.141).

The primary aim of Bioforsk as ‘associated third party’ in this project is to provide estimates
of irrigation water requirements for a range of agricultural crops in regions of Norway in
which irrigation is currently practiced. These estimates will be used by Statistics Norway as
coefficients for irrigation requirements in the pilot project.

At a more general level, this study provides a basis for evaluating the likely need for irrigation
in various regions of Norway, upon which decisions concerning investments in irrigation
equipment may be based. It also serves to illustrate both between-year variability in irrigation
requirements and whether any long-term trends or changes have occurred in recent years.

Plate I. A typical scene depicting rain-gun irrigation of spring cereals in Eastern Norway
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2. Materials and methods

2.1 Selection of irrigation regions

Data from the last full agricultural census in Norway (1999) show that 14% of the country’s
agricultural land may be irrigated (ca. 132 000 ha, see Appendix I)). Nearly 50% of this area
is in three counties in the northerly part of the Eastern region (Hedmark, Oppland and
Akershus) whilst 32% is in four counties in the southerly part of the Eastern region (@stfold,
Vestfold, Telemark and Buskerud). About 10% of the irrigated area is in the Southern and
South-Western region (Aust-Agder, Vest-Agder, Rogaland), 8% in the Western region (Sogn
& Fjordane og Hordaland) and 5% in the Central region (Mgre & Romsdal, Segr-Trgndelag,
Nord-Trgndelag). The location of these counties is shown in figure 2.1, and the irrigated area
in each municipality is shown in figure 2.2.

In this study it was decided to concentrate on the Eastern region, which accounts for over 70%
of the irrigated area, and on the Southern, South-Western and Central regions. In this context,
Akershus and Buskerud counties are divided between the inland (northerly) and the coastal
(southerly) parts of the Eastern region. The division is made between municipalities to the
north and to the south of Oslo, respectively. The Southern and South-Western regions are
considered as one region.

Irrigation is in all of these regions applied to arable and vegetable crops, for which a suitable
water balance model is available. In the Western region (counties 12 and 14), irrigation is
mostly used in top-fruit and soft-fruit growing. The requirement for these crops is less easy to
estimate. It includes drip/trickle irrigation systems with relatively low water consumption.

Eastern region (north):

2. Akershus (northern part)
4. Hedmark

5. Oppland

6. Buskerud (northern part)
. ) Eastern region (south):

“\ Central region 1. @stfold

2. Akershus (southern part)
6. Buskerud (southern part)
7. Vestfold

8. Telemark
Southern/South-Western region:
Eastern 9. Aust-Agder

region (nerth) 11 10, Vest-Agder

11. Rogaland

Central region:

Eastern region 15. Mgre og Romsdal
(south) 16. Sgr-Trgndelag

17. Nord-Trgndelag

Southern/
South-western regio

Figure 2.1. Distribution of counties in the irrigation regions used in this study
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Figure 2.2. Irrigated area in Norwegian municipalities at the 1999 agricultural census
(source: Statistics Norway).

2.2 Selection of irrigated crops

No survey data is available on the area of individual crops that are irrigated. In most regions,
priority is given to vegetable crops and potato crops. The total vegetable area in Norway is
however only about 6 000 ha, or 5% of the total irrigated area. Similarly, whilst potatoes have
higher irrigation priority than cereals, their total area is relatively small by comparison (about
15 000 ha potatoes vs. 300 000 ha cereals). Even if the total potato area was irrigated, this
accounts for little over 10% of the total irrigated area. Relatively little irrigation of pasture is
practiced in Norway, and thus cereals occupy the greatest irrigated area. An exception to this
is in the upper part of Gudbrandsdal in Oppland, where irrigation of grassland is common.
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2.3  Water balance model

A model that includes water balance calculations and various irrigation strategy options was
used in this work (EU-Rotate_N, reference Rahn et al. 2008). The model, originally designed
to calculate nitrogen dynamics of arable and vegetable crops, calculates potential evaporation
and actual crop evapotranspiration using the FAO approach (Allen et al., 1998). The main
parameters that enter into these calculations are those related to the evaporative demand of the
atmosphere, summarised by the reference evapotranspiration (ETy,) and a crop coefficient that
varies with crop development. ETo, may alternatively be input to the model from other
sources, for example pan evaporation measured with the Thorsrud 2500 evaporimeter that was
previously used in Norway (Hetager & Lystad 1974), or calculated from weather data as
described by Riley (2003), using measured pan evaporation as a calibration basis.

2.4  Soil water-holding capacity

Five classes of available soil water capacity have been suggested on the basis of physical
properties of common agricultural soils in Norway (Riley, 1994). These range from capacity
of 50 mm (extremely drought-prone) to 130 mm (extremely drought-resistant). As it may
safely be stated that little irrigation is performed on soils in the latter group, irrigation
requirements are calculated here for two levels of soil water retention only, representing the
mean of the two drought-prone classes and of the two moderately drought-resistant classes.
Available soil water capacities (AWC) within the upper 60 cm of soil were set at 60 mm and
100 mm, respectively (table 2.1). This represents the zone of rooting depth often considered
for irrigation purposes. The estimates are based on measurements for a large range of
agricultural soils throughout Southern, Eastern and Central Norway (Riley, 1996).

Table 2.1. Soil water retention properties (vol. vol™*) used in irrigation water simulations

Drought Soil Field Wilting Available  Soil textural groups
sensitivity depth capacity point capacity

Drought- >30cm 0.15 0.03 0.12 Sand, loamy sand, sandy
prone <30cm 0.10 0.02 0.08 silt and some loam soils
Drought- >30cm 0.30 0.10 0.20 Loam, clay loam, silt loam
resistant <30cm 0.25 0.12 0.13 and some silty clay loams

These classes of droughtiness are represented by about half of the twelve soil textural groups
that are used in Norway (Sveistrup & Njgs, 1984). The textural limits of these groups,
together with their equivalent English names, are shown in figure 2.3. Detailed ‘theme maps’
on soil water-holding capacity are available for most of the agricultural areas mapped by the
Norwegian Forest and Landscape Institute. These may be viewed at the following website:

www.skogoglandskap.no/artikler/2008/vannlagringsevne

These maps have four drought sensitivity classes. The AWC values used in this study lie
between class 1 and 2 (drought-prone) and between classes 2 and 3 (drought-resistant).
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Figure 2.3. Norwegian soil textural classification triangle with Norwegian and equivalent
English names of the various soil textural classes. Based on Sveistrup and Njgs (1984).

2.5 Regional precipitation

Mean precipitation data for some representative weather stations in various regions are shown
in table 2.2. On an annual basis there is wide variation between regions, driest in the inland
east, wettest in the west. Within the April-September growing season, however, the
differences between regions are smaller, and they are even less in the first part of the growing
season, from April to July, when the greatest irrigation demands of many crops are likely to

occur.

Table 2.2. Monthly, annual and growing season precipitation sums (mm) for representative
weather stations in various regions of Norway. Means of the 25-year period 1973-1998
(Source: Norwegian Meteorological Institute).

Region Eastern (north)  Eastern (south) Central South-Western
Weather station Kise, Hedmark  As, Akershus Trondheim Jeeren, Rogaland
January-March 86 142 174 301
April-June 137 150 172 175
July-September 203 242 299 349
October-December 146 238 248 436
Growing season 340 392 471 524
Whole year 570 771 892 1260

A common feature of the precipitation pattern within the growing season is its high annual
variability. In the Eastern region, for example, coefficients of variation of 50-60% are
common for rainfall in individual months within the growing season, compared to around
20% for the whole season. This means that the irrigation requirement may be much higher in
individual years than the mean rainfall data suggest, whilst in other years there may be little or

no requirement.
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2.6  Regional evaporation

Evaporation has been measured periodically in some regions of Norway using the *Thorsrud
2500’ pan (Hetager & Lystad, 1974), but long-term data are only available in a few cases. The
“Thorsrud 2500° pan evaporimator gives daily values of evaporation from an open water
surface placed at the same level as the surrounding area of short-cut grass (figure 2.4). It has
been found to give approx. 10-12% lower values than the standard Penman method for
calculating potential evaporation from weather data (Riley, 1989). There is also a difference
in the seasonal pattern, as the Penman equation appears to indicate higher evaporation values
in spring and lower values in autumn, than do the pan measurements. This may be due to the
large soil heat flux that occurs in Norway, due to rapid warming in early spring and rapid
cooling in autumn. This feature is commonly overlooked in standard applications of the
Penman equation, and the pan measurement method may therefore be more realistic under
such conditions.

THORSRUD EVAPORIMETER

Figure 2.4. The Thorsrud 2500 evaporimeter. Daily evaporation from the container (A)
(surface area 0.25 m?, depth 0.6 m) is gauged by refilling until the float (B) and pointer (C)
reach the balancing point (D). Correction is made by addition of any measured precipitation
and by subtraction of any associated overflow (E, F, G).

Mean pan data for some representative locations in various regions are shown in figure 2.5.
The evaporation is slightly higher in the southerly, coastal part of the Eastern region
(Prestebakke) than in the inland part (Kise), especially early in the growing season, but
follows the same general pattern. It is considerably lower in Western (Ullensvang) and
Northern regions (Karasjok), due mainly to higher cloudiness and lower incoming radiation.
Between-year variation in evaporation is high at all locations, ranging from <2 mm day™ to
>4 mm day™ in mid-summer in Eastern Norway, and from ca. 1-3 mm day™ in other regions.

Riley & Berentsen. Bioforsk Rapport vol. 4 nr. 174 2009
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Figure 2.5. Pan evaporation in the growing season (May — Sept.) at representative weather
stations in four regions of Norway, based on measurements with a Thorsrud 2500
evaporimeter 1965-1980. (Karasjok = North Norway, Kise = Eastern Norway, northern part,
Prestebakke = Eastern Norway, southern part, Ullensvang = Western Norway). | = Maximum
curve, 11 = Mean curve, Il = Minimum curve. Taken from Lystad (1981).

2.7  Alternative evaporation estimates

A network of automatic weather stations has been established in agricultural areas since the
early 1990’s, allowing potential or reference evapotranspiration (ETo) to be calculated, using
standard methods such as the Penman equation or the equation included in the EU-Rotate_N
model. Alternatively, locally derived equations may be used, such as that of Riley (2003).
This equation was calibrated against pan evaporation measured at Kise, Nes pa Hedmark, for
the period 1987-2003, using the approach used in Sweden by Johansson (1970), in which
daily pan evaporation is regressed against an energy term (solar short wave radiation) and a
convection/latent heat transfer term (the product of wind-speed and saturated vapour pressure
deficit). A seasonal correction factor is also included in the present case (see Appendix I1).

A test of the locally derived equation showed good agreement with an independent dataset
measured in 2004-2006 at the same location as the original measurements (figure 2.6). The
ability of this equation to reflect differences between localities is illustrated using data for
2008 from a number of weather stations (figure 2.7).
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Figure 2.6. Cumulative values of evaporation measured at Nes pa Hedmark with a Thorsrud

2500 evaporimeter (blue) and values calculated (red) using the local equation.
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Figure 2.7. Cumulative evaporation values calculated for 2008 using the local equation for a

number of Bioforsk’s automatic weather stations in Eastern and Southern Norway.

A comparison of the reference evaporation calculated by the method in the EU-Rotate-N
model and that using the local equation of Riley (2003) is shown in figure 2.8, for 20 years
weather data from Kise (Eastern region). The average annual evaporation sum calculated with
the former method was 414 mm, compared to 353 mm with the latter. The average difference
of 15% is similar to that found previously between the Penman method and measurements
made with the Thorsrud evaporimeter (Riley 1989). The difference between methods varied
somewhat between years, ranging from around 25 mm in 1996 to almost 100 mm in 1989 and

1997.
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Figure 2.8. Annual sums of reference evapotranspiration at Nes pa Hedmark from 1988 to
2007, calculated by the EU-Rotate_N model (blue) and the local equation (red).

No marked seasonal bias was found between the two methods in the present case (figure 2.9).
Both predicted a small rise in evaporative demand in late-April/early May. This corresponds
with a dry period that normally occurs around seeding. Midsummer values are consistently
about 0.5 mm/day lower with the equation than with the model. Autumn values are similar
until October, when the equation gives lower values than the model. This falls outside the
growing season.

—e— Model

—— Equation

ETo mm per day

0 50 100 150 200 250 300 350 400
Julian day

Figure 2.9. Average daily values of reference evapotranspiration at Nes pa Hedmark from
1988 to 2007, calculated by the EU-Rotate_N model (blue) and the local equation (red).

Riley & Berentsen. Bioforsk Rapport vol. 4 nr. 174 2009
11

51



52

Bi cy;rsk

2.8 Weather data for selected regions

Weather data from Kise (60°47'N 10°49'E, 128 m a.s.l.) and As (59°40'N 10°46'E, 90 m a.s.l.)
are used to represent Eastern Norway, (northern and southern parts, respectively). In addition,
Seerheim (58°46'N 5°39'E, 8 m a.s.l.) and Kvithamar (63°26'N 10°53'E, 28 m a.s.l.) are used
for South-Western and Central Norway, respectively. The location of these stations is shown
in figure 2.10. One station belongs to the Norwegian University of Life Sciences (As) and the
others to the Norwegian Institute for Agricultural and Environmental Research (Bioforsk).

o Central

O EastNorth
EastSouth
SouthSouthWest

Figure 2.10. The location of the 4 weather stations used in the simulations in this study (left-
hand map) and the distribution of the 15 normal precipitation values in each region that were
used to evaluate how well the selected stations represent the conditions within regions (right-
hand map).

It is generally considered that the evaporative demand in Norway is similar over quite large
areas (Lystad, 1981). This is because it is largely governed by climatic factors such as
incoming radiation and latent heat transfer, which vary relatively little within regions.
Precipitation, on the other hand, is strongly affected by altitude and topography, and may vary
considerably within regions.

An assessment of how well the selected weather stations represent average conditions within
the four regions was therefore made by comparing the current normal precipitation values
(1961-1990) for each station with the mean values for 15 locations within the region
concerned (figure 2.10). The latter were selected from official records (Ferland, 1993), using
data for one location per municipality in the main agricultural parts of the region. The
localities were chosen to cover the altitude range within which irrigation is practiced. These
data are tabulated in Appendix Il1l. Comparisons of the selected stations with the mean values
for 15 localities within each region are shown in figure 2.11.
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Figure 2.12. Comparisons of normal (1961-1990) precipitation at the 4 weather stations used
in the simulations in this study with mean (+/- standard deviation) for 15 locations within
each region.

These comparisons show that the normal precipitation of the weather stations selected for the
simulation study was in all cases close to the mean value for 15 localities within the region.
The coefficients of variation between localities within the same region were relatively low
within the growing season (8% and 12% in southern and northern parts of the Eastern region,
respectively, and 15% elsewhere). The variability between localities for the whole year was
somewhat greater (CV = 10-20%), but this has no bearing on the irrigation requirements.
Thus it may be concluded that the four selected weather stations were representative for their
respective regions.

It was considered important to use long weather data series for the simulations due to the high
between-year variability in precipitation and evaporation. Data from 1973-2008 are used, thus
giving an equal number of years before and after 1990, the year marking the transition from
existing to future normal 30-year weather periods. Measured evaporation was used at Kise
until 1987, when the weather station was automated. In all other cases evaporation was
calculated using the method of Riley (2003). For Saerheim and Kvithamar, data from nearby
stations were used for the period up to 1987. Wind speed data were adjusted downwards in
these cases, due to differences in measurement height and method. Factors of 0.51 and 0.31
were used at Seerheim and Kvithamar, respectively. This resulted in similar mean evaporation
values for the two periods.

Mean monthly (April-September) data for the variables used in calculating evaporation,
together with monthly precipitation and evaporation sums, are given in tables 2.3 - 2.6 for the
four regions. Means are calculated for all 36 years and for the first and last 18 years (1973-
1990 and 1991-2008). There was relatively little overall difference between these periods in
most cases. At the Eastern (northern) location there was for somewhat higher rainfall in May
and June in the latter period than in the former period. At the Eastern (southern) location,

Riley & Berentsen. Bioforsk Rapport vol. 4 nr. 174 2009
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rainfall was higher in April, June and August in the latter period. In the Central region, it was
higher in the latter period than formerly in May and June, and lower in July and August.

In Eastern Norway, overall rainfall for the whole growing season (April-September) is 20%
higher at the southern than at the northern location (419 mm vs. 350 mm), whilst the overall
reference evaporation is 27% higher (457 mm vs. 360 mm). The former difference reflects
closer proximity to the coast at the more southerly location, whist the latter reflects somewhat
higher radiation and temperatures, and considerably higher average wind speed. In South-
Western Norway, the rainfall sum is higher (551 mm) and evaporation intermediate (383
mm). Much of the extra rainfall comes late in the season here. In Central Norway, the rainfall
sum is intermediate (470 mm), but the evaporation sum is lower here than in all the other
regions.

A comparison of the average seasonal water balance in the four regions is shown in figure
2.12. There is a clear difference between the Eastern region and the South-Western and
Central regions. In the former there is on average a water deficit that increases until July,
levels off in August and declines somewhat in September. The average deficit is greatest in
the southerly part of the region. In the other regions, there is on average no water deficit, and
from August onwards there is a considerable excess of rainfall over evaporation. In relation to
irrigation requirements, such average data are less meaningful than the situation that arises in
individual years. It is therefore of interest to examine the between-year variability in the water
balance.

150 ---- —e—Eastern(south)| "~~~ """ T T T T T T T T T T T T T T T T e T
—o— Eastern (north)

100 ---- —e—South-western |~~~ oo e
—e— Central

50 A

-50 ~

Cumulative moisture balance (mm)

-100

April May June July August Sept.

Figure 2.12. Cumulative water balance (sum of precipitation minus reference evaporation) in
the four irrigation regions used in this study. Mean data for the period 1973-2008.

The variation in annual potential water balances calculated for spring and early summer
(April-June), for mid- and late summer (July-September) and for the whole growing season, is
shown in figures 2.13-2.16 for the four regions. These figures clearly illustrate that there is
very high between-year variability in the extent of the rainfall deficits and excesses in all
regions. They also indicate that deficits are more common in the first half of the season than
in the second.
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Table 2.3. Weather data used in simulations for the Eastern region (northern part)

April May June July August September
Solar radiation (MJ/m#/day)
All years 11.9 16.7 18.5 17.1 13.3 8.0
1973-1990 12.0 16.7 18.8 17.3 13.0 7.8
1991-2008 11.7 16.7 18.3 17.0 13.6 8.2
Air temperature (°C)
All years 3.2 9.1 13.5 15.9 14.7 10.2
1973-1990 2.5 9.1 135 15.5 14.2 9.6
1991-2008 3.8 9.1 13.5 16.3 15.3 10.8
Wind speed (m/sec)
All years 15 15 1.4 1.3 1.3 15
1973-1990 1.7 1.7 1.7 1.6 1.6 19
1991-2008 1.3 1.3 1.1 0.9 1.0 1.0
Relative humidity (%)
All years 70 65 66 69 72 75
1973-1990 68 66 65 67 70 74
1991-2008 71 65 67 71 73 76
Rainfall (mm)
All years 33 46 67 69 72 63
1973-1990 33 39 62 70 67 68
1991-2008 32 53 72 68 76 57
Pan evaporation (mm)
All years 29 65 80 81 67 38
1973-1990 31 64 82 84 69 40
1991-2008 28 65 78 78 65 36

Eastern region (northern part)
300

200 -

100 -

-100 -

o April-June
L e | m July-Sept. - - -
O All summer

-300

S

Figure 2.13. Annual water deficit/excess (rainfall minus reference evaporation) for April-
June, July-September and the whole growing season in the Eastern region (northern part).
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Table 2.4. Weather data used in simulations for the Eastern region (southern part)

April May June July August September
Solar radiation (MJ/m?/day)
All years 12.5 17.4 19.5 18.7 14.5 8.8
1973-1990 13.2 17.3 20.0 19.1 14.6 8.8
1991-2008 12.5 17.4 19.5 18.7 14.5 8.8
Air temperature (°C)
All years 4.6 10.6 14.4 16.4 15.3 10.8
1973-1990 4.1 10.7 14.6 16.1 14.9 10.4
1991-2008 5.2 10.5 14.2 16.6 15.8 11.2
Wind speed (m/sec)
All years 2.5 2.6 2.3 2.2 2.1 2.4
1973-1990 2.3 2.5 2.0 2.0 2.0 2.5
1991-2008 2.7 2.8 2.7 2.3 2.2 2.4
Relative humidity (%)
All years 69 65 67 70 72 77
1973-1990 64 62 63 65 68 75
1991-2008 74 68 70 74 76 79
Rainfall (mm)
All years 44 53 73 79 84 86
1973-1990 35 51 68 75 79 90
1991-2008 53 55 77 82 89 82
Pan evaporation (mm)
All years 38 85 99 103 83 49
1973-1990 38 83 97 104 82 49
1991-2008 38 87 102 103 84 48

Eastern region (southern part)
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Figure 2.14. Annual water deficit/excess (rainfall minus reference evaporation) for April-
June, July-September and the whole growing season in the Eastern region (southern part).
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April May June July August September
Solar radiation (MJ/m#/day)
All years 12.0 16.9 175 16.4 13.3 7.9
1973-1990 11.5 155 16.7 154 12.3 7.3
1991-2008 12.5 18.4 18.2 174 14.2 8.5
Air temperature (°C)
All years 5.9 9.7 12.3 144 14.6 12.0
1973-1990 55 9.9 12.6 14.3 14.3 11.5
1991-2008 6.2 9.5 12.1 14.6 15.0 12.4
Wind speed (m/sec)
All years 24 25 2.4 2.3 2.1 2.3
1973-1990 2.4 2.4 2.3 2.4 2.2 2.6
1991-2008 2.4 2.5 2.5 2.2 2.1 2.1
Relative humidity (%)
All years 76 76 80 81 81 80
1973-1990 76 75 78 79 80 79
1991-2008 76 76 81 83 82 81
Rainfall (mm)
All years 66 62 70 84 119 150
1973-1990 54 68 63 83 107 164
1991-2008 79 56 77 85 132 136
Pan evaporation (mm)
All years 34 71 79 83 71 45
1973-1990 34 69 79 86 71 47
1991-2008 35 72 79 81 71 43
South-western region
500

Moisture deficit/excess (mm)

@ April-June
m July-Sept.
O All summer

Figure 2.15. Annual water deficit/excess (rainfall minus reference evaporation) for April-
June, July-September and the whole growing season in the South-Western region.
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Table 2.6. Weather data used in simulations for the Central region

April May June July August September
Solar radiation (MJ/m?#/day)
All years 10.6 15.0 15.5 14.8 11.3 6.9
1973-1990 9.6 14.4 14.9 13.8 10.6 6.3
1991-2008 115 15.7 16.2 15.8 12.0 7.4
Air temperature (°C)
All years 4.4 9.2 12.5 14.6 13.9 10.2
1973-1990 3.8 9.5 12.5 14.1 13.3 9.6
1991-2008 5.0 9.0 12.5 15.0 14.4 10.8
Wind speed (m/sec)
All years 15 1.4 1.2 1.1 1.0 1.2
1973-1990 1.4 1.4 1.3 1.2 1.1 1.3
1991-2008 1.6 1.5 1.2 1.0 1.0 1.1
Relative humidity (%)
All years 71 69 74 77 78 79
1973-1990 72 68 73 78 79 79
1991-2008 70 70 74 77 78 78
Rainfall (mm)
All years 54 57 72 92 91 104
1973-1990 56 51 62 110 95 116
1991-2008 53 63 83 75 88 92
Pan evaporation (mm)
All years 28 63 71 72 59 35
1973-1990 24 60 70 71 58 34
1991-2008 32 65 71 74 61 36
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Figure 2.16. Annual water deficit/excess (rainfall minus reference evaporation) for April-
June, July-September and the whole growing season in the Central region.
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In Eastern Norway, there was severe drought in the mid-late 1970’s, in some years during the
1980’s and in the early 1990’s. The latter was more severe at the southern than at the northern
location. In more recent years the incidence of severe deficits has been less marked. For the
growing season as a whole, there has been little water deficit (< 25 mm) in almost half of all
years (45% and 47% at northern and southern locations). Moderate deficits (25-125 mm) have
occurred in 42% and 28% of the years at these two locations, and severe deficits in 14% and
25% of the years, respectively.

In the other regions, there were relatively few years with large rainfall deficits, and hardly any
years was there an overall deficit for the whole growing season. There is thus wide variation
between years and between regions in the likely need for irrigation water to agricultural crops.
Individual crop requirements depend on the distribution of rainfall during the period of
growing season at which they are most sensitive to water shortage. Irrigation requirement may
therefore arise even in the absence of an overall rainfall deficit.

2.9 Irrigation strategies

The EU-Rotate_N model has several alternatives for the triggering of irrigation events. In the
present work, irrigation is triggered when the soil water deficit (i.e. field capacity minus
actual content) reaches a certain level. We have considered the deficit within the upper 60 cm
of soil, in which the majority of crops roots are found. Two further choices must be made:

How large a deficit may crops tolerate before appreciable yield loss occurs, relative to the
available water holding capacity (AWC) of the soil (i.e. the critical deficit)?

How much irrigation water should be applied on each occasion when the critical deficit is
reached (i.e. what proportion of the deficit should be replenished)?

Irrigation is normally applied at deficits of between one and two thirds of AWC. Studies of
the effects of various irrigation strategies (e.g. Riley, 1989) have shown that little yield loss is
incurred before about half of the AWC is depleted. This value is therefore adopted here as the
standard, i.e. irrigation is normally applied when the deficit reaches 30 mm on drought-prone
soil (AWC=60 mm) and 50 mm on moderately drought-resistant soil (AWC=100 mm).

The amount of irrigation water applied on each occasion will depend on the capacity of the
irrigation system, the soil type etc. In practice, less is often applied than that required for the
soil to reach field capacity again. This may result in more frequent irrigation requirement, but
it also reduces the risk that irrigation water may subsequently be lost to drainage. A value of
50% of the deficit is adopted here as the standard (i.e. 15 mm on drought-prone soil and 25
mm on moderately drought-resistant soil).

The final consideration for irrigation strategy is the length of the period during which
individual crops are sensitive to drought. This has been investigated for many crops in
numerous field trials at Kise (Riley & Dragland, 1988;1991), and the values chosen here are
based on this research (table 2.15).
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Table 2.15. Dates used for sowing/planting/harvesting and the dates between which irrigation
is performed whenever the soil water deficit reaches 50% of the available water capacity

Crop Sowing/planting Irrigation Irrigation end Harvesting
Spring cereals 1st May 25§“tal\r/fay 24™ July 25" Aug.
Main-crop potatoes 10" May 15" June 25% Aug. 14" Sept.
Early potatoes 10" April 10" May 25" June 1% July
Late vegetables® 20" May 1% July 20" Sept. 7" Oct.

! Simulations were made for carrots, the vegetable crop with the greatest area in Norway

2.10 Model settings

A description of the way in which the water balance model calculates evaporation from bare
soil and actual crop transpiration, based on reference evaporation, is given in Appendix IV.

Two model settings are required for the calculation of the former, the amount of readily
evaporable water (REW) and the soil depth (Z) subject to evaporation (¢). REW-values of 6
and 9 mm were used in this study for drought-prone and drought-resistant soils, respectively,
whilst Ze was set to 0.1 m in both cases. The drainage coefficient was set at 1.0, indicating
that rapid free drainage occurs. This assumption is justified for most irrigated soils in Norway.

The model uses a range of crop coefficients with which to estimate actual transpiration from
reference evapotranspiration, depending on the likely green crop cover (or leaf area index,
LAI) at different stages of growth. The lengths of each period chosen for use in this work,
based on previous experience with water balance models, are shown in table 2.16.

Table 2.16. Crop coefficient intervals (days) used in the model to calculate actual
transpiration

Crop Initial (<10% Development Mid-season Late season
ground cover) (LAI < ca. 3) (LAI > 3) (senescence)

Spring cereals 15 20 40 30

Main-crop potatoes 25 30 50 20

Early potatoes 20 25 30 5

Late vegetables 30 40 50 20
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3. Results of simulations

3.1 Sensitivity analyses

In order to assess the extent to which the choice of reference evaporation (ETo) estimate was
likely to affect the calculated irrigation water requirements, a preliminary comparison was
made using 20 years weather data from Kise (Eastern region - north), assuming spring wheat
crops to be grown each year. This comparison was made using the standard values for
irrigation strategy choices 1 and 2 given in section 2.9.

Further sensitivity analyses were performed, using the same weather data set, to assess the
effect of alternative values for irrigation strategy Choice 1 (the size of the critical water
deficit) and Choice 2 (the proportion of the deficit replenished). In one comparison Choice 1
was varied between 30% and 70% of AWC, whilst maintaining Choice 2 at 50% of the
deficit, whilst in another comparison Choice 2 was varied between 30% and 70% of the
deficit whilst maintaining Choice 1 at 50% of AWC. These simulations were performed with
moderately drought-resistant soil, and with reference ETo calculated using the local equation.

3.1.1 Sensitivity to choice of reference evaporation

The total irrigation amounts and the number of irrigation events calculated by the model using
the alternative estimates of reference evaporation are shown for spring wheat in table 3.1. The
average number of irrigation events required on drought-prone soils was almost double that
required on more drought-resistant soils, whereas the total amounts of water required were
only about 12-13% higher. This reflects the fact that drought-prone soils are irrigated more
often, but with less water on each occasion. For both soil classes, the average amount of water
required and the average number of applications were about 40% higher when calculated with
the model reference evaporation than with the equation.

High between-year variability in irrigation requirement is evident from the above calculations.
Plots of the frequency distributions for the two classes of soil and the two reference ETo-
methods are shown in figure 3.1. The two ETo-methods gave fairly similar distributions on
drought-resistant soil, but in the case of drought-prone soil the model ETo gave a much higher
frequency of years with extreme irrigation requirement than did the equation ETo. Such
frequent irrigation is probably unlikely to be performed in practice, due to limited capacity in
terms of both time and equipment. For this reason, the use local equation may be more
realistic for the purposes of this study, as it is concerned with estimating likely requirements.

3.1.1 Sensitivity to choice of irrigation strategy

The effects of varying the choice of critical water deficit and the proportion of the deficit
replenished at each irrigation event are shown in table 3.2.
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Table 3.1. Amounts of irrigation water and the number of irrigations required per year for
spring wheat, calculated for moderately drought-resistant and for drought-prone soils, using
two estimates of reference evaporation (model used in EU-Rotate_N and local equation of
Riley 2003). Weather data from Kise, Nes pa Hedmark 1988-2007

Irrigation amount (mm) Number of irrigations
Drought-resistant Drought-prone Drought-resistant Drought-prone
Year Model  Equation  Model Equation Model Equation  Model  Equation
1988 100 75 105 75 4 3 7 5
1989 100 75 105 90 4 3 7 6
1990 75 50 90 60 3 2 6 4
1991 25 25 60 30 1 1 4 2
1992 175 150 165 135 7 6 11 9
1993 100 100 105 90 4 4 7 6
1994 150 125 150 120 6 5 10 8
1995 50 50 60 60 2 2 4 4
1996 25 0 60 45 1 0 4 3
1997 125 75 135 90 5 3 9 6
1998 25 25 30 15 1 1 2 1
1999 0 0 30 15 0 0 2 1
2000 50 25 45 30 2 1 3 2
2001 75 50 75 45 3 2 5 3
2002 25 0 45 30 1 0 3 2
2003 75 25 75 45 3 1 5 3
2004 50 25 75 50 2 1 3 2
2005 100 75 120 75 4 3 8 5
2006 150 100 150 120 6 4 10 8
2007 50 25 45 30 2 1 3 2
Mean 76 54 86 63 3.1 2.2 5.7 4.1
Std. dev. 48 42 42 36 1.9 1.7 2.8 2.4
Drought-resistant soil Drought-prone soil
50 50
45 4 45
40 1 404+-----"-"-"-"-"-"-"—"—"—"——————— - D model | —
35 1 B+-——-——— g1 B equation [~ |

30 -
254 - —— -1
204 - - -]
15 |
104 - -

Omodel |- - _ _ _ _ |

B equation |- - — - — — |

Percentage frequency
Percentage frequency

0 lto2 3to4 5to6 7to8 9to10 >10

0 1to2 3to4 5to6 7to8 9tol10 >10

No. of irrigations o
No. of irrigations

Figure 3.1. Frequency distributions of the number ot 1rrigation events required per year on
moderately drought-resistant soil (left) and drought-prone soil (right), using two estimates of
reference evaporation (model used in EU-Rotate_N and equation of Riley 2003). Weather
data from Kise, Nes pa Hedmark 1988-2007.
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Table 3.2. Effects of choice of critical moisture deficit and proportion of deficit replenished
on the amounts of irrigation water and the number of irrigations required per year for spring
wheat, calculated for moderately drought-resistant soil. (Reference evaporation according to
the equation of Riley 2003. Weather data from Kise, Nes pa Hedmark 1988-2007)

Comparison of critical deficit (30 : 70 mm) Comparison of replenishment (15 : 35 mm)
Irrig. amount (mm) No. of irrigations Irrig. amount (mm) No. of irrigations
Def.=30 Def.=70 Def.=30 Def=70 Def.=50 Def.=50 Def.=50 Def.=50
Year Irrig.=15  Irrig.=35 Irrig.=15 Irrig.=35 Irrig.=15  Irrig.=35 Irrig.=15  Irrig.=35

1988 90 70 6 2 60 70 4 2
1989 120 70 8 2 75 70 5 2
1990 90 35 6 1 45 70 3 2
1991 75 0 5 0 30 35 2 1
1992 165 105 11 3 135 140 9 4
1993 105 70 7 2 90 105 6 3
1994 150 105 10 3 120 140 8 4
1995 75 35 5 1 30 35 2 1
1996 210 0 14 0 0 0 0 0
1997 105 35 7 1 60 70 4 2
1998 30 0 2 0 15 35 1 1
1999 45 0 3 0 0 0 0 0
2000 45 0 3 0 15 35 1 1
2001 75 35 5 1 30 35 2 1
2002 45 0 3 0 0 0 0 0
2003 30 0 2 0 15 35 1 1
2004 60 0 4 0 15 35 1 1
2005 90 35 6 1 60 70 4 2
2006 135 70 9 2 105 105 7 3
2007 60 0 4 0 30 35 2 1
Mean 90 33 6.0 1.0 47 56 3.1 1.6
Std.dev. 47 37 3.2 1.1 41 42 2.7 1.2

The choice of a low level of critical water deficit (30% of AWC) resulted in very frequent
irrigation in some years, and nearly three times the average water requirement indicated when
the deficit was allowed to reach 70% of AWC. The latter strategy resulted in no irrigation
being applied in almost half the years. Neither of these options appears to be very realistic,
and it may be concluded that the choice of a critical water deficit equal to 50% of AWC is a
better alternative.

Varying the proportion of the deficit replenished at each time of irrigation naturally had a
large effect on the number of irrigation events, but relatively little on the total amount of
water used. Replenishing 70% of the deficit gave the same total requirement as replenishing
50% (table 3.1), whilst replenishing only 30% of the deficit gave ca. 15% reduction in the
average requirement. The latter strategy gave a very high irrigation frequency in a number of
years, which is unlikely to be attainable in practice. The former strategy, on the other hand, in
which 70% was replenished on each occasion, gave an irrigation frequency <2 in more than
half the years. It may be concluded that replenishing 50% of the deficit on each occasion is a
realistic and achievable choice of strategy.
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3.2 Simulated irrigation requirement for spring cereals

Irrigation water requirements for cereals are shown in tables 3.3-3.4 and figures 3.2-3.3.

Table 3.3. Irrigation requirement (mm) for spring cereals in Eastern Norway, 1973-2008

Eastern Norway (northern part) Eastern Norway (southern part)
Drought-resistant Drought-prone Drought-resistant Drought-prone
1973 100 105 100 105
1974 25 60 75 75
1975 175 180 175 180
1976 125 120 175 180
1977 100 105 125 135
1978 75 90 100 135
1979 50 75 75 105
1980 0 30 0 30
1981 0 15 25 45
1982 100 120 50 90
1983 75 105 100 120
1984 0 30 0 30
1985 25 30 25 45
1986 125 135 125 135
1987 25 45 50 60
1988 50 60 75 90
1989 75 90 125 120
1990 50 60 75 75
1991 50 60 125 120
1992 125 135 200 195
1993 75 90 150 150
1994 125 120 250 240
1995 25 60 50 75
1996 0 30 125 120
1997 50 75 150 150
1998 0 15 25 30
1999 0 15 0 30
2000 25 30 25 45
2001 25 30 75 75
2002 0 30 0 30
2003 25 30 25 45
2004 25 15 75 60
2005 50 75 75 105
2006 100 120 100 135
2007 25 30 25 45
2008 25 45 75 105
Mean 53.5 68.3 84.0 97.5
Std.dev. 46.0 42.6 60.7 53.0
Max 175 180 250 240
Min 0 15 0 30
Median 50.0 60.0 75.0 97.5
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Spring cereals (Eastern region - north)
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Figure 3.2. Irrigation requirement (mm) for spring cereals in Eastern Norway, 1973-2008.

In Eastern Norway, the average irrigation water requirement was 28% higher on drought-
prone soils than on more drought-resistant soils at the northern location, and 17% higher at
the southern location. The southern location had on average 55% higher requirement on
drought-prone soils than at the northern location, and 44% higher requirement on more
drought-resistant soils.

The irrigation requirements were lower in the other regions than in Eastern Norway. Relative
to the Eastern (southern) location they were on average about half as great in South-Western
Norway, and about one third as great in Central Norway.

At all locations, the coefficients of variation between years were extremely high (50-100%).
Median requirements were fairly close to the mean requirements. On more drought-resistant
soil, the need for a single irrigation or less was indicated in three out of four years in Central
Norway, in about half of the years at the Eastern (northern) and South-Western locations and
in about one third of the years at the Eastern (southern) location.

Riley & Berentsen. Bioforsk Rapport vol. 4 nr. 174 2009
25

65



Bi cy;rsk

Table 3.4. Irrigation requirement (mm) for spring cereals in some other regions, 1973-2008

South-Western Norway Central Norway
Drought-resistant Drought-prone Drought-resistant Drought-prone
1973 75 90 0 15
1974 50 60 50 60
1975 100 105 25 45
1976 75 75 25 45
1977 100 105 25 45
1978 25 45 25 30
1979 0 15 0 0
1980 50 30 25 45
1981 0 30 0 0
1982 100 105 25 45
1983 50 60 0 15
1984 50 60 25 30
1985 50 45 50 45
1986 0 30 25 30
1987 100 90 25 45
1988 0 15 50 60
1989 25 60 0 30
1990 0 15 75 90
1991 50 45 0 0
1992 125 120 50 60
1993 75 75 0 30
1994 25 60 0 0
1995 25 30 0 15
1996 0 30 0 0
1997 50 75 25 30
1998 0 15 0 0
1999 0 15 0 0
2000 25 45 25 15
2001 25 45 0 15
2002 0 15 75 75
2003 0 15 25 30
2004 25 30 0 30
2005 50 60 50 60
2006 50 60 25 30
2007 50 45 100 120
2008 75 75 25 45
Mean 41.7 40.4 23.6 34.2
Std.dev. 35.9 36.4 25.3 27.2
Max 125 125 100 120
Min 0 0 0 0
Median 50.0 37.5 25.0 30.0
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Spring cereals (South-western region)
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Figure 3.3. Irrigation requirement (mm) for spring cereals in some other regions, 1973-2008.
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3.3 Simulated irrigation requirement for potatoes

The amounts of irrigation water required for late (main-crop) potatoes are shown in tables 3.5-
3.6 and figures 3.4-3.5.

Table 3.5. Irrigation requirement (mm) for late potatoes in Eastern Norway, 1973-2008

Eastern Norway (northern region) Eastern Norway (southern region)
Drought-resistant Drought-prone Drought-resistant Drought-prone
1973 75 60 75 75
1974 25 45 100 105
1975 175 165 175 150
1976 100 105 200 195
1977 100 90 125 150
1978 75 75 75 90
1979 25 15 50 60
1980 25 45 50 60
1981 25 30 50 75
1982 150 135 100 105
1983 100 105 125 120
1984 0 30 0 30
1985 0 0 0 30
1986 100 90 75 75
1987 25 30 25 45
1988 25 15 25 45
1989 50 45 100 60
1990 25 45 75 90
1991 25 45 75 90
1992 75 60 125 90
1993 25 15 75 45
1994 100 90 200 180
1995 75 75 75 120
1996 75 90 150 150
1997 75 90 125 120
1998 0 15 25 30
1999 50 60 100 105
2000 0 15 25 45
2001 50 45 50 60
2002 0 30 25 45
2003 25 30 25 45
2004 0 15 25 45
2005 50 30 75 60
2006 75 75 75 90
2007 0 15 0 15
2008 0 15 0 30
Mean 50.0 53.8 74.3 81.3
Std.dev. 44.3 38.2 53.9 44.7
Max 175 165 200 195
Min 0 0 0 15
Median 375 45.0 75.0 75.0
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Main-crop potatoes (Eastern region - north)
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Figure 3.4. Irrigation requirement (mm) for late potatoes in Eastern Norway, 1973-2008.

The irrigation requirement for main-crop potatoes in Eastern Norway was of the same order
of magnitude as that for cereals, but the timing of the requirement occurs about 3-4 weeks
later in the season. There was less difference between drought-prone and drought-resistant
soils for this crop than for cereals, but the difference between the northern and southern
location was the same for potatoes as for cereals (about 50% greater at the southern location).

A similar degree of between-year variability in irrigation requirement was found for potatoes
as for cereals. In this case the median requirement was somewhat lower than the mean at the
northern location but not at the southern location.

The proportion of years with an extremely high irrigation requirement was somewhat lower
for potatoes than it was for cereals. This reflects the fact that irrigation of potatoes takes place

slightly later in the season, when the incidence of rainfall is often more frequent than earlier.
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Table 3.6. Irrigation requirement (mm) for late potatoes in some other regions, 1973-2008

South-Western Norway Central Norway
Drought-resistant Drought-prone Drought-resistant Drought-prone
1973 75 90 0 0
1974 50 45 25 15
1975 100 75 25 15
1976 75 90 0 15
1977 50 30 0 15
1978 0 30 25 45
1979 25 15 0 15
1980 25 45 50 60
1981 0 0 0 0
1982 100 60 0 15
1983 25 30 0 0
1984 75 90 0 0
1985 0 0 25 0
1986 0 15 0 15
1987 50 45 25 15
1988 0 0 25 15
1989 0 15 0 0
1990 25 30 0 0
1991 50 30 0 15
1992 50 45 0 0
1993 25 30 0 15
1994 50 45 0 30
1995 50 45 0 0
1996 50 60 0 15
1997 25 30 25 45
1998 0 0 0 0
1999 25 30 0 15
2000 25 30 0 15
2001 0 15 0 0
2002 25 30 75 90
2003 0 30 25 45
2004 25 45 50 60
2005 50 45 25 30
2006 25 45 50 45
2007 0 0 50 30
2008 0 15 25 45
Mean 31.9 354 14.6 20.4
Std.dev. 29.0 24.6 20.2 21.6
Max 100 90 75 90
Min 0 0 0 0
Median 25.0 30.0 0.0 15.0

The irrigation requirement for main-crop potatoes in South-Western and Central Norway was
lower than that for cereals, and in both cases considerably lower than that for potatoes in
Eastern Norway. The requirements appeared to be somewhat lower in recent years in South-
Western Norway, whereas the opposite was the case in Central Norway.
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Main-crop potatoes (South-western region)
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Figure 3.5. Irrigation requirement (mm) for late potatoes in some other regions, 1973-2008.

The amounts of irrigation water required for early potatoes are shown in tables 3.7-3.8 and

figures 3.6-3.7. The requirement for this crop was much lower than that for

main-crop

potatoes, due to their much shorter growing season and because less soil drying has normally

occurred by the time they reach a drought-susceptible stage of growth. The
requirement that was simulated for the Eastern (northern) region has little practical

very low
relevance,

as early potatoes are not grown in this area. In the more southerly region, the average
requirement is only a single irrigation per season, though it is known that many growers
practice a much higher intensity. The simulations indicated a requirement of two or more
irrigation events per season in only one quarter of the years in this region, and hardly ever in

other regions.
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Table 3.7. Irrigation requirement (mm) for early potatoes in Eastern Norway, 1973-2008

Eastern Norway (northern region) Eastern Norway (southern region)
Drought-resistant Drought-prone Drought-resistant Drought-prone
1973 25 15 25 15
1974 0 0 25 15
1975 25 15 50 30
1976 25 15 25 15
1977 0 0 25 15
1978 25 15 50 30
1979 0 0 0 0
1980 0 0 0 0
1981 0 0 0 0
1982 25 15 25 15
1983 25 15 25 30
1984 0 0 0 15
1985 0 0 0 0
1986 0 0 25 15
1987 0 0 0 0
1988 0 0 25 30
1989 0 0 25 15
1990 25 15 50 15
1991 0 0 25 0
1992 50 30 75 60
1993 0 0 50 45
1994 25 0 75 45
1995 0 0 0 0
1996 0 0 0 0
1997 0 0 50 30
1998 0 0 0 0
1999 0 0 0 0
2000 25 0 25 15
2001 0 0 0 0
2002 0 15 0 15
2003 0 0 0 0
2004 0 0 50 30
2005 0 0 0 0
2006 25 15 25 15
2007 25 15 25 30
2008 25 0 50 30
Mean 9.7 5.0 22.9 15.8
Std.dev. 13.7 8.0 22.7 15.6
Max 50 30 75 60
Min 0 0 0 0
Median 0.0 0.0 25.0 15.0
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Figure 3.6. Irrigation requirement (mm) for early potatoes in Eastern Norway, 1973-2008.
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Figure 3.7. Irrigation requirement (mm) for early potatoes in some other regions, 1973-2008.
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Table 3.8. Irrigation requirement (mm) for early potatoes in some other regions, 1973-2008

South-Western Norway Central Norway
Drought-resistant Drought-prone Drought-resistant Drought-prone
1973 0 0 0 0
1974 25 15 0
1975 0 0 0 0
1976 0 0 0 0
1977 25 0 0 0
1978 0 15 0 0
1979 0 0 0 0
1980 25 15 0 0
1981 0 0 0 0
1982 25 15 0 0
1983 0 15 0 0
1984 0 0 25 15
1985 0 0 0 0
1986 0 0 0 0
1987 0 0 0 0
1988 0 0 0 0
1989 25 15 0 0
1990 0 0 25 15
1991 0 0 0 0
1992 50 30 25 15
1993 25 15 0 0
1994 0 0 0 0
1995 0 0 0 0
1996 0 0 0 0
1997 0 0 0 0
1998 0 0 0 0
1999 0 0 0 0
2000 0 0 0 0
2001 0 0 0 0
2002 0 0 25 15
2003 0 0 0 0
2004 0 0 0 0
2005 0 0 0 0
2006 25 0 0 0
2007 25 15 0 0
2008 50 30 0 0
Mean 8.3 5.0 2.8 1.7
Std.dev. 14.6 8.8 8.0 4.8
Max 50 30 25 15
Min 0 0 0 0
Median 0.0 0.0 0.0 0.0
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3.4 Simulated irrigation requirement for vegetables

The irrigation requirements for early and mid-season vegetables are likely to be similar to
those for early and main-crop potatoes, respectively. Onions and early brassica crops are the
main crops in this group. Simulations were made for late carrots to represent late-season
vegetable crops. The results are likely to be representative also for vegetables such as swedes
and late brassicas.

The amounts of irrigation water required for late carrots are given in tables 3.9 — 3.10 and
figures 3.8 - 3.9.
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Figure 3.8. Irrigation requirement (mm) for late carrots in Eastern Norway, 1973-2008.
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The irrigation requirement for late carrots in the Eastern region was slightly lower than that
for main-crop potatoes, but showed a similar pattern between years and between the north and
south locations.

Table 3.9. Irrigation requirement (mm) for late carrots in Eastern Norway, 1973-2008

Eastern Norway (northern region) Eastern Norway (southern region)
Drought-resistant Drought-prone Drought-resistant Drought-prone
1973 100 60 100 90
1974 25 45 75 75
1975 150 105 150 120
1976 150 120 225 195
1977 75 60 100 105
1978 50 60 50 75
1979 0 15 25 30
1980 25 30 50 45
1981 50 60 75 105
1982 125 105 75 75
1983 100 90 125 105
1984 25 45 0 45
1985 0 0 0 15
1986 50 45 50 30
1987 25 0 25 30
1988 0 15 0 15
1989 25 30 50 45
1990 25 15 75 75
1991 75 75 125 120
1992 25 15 50 45
1993 0 15 50 45
1994 75 60 150 135
1995 50 60 75 90
1996 75 75 150 105
1997 50 75 75 90
1998 25 30 25 15
1999 75 75 100 105
2000 0 15 25 30
2001 25 30 25 45
2002 25 45 50 60
2003 25 30 25 45
2004 0 15 25 30
2005 25 15 25 30
2006 50 45 50 60
2007 0 45 25 60
2008 0 0 0 15
Mean 44.4 45.0 63.9 66.7
Std.dev. 41.5 31.3 51.2 40.8
Max 150 120 225 195
Min 0 0 0 15
Median 25.0 45.0 50.0 60.0

Riley & Berentsen. Bioforsk Rapport vol. 4 nr. 174 2009
36



Bicy;rsk

Table 3.10. Irrigation requirement (mm) for late carrots in some other regions, 1973-2008

South-Western Norway Central Norway
Drought-resistant Drought-prone Drought-resistant Drought-prone
1973 50 45 0 0
1974 25 30 0 0
1975 75 45 0 0
1976 75 90 0 0
1977 25 15 0 15
1978 0 30 25 45
1979 0 0 0 15
1980 25 30 25 30
1981 0 30 0 0
1982 50 45 0 15
1983 25 15 0 0
1984 75 60 0 0
1985 0 0 0 0
1986 0 0 0 0
1987 25 0 0 0
1988 0 0 0 15
1989 0 0 0 0
1990 25 15 0 0
1991 25 30 0 0
1992 25 15 0 15
1993 0 15 0 0
1994 25 15 0 15
1995 25 45 0 15
1996 25 30 0 30
1997 0 15 25 30
1998 0 15 0 0
1999 25 30 0 15
2000 0 0 0 0
2001 0 0 0 0
2002 25 45 75 75
2003 0 15 25 15
2004 25 30 50 60
2005 25 30 25 15
2006 25 30 50 45
2007 0 0 25 0
2008 0 15 25 45
Mean 20.1 22.9 9.7 14.2
Std.dev. 22.2 20.1 18.2 19.3
Max 75 90 75 75
Min 0 0 0 0
Median 25.0 15.0 0.0 7.5

The irrigation requirement for late carrots was relatively small in the South-Western and
Central regions of Norway, as higher rainfall is normal in late summer in these regions. As for
potatoes, a somewhat greater requirement has occurred in recent years in the Central region.
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Figure 3.9. Irrigation requirement (mm) for late carrots in some other regions, 1973-2008.
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3.5 Mean requirements, comparison of periods and variability

The mean irrigation requirements over the whole period are summarized in figure 3.10.
Requirements are for all crops greatest in the Eastern (southern) region, closely followed by
the Eastern (northern) region. Although the rainfall is higher in the former than in the latter,
so also are the mean temperature and global radiation, resulting in higher evaporative demand.
Requirements are much lower in the South-Western region, and even less in Central Norway.

O Eastern (south)| _
A B e L W Eastern (north) | - -
60+ |--——---1MW---1}--—--1}F-—-- -1 F-----1 O South-western | - -
SO M1 1 m 1 110 B Central
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Drought-
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Drought-
prone

Spring cereals Late potatoes Late carrots Early potatoes

Figure 3.10. Mean irrigation requirement (mm/year) over the period 1973-2008 for various
crops in four regions of Norway.

Due to speculation about the effect on irrigation requirement of climate change in recent
years, analyses of variance were performed in order to see if there was any statistically
significant difference between the first and second halves of the period from 1973 to 2008.
Analyses were made for spring cereals and main-crop potatoes. These confirmed that the
differences between regions are significant but in no case did they reveal any significant
difference between the first and the second halves of the period (analysis details not shown).

The high degree of variability between years in the requirements for irrigation water means
that farmers should plan the capacity of their irrigation equipment at a higher level than that
necessary for the average requirements, in order to be able to meet the water demand in years
with more severe drought. Histograms of the percentage frequency of irrigation requirements
are shown in figure 3.11 and cumulative percentages of years in relation to increasing demand
are shown in figure 3.12. The figures refer to spring cereals and main-crop potatoes. These
figures show that in Central Norway less than two irrigation events are required in about 80%
of years on drought-resistant soil. At the other extreme, in the Eastern (southern) region, this
occurs in about 30% of years.
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requirement in four agricultural regions of Norway. Based on data for 1973-2008.

Riley & Berentsen. Bioforsk Rapport vol. 4 nr. 174 2009

80

40



Bicy;rsk

In order to estimate the irrigation capacity required in order to meet demands in relation to the
percentage of all years, quadratic equations were derived from the data in figure 3.12, by
regressing the requirement against the cumulative percentage of years. These equations (not
shown) accounted in almost all cases for around 95-97% of the variation and were used to
calculate the data in table 3.11. This table shows that, in order to meet demands in 80% of all
years, an irrigation capacity is needed that is on average half as much again as the mean
requirement. To meet demands in 90% of all years, the capacity must often be doubled, whilst
to meet demands every year a capacity of around three times the mean requirement is needed.

Table 3.11. Irrigation capacities (mm/year) required in order to meet demands in increasing
proportions of years over the period 1973-2008, relative to mean requirements for all years

Eastern region (south) Eastern region (north) South-Western region Central region
% of Drought- Drought- Drought- Drought- Drought- Drought- Drought- Drought-
years resistant prone resistant  prone resistant  prone resistant  prone
Spring cereals
40 34 46 12 36 9 21 0 6
50 51 63 24 50 17 32 0 11
60 73 84 40 67 28 45 0 20
70 101 107 62 86 43 61 6 33
80 135 134 88 108 62 80 26 51
90 174 164 119 133 84 101 55 72
100 218 198 155 160 110 126 93 97
Mean 84 98 54 68 42 40 24 34
Late potatoes
40 30 44 10 20 3 13 0 0
50 45 59 21 32 8 20 0 0
60 64 76 37 47 17 29 0 2
70 87 96 58 65 30 41 0 13
80 115 119 84 87 48 54 13 28
90 147 145 116 113 69 70 37 50
100 183 174 152 141 94 88 74 76
Mean 74 81 50 54 32 35 15 20

Riley & Berentsen. Bioforsk Rapport vol. 4 nr. 174 2009
41



82

Bi cy;rsk

4. Comparisons with actual irrigation practice

4.1  Survey of irrigation water use in Hedmark and Oppland counties

No official statistics exist for irrigation water use in Norway. Very few farmers keep accurate
records of their irrigation practice. Information was collected by senior research technician
Erling Berentsen from four collective irrigation operators who supply water to a number of
farms, and with one farmer who has kept records for a field runoff study tables 4.1 and 4.2).
All of these were within a 30 km radius of the weather station used to calculate irrigation
requirements at the northern location of Eastern Norway. The dominant crops irrigated were
cereals and potatoes (in an approximately 3 to 1 ratio), with smaller areas of vegetables
(onions, carrots and some brassicas) and grass. The soils are mainly loams, with intermediate
water-holding capacity (some drought-prone, some more drought-resistant). The area covered
by these suppliers represents 2% of the total irrigated area in Norway.

Table 4.1 Names and details of irrigation water suppliers interviewed

Name Place Area (ha) Period Dominant crops
Balke & Hveem  @stre Toten 678.5 1990-2008 Vegetables/arable
Mjgsregn @stre Toten 371.6 1990-2008 Cereals/potato
Hoff @stre Toten 1200.0 1990-2008 Cereals/potato
Nes Nes pa Hedmark 400.0 1996-2008 Cereals/potato
Bye study field Nes pa Hedmark 4.0 1990-2008 Cereals/potato

Table 4.2. Amounts (m3) of water supplied annually by the various irrigation water suppliers

Year
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008

Balke/Hveem

518705
459616
635115
301637
728050
458850
463062
605231
251888
330955
246667
313156
308219
218607
410800
327863
620773
343079
333151

Hoff
372452
371363
869030
349521
1000533
440234
425957
523416
113895
280836
97588
187628
159386
184625
163684
231248
518003
123355
205518

Mjgsregn
200334

195084
288895
156559
417000
257460
240940
280800
98882
156788
115429
136510
90713
81019
122668
126660
240993
62142
115120

Nes

200350
221800
57700
87020
50050
24200
31450
26940
48650
105600
219400
77750
140800

Bye
2400

2200
3600
2200
5800
0
3200
2400
800
1200
1200
0
4800
1200
2000
2200
2400
1800
3600
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The amounts of irrigation were calculated on an aerial basis by simply dividing the amounts
of water supplied by the total area which the irrigated systems are designes to supply. This
overlooks the fact that parts of these areas may be irrigated more intensively than others.
There was thus a difference between suppliers in the average amounts supplied on an area
basis (figure 4.1). This also reflects the extent to which cash crops such as vegetables and
potatoes are present in each area. The farms supplied by Balke-Hveem, for example, have the
highest proportion of such crops, and consequently the highest rate of water use. Despite this
weakness, it appeared that there was consistency amongst the suppliers of water with respect
to the between-year variation in the use of irrigation water. Nes and Hoff, on the other hand,
supply water to farms with a low proportion of cash crops.

The irrigation amounts used on the Bye study field showed greater variation between years
than the data from the larger water suppliers. For instance, no irrigation was applied in 1995
and 2001 when the crop was barley (low value), and very high amounts were applied in 1994
and 2002 when the crops were wheat and potatoes, respectively (higher value). The farmer at
Bye is known to irrigate earlier in the season and more regularly than the ‘average’ farmer.

—e— Balke-Hveem
—— Hoff
—e— Mjgsregn

Irrigation water use (mm/year)

O v T v T

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

Figure 4.1. Irrigation water amounts (mm) supplied by four irrigation cooperatives and used
by one individual farmer (Bye) in the northern part of Eastern Norway, 1990-2008.

4.2  Comparisons of actual water use with simulated demand

Comparisons of the actual amounts of water from the four suppliers (on an area basis) with
the requirements by the model are shown in figure 4.2. The latter values are weighted
averages of the requirements calculated for cereals and potatoes at the Kise weather station
(assuming an average cereal area of 70% and a potato area of 30%). Requirements for both
drought-probe and more drought-resistant soils are plotted.

Reasonably good correlations were found between the calculated requirements and the actual
amounts of water supplied, with coefficients of determination in the order of 55-85% for the
individual suppliers. There was a tendency in all cases for the calculated requirement to
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exceed the actual amounts supplied at the higher levels of irrigation demand (>80 mm/year).
This presumably reflects the technical or economic constraints of the irrigation systems used.
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Figure 4.2. Calculated irrigation requirements (mm/year) plotted against water amounts
(mm) supplied by four irrigation cooperatives in the northern part of Eastern Norway.

The agreement between the calculated requirements and the amounts of irrigation actually
applied was somewhat poorer for the individual field study at Bye farm (figure 4.3). In the
years with barley, irrigation was either omitted or lower than optimum, whilst in one potato
year (2002), the amount applied was far greater than the calculated requirement. This may
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have been due to local variations in rainfall patterns, or else the farmer may have started
irrigation earlier than normal. Less emphasis may therefore be placed on this result.
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Figure 4.3. Calculated irrigation requirements (mm/year) plotted against water amounts
(mm) applied by the farmer at the Bye farm study field.
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Given the limitations of the water data collected from the four suppliers and the field study at
Bye, with respect to uncertainty about the areas of individual crops irrigated and possible
variations in local rainfall patterns, the calculated irrigation requirements accorded reasonably
well overall with the actual water use (figure 4.4). The data points cluster fairly uniformly
around the 1:1 line, though a tendency for using slightly less water than required is detectable
at high levels of demand. This was, however, not reflected in the overall regression equations,
so that it may be concluded that average actual water use is in practice close to the calculated
requirements.
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Figure 4.4. Calculated irrigation requirements plotted against water amounts supplied by all
five sources of information listed in table 4.1. The dotted line represents the 1:1 line.
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5. Conclusion

5.1 Summary in English

This study represents an attempt to quantify the requirements for irrigation water in Norway.
The total irrigated area is about 130 000 ha, or 14% of the country’s agricultural area. Almost
80% of this is found in the Eastern region (divided in this study into northern and southern
parts), 10% in the Southern and South-Western region and 5% in the Central region. Data are
lacking on the area of individual crops that are irrigated, but at most 20% of the irrigated area
is considered to be used for vegetable crops and potatoes, with cereals occupying much of the
remainder.

Emphasis was placed on quantifying requirements for cereals, potatoes and late vegetables in
the four regions mentioned. Weather data for 1973-2008 was used from a representative
station in each region, thus covering an equal number of years in the existing (1961-1990) and
future (1991-2020) 30-year normal periods. The Eastern region has a relatively dry climate,
particularly in the first half of the growing season, whilst in other regions there is on average
no water deficit. There is, however, high between-year variability in all regions, with large
deficits in some years, moderate deficits in other years and little or no deficit in the remainder.

The EU-Rotate_N model (Rahn et al., 2008) was used to calculate irrigation requirements.
This model contains an FAO-recommended water balance subroutine, as well as options for
selecting the irrigation practices that are most suitable for different crops. All calculations
were performed for two classes of soil, representing drought-prone soils, such as sands, and
more drought-resistant soils, such as loams, respectively. Irrigation is uncommon in Norway
on soils with higher resistance to drought, such as silt, clay loam and peaty soils.

A locally calibrated estimate of reference evaporation was used in the calculations, and a
sensitivity analysis was performed to select a suitable irrigation strategy with respect to
critical water deficit and percentage refill. The chosen strategy was such that irrigation was
applied, in crop-dependent drought-sensitive growth periods only, whenever the deficit
reached 50% of the available water capacity within the upper 60 cm of soil. The amount
applied on each such occasion was equal to one half of the calculated deficit.

A summary of the mean irrigation water requirements is given in table 5.1 for various crops in
the four regions, together with an indication of the variability between years. The average
calculated irrigation requirements for spring cereals in the southern part of the Eastern region
are around 100 mm per year on drought-prone soil and 85 mm on more drought-resistant soil.
The corresponding figures in the northern, more inland part of this region are around 70 mm
and 55 mm. In the South-Western region the average requirement is around 40 mm on both
soil types, and in the Central region it is around 35 mm on drought-prone soil and 25 mm on
more drought-resistant soil.

Average requirements for main-crop potatoes in the southern and northern parts of the Eastern
region are around 75-80 and 50-55 mm, respectively, with little difference between soil type.
In South-Western and Central Norway, they are around 30-35 mm and 15-20 mm,
respectively. Calculated requirements for early potatoes are much lower than for main-crop
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potatoes, though in practice higher amounts may be used as an intensive irrigation strategy is
common in this high-value crop.

Average requirements for late vegetable crops, such as carrot, are a little less than those for
main-crop potatoes (ca. 65 and 45 mm in southern and northern parts of the Eastern region,
20-25 and 10-15 mm in South-Western and Central regions, respectively). The relatively low
requirement or this crop is due to increasing amounts of precipitation in autumn in all regions.

Table 5.1. Mean and median (1973-2008) irrigation water requirements (mm) by various
crops on two classes of soil in four regions of Norway, and variability between years (CV%)

Eastern region Eastern region Southern/South- Central region
(south) (north) Western region

Droughtiness: Resistant Prone Resistant Prone Resistant Prone Resistant Prone
Spring cereals

Mean 84 98 54 68 42 40 24 34
Median 75 98 50 60 50 38 25 30
CV% 72 54 86 62 84 90 107 80
Late potatoes

Mean 74 81 50 54 32 35 15 20
Median 75 75 38 45 25 30 20 22
CV% 73 55 89 71 91 69 138 106
Late vegetables

Mean 64 67 44 45 20 23 10 14
Median 50 60 25 45 25 15 0 8
CV% 80 61 93 70 110 88 188 136
Early potatoes®

Mean 23 16 10 5 8 5 3 2
Median 25 15 0 0 0 0 0 0
CV% 99 99 141 160 176 176 286 282

L Similar values may be expected for many early vegetable crops

The average irrigation requirements cited above are not, however, representative of the
amounts that may be required in individual years, due to the very high coefficients of
variation that are commonly found. These are for many crops usually around 60-80% in
Eastern Norway, and significantly higher in other regions. The variability is usually slightly
higher for the more drought-resistant soil class than for the drought-prone class, due to the
smaller water-holding capacity of the latter. The variability in requirement is extremely high
for crops that require irrigation early in the season, such as early potatoes, particularly in the
Central region. Mean water requirement values are relatively meaningless in such cases.

High variability has implications for the capacity requirements of irrigation systems. The
percentage distribution of years with different requirements was calculated for cereals and
main-crop potatoes. This showed that on drought-resistant soil in Central Norway, less than
two irrigation events are required in about 80% of years. At the other extreme, in the Eastern
(southern) region, this occurs in about 30% of years. No statistically significant differences in
average requirements were found between the periods 1973-1990 and 1991-2008.

Calculations were made to estimate the irrigation capacity required in order to meet demands
in relation to increasing percentages of all years. In order to meet demands in 80% of all
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years, an irrigation capacity is needed that is on average half as much again as the mean
requirement. To meet demands in 90% of all years, the capacity must often be doubled, whilst
to meet demands every year a capacity of around three times the mean requirement is needed.

In order to assess the validity of the calculated requirements in relation to current farmer
practice, information on water use was collected from a number of irrigation water suppliers
in one of the main districts in the inland Eastern region of Norway where irrigation is
practiced to cereals, potatoes and vegetables. The area represented by this survey covered
about 2% of the total irrigated area of Norway. This information was used to compare actual
water use with the calculated requirements. Overall, the agreement was found to be
reasonably good, with calculated requirements accounting for 55-85% of the variation in
amounts of water supplied over a period of almost 20 years. Thus it may be considered that
the model calculations are realistic in relation to actual irrigation water use in Norway.

The overall conclusion is that this report gives a reasonable assessment of the likely irrigation
requirements, and their variability, of the major crops irrigated in the dominant arable and
vegetable-growing regions of Norway. In relation to actual farmer practice, uncertainty may
be attached to some of the estimates given, for instance those for early potatoes. These may in
practice be irrigated more intensively than suggested here, i.e. at lower critical water deficits
and/or with higher replenishment rates, implying higher water usage. The same may apply to
some vegetable crops. Finally, some important omissions in this study should be mentioned,
notably the irrigation of top and soft fruit, which is of importance particularly in Western
Norway, and of grass leys and pasture, which is important in central upland valleys such as
Gudbrandsdal. Further study is needed on these topics.

5.2 Sammendrag pa norsk

Rapporten omfatter et forsgk pa a kvantifisere vannbehovet til vanning i norsk landbruk.
Totalarealet som kan vannes er ca. 1.3 m dekar, eller 14% av landets jordbruksareal. Nesten
80% av dette finnes pa @stlandet (delt i denne studien mellom nordlig og serlig del), 10% i pa
Sgrlandet og Sgr-Vestlandet og 5% i Midt-Norge. Det mangler opplysninger om arealet av
ulike veksttyper som vannes, men det antas at i hgyden 20% brukes til grennsaker og potet,
mens korn utgjer mesteparten av det gvrige vanningsarealet.

Fokuset er rettet mot beregning av vannbehovet til korn, potet og grennsaker i de fire
regionene som er nevnt ovenfor. Vardata for perioden 1973-2008 er brukt fra en representativ
malestasjon i hver region. Dette dekker et likt antall ar i det eksisterende (1961-1990) og det
framtidige (1991-2020) 30-ars normalperiode. Pa @stlandet overstiges nedbgren av potensiell
fordamping, spesielt i fgrste halvdel av vekstsesongen. | de andre regionene er det intet
nedbgrsunderskudd i middel av alle ar, men det er store variasjoner mellom ar. 1 alle regioner
kan det veere store underskudd i noen ar og moderate underskudd i andre ar.

EU-Rotate_N modellen (Rahn et al., 2008) ble brukt til & simulere vannbehovet til vanning.
Denne modellen inneholder en vannbalanse rutine som er anbefalt av FAO, sa vel som
valgmuligheter som gjer den egnet til & simulere vanningsstrategier til mange ulike vekster.
Alle beregninger ble utfgrt for to klasser av jord, for & representere henholdsvis terkesvak
jord, som sand, og middels tgrkesterk jord, som lettleire. En regner med at vanning i liten grad
praktiseres i Norge pa mer tgrkesterk jord, som silt, mellomleire og myrjord.
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En lokalt kalibrert beregningsmetode for referansefordamping ble brukt i beregningene, og en
falsomhetsanalyse ble utfart for & finne en passende vanningsstrategi med tanke pa fastsetting
av det kritiske vannunderskuddet i jorda som utlgser vanningsbehov og andelen av dette
underskuddet som blir erstattet ved vanning. Strategien som ble valgt var & vanne nar
underskuddet nadde 50% av den tilgjengelige vannlagringskapasitet i jordas gvre 60 cm, og
da med en mengde som tilsvarer halvparten av det beregnete underskuddet. Vanning ble bare
gitt i periodene nar plantene regnes a vare falsomme for tarke, noe som er vekstavhengig.

Et sammendrag av de gjennomsnittlige behovene for vann til vanning er gitt i tabell 5.2 for
ulike vekster i de fire regionene, sammen med et uttrykk for variabiliteten mellom ar. Midlere
behov til varkorn i den sgrlige delen av @stlandet er omkring 100 mm pr. ar pa terkesvak jord
og 85 mm pa middels tarkesterk jord. I den nordlige, innlandsdelen er ca. 70 mm og 55 mm.
P4 Sgrlandet og Sar-Vestlandet er middelbehovet ca. 40 mm pa begge klasser av jord, mens
behovene i Midt-Norge er ca. 35 mm pa tgrkesvak jord og 25 mm pa middels tarkesterk jord.

Tabell 5.2. Middel- og medianbehov (1973-2008) for vann til vanning (mm) av ulike vekster
pa to klasser av jord i fire regioner av Norge, og et mal pa variabiliteten mellom ar (CV%)

@stlandet (ser)  Dstlandet (nord)  Ser- /Ser-Vest. Midt Norge
Tarkestyrke: Middels Svak  Middels Svak Middels Svak  Middels  Svak
Varkorn

Middel 84 98 54 68 42 40 24 34
Median 75 98 50 60 50 38 25 30
CV% 72 54 86 62 84 90 107 80
Sein potet

Middel 74 81 50 54 32 35 15 20
Median 75 75 38 45 25 30 20 22
CV% 73 55 89 71 91 69 138 106
Seine grgnnsaker

Middel 64 67 44 45 20 23 10 14
Median 50 60 25 45 25 15 0 8
CV% 80 61 93 70 110 88 188 136
Tidligpotet®

Middel 23 16 10 5 8 5 3 2
Median 25 15 0 0 0 0 0 0
CV% 99 99 141 160 176 176 286 282

! Lignende verdier kan ventes ogsa for mange tidlige grgnnsakskulturer

Til sein potet i de sgrlige og nordlige delene av @stlandet er behovene i middel henholdsvis
ca. 75-80 mm og 50-55 mm, med bare sma forskjeller pa ulike typer jord. P4 Sgrlandet og
Sgr-Vestlandet er de omkring 30-35 mm og i Midt-Norge bare ca. 15-20 mm. De beregnete
behovene til tidligpotet var i gjennomsnitt mye lavere enn til sein potet, men i praksis brukes
det trolig starre mengder, da en mer intensiv vanningsstrategi velges av mange til den
verdifulle veksten.

Midlere vanningsbehov til seine grennsaker, som gulrot, er noe mindre en behovene til sein
potet (ca. 65 og 45 mm i de sarlige og nordlige delene av @stlandet, 20-25 mm pa Sgrlandet
og Ser-Vestlandet og bare 10-15 mm i Midt-Norge). De relativt lave behovene til denne
veksten skyldes at nedbgrsmengdene gker i alle regionene utover hgsten.
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De gjennomsnittlige behovene som er nevnt ovenfor er imidlertid ikke representative for
vannmengdene som det kan veare behov for i enkelte ar, pa grunn av den store variabiliteten
mellom ar som finnes i alle regioner. Variasjonskoeffisienter pa 60-80% er vanlige for mange
vekster pa @stlandet, og verdiene er betydelig hgyere i de andre regionene. Variabiliteten er
ofte noe hgyere pa mer tgrkesterk jord enn pa terkesvak jord, som fglge av den lavere
vannlagringskapasiteten hos sistnevnte. Variabiliteten er ekstremt stor for vekster som trenger
vanning tidlig i sesongen, slik som tidligpotet, spesielt i Midt-Norge. | slike tilfeller er
begrepet “midlere vannbehov’ relativt meningslast.

Stor variabilitet mellom ar har innvirkning pa kapasitetsbehovene ved dimensjoneringen av
vanningsanlegg. Den prosentvise fordelingen av ar med ulike behov ble derfor beregnet for
varkorn og sein potet. Dette viste at det i Midt-Norge var behov for mindre enn to vanninger
pr. ar i 80% av alle ar pa middels terkesterk jord. | andre ytterlighet, i den sarlige delen av
@stlandet, inntreffer dette i bare omkring 30% av alle ar. Det ble ikke funnet noen statistisk
sikre forskjeller i middelsbehovene for vann mellom periodene 1973-1990 og 1991-2008.

Beregninger ble ogsa utfgrt for & estimere den maksimale vanningskapasiteten som trengs for
a kunne mate behovene i forhold til gkende andel av alle ar. For & mgte behovet i 80% av alle
ar, trengs en kapasitet som er i gjennomsnitt 50% hgyere enn det midlere behovet. @kes
kravet til 90% av alle ar, ma kapasiteten ofte dobles, mens hvis behovet skal mgtes hvert
eneste ar, trengs det en vanningskapasitet som er ca. tre ganger sa stor som middelbehovet.

For & kunne vurdere validiteten av de beregnete behovene i forhold til gjeldende praksis hos
norske bgnder, ble det innhentet opplysninger om vannforbruk til vanning fra et antall starre
vannforsyningsanlegg i et av de viktigste distriktene der det praktiseres vanning til korn, potet
og grgnnsaker i den nordlige delen av @stlandet. Arealet som disse anleggene forsyner vann
til representerer omkring 2% av totalarealet som kan vannes i Norge. Opplysningene ble brukt
for & sammenligne faktisk vannforbruk med de beregnete behovene. Det ble i hovedsak funnet
relativt god overensstemmelse mellom praksis og teori. De beregnete behovene i distriktet
forklarte 55-85% av variasjonen i vannmengdene som ble levert fra de ulike anleggene over
en periode pa nesten 20 ar. Det kan dermed antas at modellsimuleringene er realistiske sett i
forhold til faktisk vannforbruk til jordbruksvanning i Norge.

Hovedkonklusjonen er at denne rapporten gir en rimelig vurdering av de sannsynlige
vannbehovene til jordbruksvanning, og deres variabilitet, hos de viktigste akervekstene og
grgnnsaker som vannes i landets dominerende jordbruksregioner. | forhold til faktisk
dyrkerpraksis, knytter det seg en del usikkerhet til enkelte av estimatene som er gitt, for
eksempel de for tidlig potet. Disse vannes trolig mer intensivt enn det som er antydet her, dvs.
ved lavere kritiske vannunderskudd og/eller ved a erstatte en hgyere andel av underskuddet.
Dette ville innebare et hgyere vannforbruk. Det samme gjelder trolig for enkelte grannsaker.
Til slutt bar det nevnes noen apenbare mangler i denne rapporten, nemlig vanningsbehovene
til frukt og beer, som er viktige spesielt pa Vestlandet, og til eng og beite, som er viktige i
sentrale dalstrgk, som den gvre del av Gudbrandsdal. Disse emnene bgr undersgkes nermere.
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7. Appendices

7.1 Appendix I. Irrigation in Norway: Some statistics from the 1999 agricultural
survey. Agricultural area, irrigated area, number of farms with irrigation, irrigation
method, water source and %-distribution of farms by percentage of area irrigated.
(Source: Statistics Norway) (1 page)

7.2  Appendix Il. Research note 23.10.2003. Estimation of pan evaporation from
weather data (Hugh Riley) (4 pages)

7.3  Appendix I11. Normal (1961-1990) precipitation sums (mm) for a selection of
localities in four regions of Norway, compared to the weather stations chosen to
represent each region in the simulation study. (Source: E.J. Fgrland 1993) (4 pages)

7.4 Appendix IV. Description of the water balance model incorporated in EU-
Rotate_N (Carlos Ramos & Jordi Doltra) (18 pages)
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Research note 23.10.2003. Estimation of pan evaporation from weather data (Hugh Riley)

Appendix II.

Background:
In Norway, a pan evaporimeter designed by J. Thorsrud at Kise Research Station has been

used to estimate potential evapotranspiration (ETo) for agricultural crops for many years. This
instrument has a surface area of 0.25 m? and a depth of 60 cm. The water surface is kept at
ground level. Measurements of evaporation, rainfall and overflow are normally made on a
daily basis from May to September. Data obtained with this instrument has been used in much
of our research on irrigation requirement, and is still used for advisory purposes.

Several studies in Scandinavia have shown that this and other similar evaporimeters often
give slightly lower overall evaporation than that calculated using the Penman equation. There
is also a consistent seasonal imbalance, the equation giving higher figures in spring and lower
figures in autumn than evaporimeters. This may be due to soil heat flux being ignored.
Further, the latter equation gives negative values in winter under Scandinavian conditions.

In Sweden, a small evaporimeter designed by S. Andersson has been used in agricultural
research and extension. This is a much smaller instrument than that of Thorsrud, and it
responds rapidly to weather variations. Johansson (1969) derived an equation relating
measurements from Andersson’s evaporimeter to global SW radiation (X;) and an advection
term (X3), the latter being the product of mean wind-speed and vapour pressure deficit (w(es—
e)), all measured on a daily basis (equation 1). (In this and other equations, radiation is given
here in MJ m™, wind-speed in m s™ at and vapour pressure deficit in mbar).

(1) ETo (mm d') = 0.14 + 0.0884*X, + 0.0975*X,  (n=181, R2=0.91)

I have previously found this equation to accord well with Thorsrud evaporimeter data from
Kise (Riley 1989). I derived similar equations for both Thorsrud (equation 2) and Andersson
(equation 3) evaporimeters, using 1979-82 evaporation data from Kise.

(2) ETo (mm d™) = 0.44 + 0.0662*X; + 0.1050*X,  (n=593, Rz = 0.53)
(3) ETo (mm d?) =-0.23 + 0.0992*X; + 0.1950*X,  (n=546, R2=0.78)

The smaller constant term and larger coefficients in eq. (3) than in eq. (2) reflect the more
sensitive response of the Andersson evaporimeter to changes in weather conditions. It yielded
on average 16% higher evaporation at Kise than did the Thorsrud evaporimeter, varying from
5% to 22% between the four years.

This study:
This research note describes an attempt to obtain an equation that is generally valid for

conditions in Norway (and other similar regions), in order to predict growing season potential
evaporation, using data from the many automatic weather stations now in existence. Such data
is required for irrigation scheduling. It may also be used in models, such as the EU-rotate_ N
fertilizer response model presently being developed (which uses pan evaporation as input).
Seventeen seasons’ records (1987-2003) of Thorsrud evaporimeter values and weather
data from the automatic weather station at Kise are used (a total of 2601 days or 85 months),
covering a range of conditions (mean seasonal evaporation sum 320 mm, range 260-400mm).
This is considered to be representative of conditions in most agricultural regions of Norway.
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Results:

The new dataset yielded an equation (4) with similar coefficients to both eq. (1) and eq. (2).
Both terms were statistically significant. Global radiation accounted for about three times as
much of the variation in evaporation as did the advection term. Daily values calculated with
this equation are plotted against measured values in fig. 1.

(4) ETo (mm d%) = 0.48 + 0.0717*X, + 0.1071*X,  (n=2061, R2 = 0.51)
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Fig. 1. Daily values of evaporation May- September 1987-2003 at Kise, measured with
Thorsrud evaporimeter and calculated from weather data using equation (4).

The large scatter in this figure reflects the relatively slow response of the Thorsrud
evaporimeter due to its high thermal capacity. Uncertainty in daily values also derives from
the fact that measurements over weekends are often arbitrarily ascribed to individual days.
Nevertheless, it is clear that the equation often overestimates low daily evaporation values and
underestimates high daily values. A possible reason for this may be that evaporation is higher
in June and July than in May and August, whereas the differences in radiation are fairly small.

To account for such a seasonal effect, equation (5) was derived, including a quadratic effect of
month number (X3 , May = 5, May? = 25 etc.). This gave a significant increase in the variance
accounted for, and better agreement between measured and calculated values in individual
months (fig. 2).

(5) ETo (mm d') = -5.38 + 0.0594* X, + 0.1088*X, + 1.84*Xs - 0.134*(X3)?
(n=2061, R? = 0.55)
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Fig. 2. Mean monthly sums of evaporation May- September 1987-2003 at Kise, measured
with Thorsrud evaporimeter and calculated from weather data using equations (4) and (5).

In order to evaluate the equations under the whole range of conditions represented by the
dataset, individual calculated monthly sums are plotted against measured values in fig. 3. This
figure confirms the better data fit of equation (5), but it also shows that neither equation gave
adequate estimates of high evaporation in three of the 85 months (June 1992, July 1994 and
July 1996). Regression of monthly sums revealed coefficients of determination of 80% and
standard errors of prediction around 7 mm per month. This seems reasonably accurate.
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Fig. 3. Individual monthly sums of evaporation calculated from Kise weather data using
equations (4) and (5) plotted against measured values for the growing seasons 1987-2003.
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Examination of the annual sums for each equation showed very similar values for equations
(1) and (2), and for equations (4) and (5). Equation (3), that based on the Andersson
evaporimeter, gave values closer to those measured in two years with high evaporation sums
(1994 and 1996), but otherwise considerably higher than those obtained with the Thorsrud
evaporimeter (fig. 4). Equations (4) and (5) gave higher values than equations (1) and (2).
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Fig. 4. Individual annual sums of evaporation calculated from Kise weather data using
equations (1), (3) and (4) plotted against measured values for 1987-2003.

Summary and conclusion:

A dataset of seventeen growing seasons’ pan evaporation and weather data was used to derive
equations for predicting potential evaporation from global radiation, wind-speed and vapour
pressure deficit. The equations gave in most cases good agreement with measured values,
especially when monthly evaporation sums were considered. However, they gave too low
values in a few cases with very high evaporation. The best result was obtained with an
equation (no. 5) that included ‘dummy’ variables to account for seasonal effects. Equation (5)
may be used to estimate pan evaporation in the period May — September in many parts of
Norway, and it can probably also be used without serious error for April and October, for
which months it predicts average evaporation at Kise of about 36 and 10 mm, respectively.
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Description of the water balance model incorporated in EU-Rotate_N (C. Ramos & J. Doltra)

Appendix IV.

Here we will explain how crop evapotranspiration (ETc) is calculated. We will follow
basically the dual crop coefficient as described by Allen et al. (1998).

In this approach ETc is calculated as:

ETc=E+T =(Ke+ Kch) -ETo (1)
Where E is soil evaporation and T is crop transpiration, Ke is the soil evaporation coefficient,
Kcb is the so called basal crop coefficient, and ETo is the reference evapotranspiration.

Calculating transpiration

Daily crop transpiration is calculated by:

T =Kcb-ETo (2)
where the basal crop coefficient Kcb is defined as the ratio ETc/ETo when the soil surface is
dry but the crop is transpiring at the potential rate, with no restriction due to water stress. This
coefficient varies as shown schematically in Fig. 1. We see that Kcb varies with crop stage:
initial, development, midseason, and late season or maturity. Values for Kcb for several
vegetable crops are shown in table 1.

Table 2 gives the length of crop stages for several vegetable crops, planting dates and
climate regions. These lengths are critical in ETc calculation. Allen et al. (1998) give the
default lengths of these stages for many crops including vegetables. However, they advise of
using locally obtained values when available. Many times the only local data available on
crop growth and development is the total length of the crop season; in this case, one can
estimate the duration of each stage by correcting the values given in table 2 for a given stage,
keeping the same proportion as the total length of the crop season as shown in table 2, that is,
multiplying the stage durations listed in table 2 by the ratio: (total crop season duration
observed)/(total crop season duration listed in table 2. Snyder (2000) gives % duration of each
plant development phase for many vegetable crops, although they differ slightly of those
calculated from table 2. Crop Kc coeeficients given by Snyder (2000) are also somewhat
different for those given by Allen et al. (1998).

The initial stage runs from planting to a groundcover around 10%; the crop
development stage runs from 10% ground cover to effective full cover (see pags. 95-97 of
Allen et al., 1998) For row crops, effective full cover can be reached when leaves of plants
from adjacent rows begin to intermingle, and soil shading is nearly complete. In other cases,
such as crops taller than 0.5 m, effective full cover is reached when ground cover fraction is
about 0.7-0.8, and soil shading do not change significantly with further growth. Another way
of determining the occurrence of effective full cover is when the leaf area index (LAI) reaches
3.
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Fig. 1 Basal crop coefficient (K¢,) curve for a crop using growth stage lengths of 25, 25,
30 and 20 days (from Allen et al. 1998).

The mid-season stage goes from effective full cover to the start of maturity. The
yellowing or senescence of leaves indicates the start of the maturity stage. This stage can be
short for those vegetables that are harvested before reaching maturity. The late season or
maturity stage runs from the start of maturity to harvest or full senescence.

Values of Kcb given in table 1 are for average climate conditions of daily wind
velocity at 2 m height and an air RHmin of 45%. An adjustment of Kcb for mid-season and
late season stages when climate conditions are quite different of those mentioned can be done
by the formula:

HpC]
Hw=Kdﬁ}@+hﬂ4m2—ﬂ—DDDMRHmm—4ﬂ{g] 3)
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TABLE 1. Basal crop coefficients, K¢, for non stressed, well-managed vegetable crops in

subhumid climates (RHmin 45%, u, 2 m/s) for use with the FAO Penman-Monteith ET, (from
Allen et al., 1998)

| e HE
a. Small Vegetables 10.15(0.95 | 0.85
Broccoli . |o95| 085
Brussel Sprouts . |095| 085
(Cabbage . |095| 085
Carrots . |o095| 085
Cauliflower . |o095| 085
Celery . |095| 0.90
Garlic . |090| 060
Lettuce . |090| 0.90
|Onions | | |
 -dry | 1095 0.65
" |- green ' 1090 0.90
" |- seed " [105] 0.70
'Spinach . |o090| 085
Radishes . |o85| 075
|b. Vegetables - Solanum Family (Solanaceae) |0.15 |1.10 | 0.70
[Egg Plant '\ [100]| 080
'Sweet Peppers (bell) . |1.00*| 0.80
Tomato ‘ ‘1.101 0.60-
0.80
|c. Vegetables - Cucumber Family (Cucurbitaceae) |0.15 |O.95 | 0.70
Cantaloupe . |075| 050
\Cucumber L
" |- Fresh Market . |o.95| 0.70
|7| Machine harvest | |0.95| 0.80
|Pumpkin,Wintequuash | |0.95| 0.70
'Squash, Zucchini . |090| 070
'Sweet Melons . |100]| 070
|Waterme|0n | |0.95| 0.70
d. Perennial Vegetables (with winter dormancy and initially bare or ‘ ‘
mulched soil)
Artichokes 10.15(0.95 | 0.90
\Asparagus 10.15(0.90| 0.20
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'Beans, Peas, Legumes, Tomatoes, Peppers and Cucumbers are sometimes grown on stalks
reaching 1.5 to 2 meters in height. In such cases, increased K, values need to be taken. For
green beans, peppers and cucumbers, 1.10 can be taken, and for tomatoes, dry beans and
peas, 1.15. Under these conditions h should be increased also.

2 The Kcb end value for potatoes is about 0.35 for long season potatoes with vine kill.

® The Kcb for asparagus usually remains at Kcb ini during harvest of the spears, due to
sparse ground cover. The Kcb mid value is for following regrowth of vegetation following
termination of harvest of spears.

TABLE 2. Lengths of crop development stages for various vegetables, planting periods and
climatic regions (days) (from Allen et al., 1998)

na e

Crop Init. Dev. Mid Late Total Plant Date Region

(Lini) (Lgev!) (Lmid! (Ljate)
a. Small Vegetables
Broccoli 35 45 40 15 1356 Sept Calif. Desert, USA
Cabbage 40 60 50 15 165 Sept Calif. Desert, USA
Carrots 20 30 50/30 20 100 Oct/Jan Arid climate

30 40 60 20 150 Feb/Mar Mediterranean

30 50 90 30 200 Oct Calif. Desert, USA
Cauliflower 35 50 40 15 140 Sept Calif. Desert, USA
Celery 25 40 95 20 180 Oct (Semi)Arid

25 40 45 15 125 April Mediterranean

30 55 105 20 210 Jan (Semi)Arid
Crucifers 20 30 20 10 80 April Mediterranean

25 35 25 10 95 February Mediterranean

30 356 20 40 1956 Oct/Nov Mediterranean
Lettuce 20 30 15 10 75 April Mediterranean

30 40 25 10 105 Nowv/Jan Mediterranean

25 356 30 10 100 Oct/Nov Arid Region

35 50 45 10 140 Feb Mediterranean
Onicn {dry) 15 25 70 40 150 April Mediterranean

20 35 110 45 210 Oct; Jan. Arid Region; Calif.
Onion (green) |25 30 10 5 70 April/May Mediterranean

20 45 20 10 95 QOctober Arid Region

30 55 b5h 40 180 March Calif., USA
COnion (seed) 20 45 165 45 275 Sept Calif. Desert, USA
Spinach 20 20 15/25 5 60/70 |Apr; Sep/Oct | Mediterranean

20 30 40 10 100 Movember Arid Region
Radish B 10 15 b 35 Mar/Apr Medit.; Europe

10 10 15 b 40 Winter Arid Region
b. Vegetables — Solanum Family (Sofanaceae)
Egg plant 30 40 40 20 130414 | October Arid Region

30 45 40 25 0 May/June Mediterranean
Sweet peppers|25/30 |35 40 20 125 April/June Europe and Medit.
{bell) 30 40 110 30 210 October Arid Region
Tomato 30 40 40 25 135 January Arid Region

35 40 50 30 155 ApriMay Calif., USA

25 40 60 30 155 Jan Calif. Desert, USA

35 45 70 30 180 Oct/Nov Arid Region

30 40 45 30 145 April/May Mediterranean
c¢. Vegetables - Cucumber Family (Cucurbitaceae)
Cantaloupe 30 45 35 10 120 Jan Calif., USA

10 60 25 25 120 Aug Calif., USA
Cucumber 20 30 40 15 105 June/Aug Arid Region

25 35 50 20 130 MNowv: Feb Arid Region
Pumpkin, 20 30 30 20 100 Mar, Aug Mediterranean
Winter squash | 256 35 35 25 120 June Europe
Squash, 25 35 25 15 100 Apr; Dec. Medit.; Arid Reg.
Zucchini 20 30 25 15 90 May/June Medit.; Europe
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Under conditions of no water stress, transpiration on a given day is calculated by applying
equation (1) and Kcb is determined using the information in Tables 1 and 2. In the next
section we will describe how transpiration is determined under conditions of water stress.

Calculating Kcb when there is water stress

When soil water availability is limiting transpiration, then:

T=Ks:Kcb:ETo 4)
where Ks is a water stress coefficient that equals 1 under no water stress and is zero when The
Ks coefficient varies with soil water availability in the root zone as shown in Fig. 2.

Here we introduce some soil water definitions:
Total available water (TAW)

Readily available water (RAW)

Soil water depletion

Critical Soil Water content (SWcrit)

TAW is the water content in the root zone between FC (field capacity) and PWP (permanent
wilting point):

TAW = 1000 (S¢c - Swp) Zr (5)

Where § represents volumetric water contents at field capacity (FC) and wilting point (WP),
Zr is root depth in meters and TAW is given in mm.

RAW represents the ready available water, that is the amount of water that can be extracted
from soil between FC and PWP without the plant experiencing any water stress. It is
convenient to express RAW as a fraction p of TAW, that is:
AW = p TAW (6)
The value of p depends on the crop, on the soil texture, and on the evaporative demand, as
measured by ETc (with no stress). Table 3 gives p values for different vegetable crops for
ETc values of 5 mm/day. For other ETc values p can be calculated using:

P = Pravle 3 + 0.04-(5-ETc) (7)

Now, from eq. 5, 6 and 7, we can define the critical soil water content (SWci,, mm) at which
transpiration starts to decrease as:
SWeit = [3FC - P (SFC -Swp)] -Zr -1000 (8)

It is supposed that soil water between FC and SAT (saturation) can be extracted by the plants
at the potential rate, and no stress due to a lack of oxygen is considered.
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Fig. 2 Variation of the water stress coefficient (Ks) with the soil water content or the
corresponding water deficit for the soil root zone (from Allen et al. 1998).

To obtain Ks for a given case on a soil grid, we follow the steps:
e Sum water depth for all cells with roots (XW) (i.e.: 250 95;)
e Calculate the sum of SWc; for all cells with roots (XSWcit) (i.e.: 50 [Src — p-(Okc -
Swe)lij
e Calculate Ks:
0 IfXW >XSWqi then Ks=1

o If 250'3F’Wpi,j <>IW <X SWCm then Ks = (ZW - 250'8PWpi,j)/( ZSWCm -
Z50-Swpij )

0 IfXW < X50-Swpij then Ks=0
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Table 3. Ranges of maximum effective rooting depth (Z;), and soil water depletion fraction
for no stress (p) for some crops (from Allen et al., 1998).

Maximum Root Craplation Sraction<
Crop Depth Ifor ET = & mm/day}
Lyl F

a. Small Vegetables
Braccaol 0.4-0.8 0.45
Brusssl Sprouts 0.4-0.8 .45
Cebbage 0.5-0.8 .45
Carrots 0.56-1.0 .36
Cauliflowsar 0.4-0.7 .45
Calary 0.3-0.5 0.20
Sarlic 0.3-0.5 0.20
Lattuce 0.3-0.5 0.30
Onions - dry 0.3-0.8 030

- grean 0.3-0.8 0.30

- Smed 0.3-0.8 .35
Spinach 0.3-0.5 0.20
Radizhes 0.3-0.5 0.30
b. Vegemsbles - Solanum Family { Soianaceas)
Egg Flant 0.7-1.2 0.45
Sweet Fappars (bell) 0.6-1.0 030
Tamatao 0.7-1.5 0.40
0. Yegetables — Cusumber Family [Cuwosurbitaceas]
Cartalouss 2.8-1.5 .45
Cucurmbar - Fresh Markst 0.7-1.2 0.60

- Machins harvast 0.7-1.2 0.580

Purnpkin, Winter Sguash 1.0-1.6 0.35
Sguash, fucchini 0.6-1.0 0.50
Swast Malons 0.8-1.6 0.40
Watarmalon 0.5-1.5 0.40

% The values for p apply for ETc = 5 mm/day. For different ETc values, p can be
adjusted using: P = Pravle 3 + 0.04-(5-ETc)

Once we obtain Ks, then transpiration is calculated by equation (4). Now, this transpiration is
distributed among all cells with roots. For this, we assume water uptake from each cell is
proportional to the proportion of roots in the cell and to its available water content:

Ti,j = T*[Ri,j'KSi'j /Z( Ri,j*KSi,j] (8)
where R;; is the ratio of root length (or mass) in cell i,j to the total root length, and Ks;; is
calculated using the same type formula as for the whole soil profile with roots:

0 If 9ij> 9critij then Ksij=1
o If Spwij<9ij<Ycritij then Ks = (8ij- Spwij)/( Scritij - Swrij)

o If S'i,j < Swe ij then Ks =0

Riley & Berentsen. Bioforsk Rapport vol. 4 nr. 174 2009
69

109



110

N

orsk

BioYs

v~ |
NN
B

Calculating E

Soil evaporation is assumed to occur only from the surface soil layer that usually is taken to
be 10 cm thick. In addition, when a crop is present E is assumed to occur only in the
“exposed” soil surface (that is taken to be equal to 1-fc, where fc stands for fraction cover).

Evaporation is calculated as:

E=Ke:ETo 9)
where Ke is the soil evaporation coefficient. This coefficient varies with the fraction of the
soil exposed to solar radiation and on the water content of the soil evaporation layer, as
described later.

The evaporation coefficient is calculated as:
Ke = Kr (Kc max - Kcb) <= f, Kcmax  (10)

where:

Ke is the soil evaporation coefficient

Kcb is the basal crop coefficient

Kc max is the maximum value of Kc following rain or irrigation

Kr is a dimensionless evaporation reduction coefficient dependent on the cumulative
depth of water depleted (evaporated) from the topsoil (evaporation layer)

e fey fraction of the soil that is both exposed and wetted, i.e., the fraction of soil surface
from which most evaporation occurs.
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Equation (10) can also be expressed as:
Ke = min (Kr (Kc max - Kcb), feyy K max) (11)

The calculation procedure consists in determining:
e the upper limit Kc max
e the soil evaporation reduction coefficient Kr
e the exposed and wetted soil fraction fey,

Calculating Kc max

Kc max represents an upper limit on the evaporation and transpiration from any cropped
surface and reflects the constraint placed by the available energy for evapotranspiration. Kc
max ranges from about 1.05 to 1.30 when using the grass reference ETo:

Ko me= ma}:[{*l 2+ [004[w, - Z1-0.004(RH_, - 45 [gjﬂs }.{P{ch . D.Dﬁ}] )

where:

e his the mean maximum plant height (m) during the period of calculation (initial,
development, mid-season, or late-season)
e Kocb is the basal crop coefficient

Equation (12) ensures that Kc max is always greater or equal to the sum Kcb + 0.05. This
requirement suggests that wet soil will always increase the value for Kcb by 0.05 following
complete wetting of the soil surface, even during periods of full ground cover.

More details on the justification for equation (12) can be found in Allen et al. (1998)

RHmin is the mean value for the daily minimum air relative humidity (%). If this variable is
not given in the weather data, it can be derived from them as follows:

& Teu)

RH_. = —=2&w 100

min m (13)

where Tdew is mean dewpoint temperature and Tmax is mean

daily maximum air temperature during the given growth stage. Where dewpoint temperature
is not available or is of questionable quality, RHmin can be estimated by substituting mean
daily minimum air temperature, Tmin, for Tdew:

_ E‘:'li-l—min:l
RHmi"__I:_FE" T 100 (14)

In the case of arid and semi-arid climates, Tmin in equation (14) should be adjusted by
subtracting 2°C from the average value of Tmin to better approximate Tdew.

Calculation of the soil evaporation reduction coefficient Kr

Soil evaporation from the exposed soil (not covered by the crop) is assumed to take place in
two stages: an energy limiting stage, and a falling rate stage. When the soil surface is wet, Kr

Riley & Berentsen. Bioforsk Rapport vol. 4 nr. 174 2009
71

111



Bi ty;rsk

is 1. When the water content in the upper soil becomes limiting, Kr decreases and becomes
zero when the total amount of water that can be evaporated from the topsoil is depleted (fig.
3).

&: soil water content (m? /m?
O ( )‘?wp 0.50 wp

1.00 ,
Ke | \
0.80 ‘-

) energy |
T limiting |
050 —Sia0e

REW

: \
1 3 i | 1 Il 4 1 I 1 1 ] ' ] ' ] 1
T T T

0.00 +—+—F+—+——+——
0 REW TEW
D, cumulative depth of evaporation  (depletion)

F 3

0.20

Fig. 3 Variation of the soil evaporation reduction coefficient with soil moisture (after Allen et
al., 1998)

In Fig. 3 soil moisture is expressed as volumetric water content (upper axis) or as water depth
(lower axis). Some of the additional terms used are:

e TEW: total evaporable water. It is the maximum depth of water that can be evaporated
from the soil when the evaporation layer has been initially completely wetted and
drained [mm].

e REW: readily evaporable water. It is is the maximum depth of water, below field
capacity, that can be evaporated from the evaporation layer without restriction during
stage 1). The depth normally ranges from 5 to 12 mm and is generally highest for
medium and fine textured soils. Typical values for REW are given in Table 4. In the
EUROTATE model, FC and WP are calculated using pedotransfer functions (see
below). This parameter is analogous to the Q parameter in the STICS evaporation
approach.
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Table 4. Typical soil water characteristics for different soil types (after Allen et al.,

1998)
Soil water characteristics Evaporation parameters
) FC WP (FC - WP) | Amount of water that

Soil pre (USDA can be depleted by

Soil Texture evaporation
Classification)

stage | stagesland?2

1 TEW* (Z =
REW 0.10m)

m¥m? m¥m? m¥m® | mm mm
Sand 0.07-0.17 | 0.02-0.07 | 0.05-0.11 |2-7 6-12
Loamy sand 0.11-0.19 | 0.03-0.10 | 0.06-0.12 |4-8 9-14
Sandy loam 0.18-0.28 | 0.06-0.16 | 0.11-0.15 |6-10 15-20
Loam 0.20-0.30 | 0.07-0.17 | 0.13-0.18 |8-10 16 - 22
Silt loam 0.22-0.36 | 0.09-0.21 | 0.13-0.19 |8-11 18- 25
Silt 0.28-0.36 | 0.12-0.22 | 0.16-0.20 |8-11 22 - 26
Silt clay loam 0.30-0.37 | 0.17-0.24 | 0.13-0.18 |8-11 22 - 27
Silty clay 0-30-0.42 | 0.17-0.29 | 0.13-0.19 [8-12 22 - 28
Clay 0.32-0.40 | 0.20-0.24 | 0.12-0.20 |8-12 22 -29
TEW (mm) is estimated using the equation:
TEW = 1000 (O¢c - 0.5 Owp) Ze (15)

where:

e Orc : volumetric soil water content at field capacity [m* m™]

e Owp : soil water content at wilting point [m* m™]

e Ze depth of the surface soil layer that is subject to drying by way of
evaporation [we assume 0.10m].

In the second evaporation stage, the evaporation rate is reducing with soil drying. This stage
starts when the soil moisture deficit (De) (that is, the amount of water content, expressed as
water depth, below field capacity) exceeds REW. At this point, the soil surface is visibly dry,
and the evaporation from the exposed soil decreases as follows:

TEW-D, ,
= 21 forD, . » REW

K= TEW-REW

(16)
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where:

e Kr is a dimensionless evaporation reduction coefficient dependent on the soil water
depletion (cumulative depth of evaporation) from the evaporation layer (Kr = 1 when
De, i-1 < REW),

e De, i-1 cumulative depth of evaporation from the soil evaporation layer, below field
capacity, at the end of day i-1 (the previous day) [mm],

Calculating the exposed and wetted soil fraction

In crops with incomplete ground cover, evaporation from the soil does not occur uniformly
over the entire surface, but is greater where exposure to sunlight occurs and where there is
more air ventilation.

The location and the fraction of the soil surface exposed to sunlight change to some
degree with the time of day and depending on row orientation. The procedure presented here
predicts a general averaged fraction of the soil surface from which the majority of evaporation
occurs. Diffusive evaporation from the soil beneath the crop canopy is assumed to be largely
included in the basal Kcb coefficient.

If the complete soil surface is wetted, by precipitation or sprinkler irrigation, then the
fraction of soil surface from which most evaporation occurs, f., is essentially defined as (1 -
fc), where fc is the average fraction of soil surface covered by vegetation and (1 - fc) is the
approximate fraction of soil surface that is exposed. However, for irrigation systems where
only a fraction of the ground surface is wetted, f.,, must be less or equal to fw, the fraction of
the soil surface wetted by irrigation (Figure 4). Therefore, fe is calculated as:

few = min(1 - fc, fw) a7
where:

e 1 - fc is the average exposed soil fraction not covered (or shaded) by vegetation [its
range is taken as 0.01 - 1]

o fw: is the average fraction of soil surface wetted by irrigation or precipitation [0.01 -
1].
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crop development season
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Rain
oo
Border W .M W SN

Sprinkler!

fy= 1

Irrigation
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.
fEW = fw
« 1-k
Drip g, iy
Irrigation |
fw

Fig. 4 Variation of f., (cross-hatched areas) in different situations of groundcover and
irrigation system (after Allen et al., 1998)
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Equation 17 assumes that the fraction of soil wetted by irrigation occurs within the
fraction of soil exposed to sunlight and ventilation. This is generally the case, except perhaps
with drip irrigation.

In the case of drip irrigation, where the majority of soil wetted by irrigation may be
beneath the canopy and may therefore be shaded, to estimate f.,, the value for fw is multiplied
by [1-(2/3)fc], as a first approximation.

In summary, fe, calculation for the different irrigation systems is:

e Basin, border or sprinkler irrigation:
few = 1-fC (17a)

e Furrow irrigation:
few = min (fw, 1-fc) (17b)

e Drip irrigation:
few = min ((1-fc), (1-0.67 fc)fw) (17¢)

Determining fw on each day

On each day of the application, the following rules can be applied to determine fw for that and
subsequent days in a more simplified manner:

Surface is wetted by irrigation: fw is the fw for the irrigation system

Surface is wetted by irrigation and rain: fw is 1.0 (precipitation)

Surface is wetted by significant rain with no irrigation: fw =1

Where there is neither irrigation nor significant precipitation: f, is the f, of the
previous day.

Table 5 presents typical values for fw.

Table 5. Typical values of wetted soil surface fraction, fw, by
irrigation or precipitation (after Allen et al., 1998).

Wetting event fu
Precipitation 1.0
Sprinkler irrigation 1.0
Basin irrigation 1.0
Border irrigation 1.0

Furrow irrigation (every furrow), narrow bed | 0.6...1.0

Furrow irrigation (every furrow), wide bed 0.4...0.6
Furrow irrigation (alternated furrows) 0.3..05
Trickle irrigation 03..04
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Plant height on day i is used for estimating fc, and also in Kcb adjustment for climate,
therefore, since it is not always measured, it is estimated by the following expression:

h; = max (Kcb/Kcb mid * hmax, h;.1)(18)

Estimating plant height on each day (h;)

Determining fc on each day
Since usually fc is not available for each day, it can be estimated using the relationship:

(1+0.5h)
K ch ™ P{cmin
e

P{cma:x:_i’{cmi

where fc is the effective fraction of soil surface covered by vegetation [0 - 0.99],

Kcb is the value for the basal crop coefficient for the particular day or period,

Kc min is the minimum Kc for dry bare soil with no ground cover [= 0.15 - 0.20],

Kc max is the maximum Kc immediately after wetting (Equation 12), and

h is mean plant height [m]. Usually, to prevent numerical instability, the following restriction
is imposed: difference Kcb - Kc min to > 0.01.

This equation should be used with caution and, whenever possible, validated from
field observations. Kc min is the minimum crop coefficient for dry bare soil when
transpiration and evaporation from the soil are near baseline (diffusive) levels. Kc min usually
is taken as 0.15. The value of Kc min is an integral part of all Kcb coefficients.

Equation 19 substitutes the N-ABLE equation for calculating the fraction cover that
has been used in the first EUROTATE model. Therefore, the related parameter WLRT (dry
weight when roots are in mid point between rows) will not be necessary anymore to calculate
the fraction cover.

Daily water balance of the evaporation layer

The estimation of Ke in the calculation procedure depends on the water content of the
evaporation layer (in fact, only of the part of it wetted and exposed, f.) and calculating this
water content requires a daily water balance computation for this part of the surface soil layer.
The daily soil water balance equation for the exposed and wetted soil fraction fe, is (Figure
5):
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Fig. 5 Water balance of the wetted and exposed part of the evaporation layer (Ze)

This balance is:

[ E.
D.; =De.i—1_(Pi_RDi]I_f_I"'_I"'TEW.i"'Dpe.i (20)

) e

where:

e De, i-1is the cumulative depth of evaporation, below field capacity, from the exposed
and wetted fraction of the topsoil at the end of day i-1 [mm]

e De, i is the cumulative depth of evaporation, below field capacity, from the exposed

and wetted fraction of the topsoil at the end of day i [mm],

Pi is the precipitation on day i [mm],

ROi is the precipitation run off from the soil surface on day i [mm]

li is the irrigation depth on day i that infiltrates the soil [mm],

Ei is the evaporation on day i (i.e., Ei = Ke ETo) [mm],

Tew, i is the depth of transpiration from the exposed and wetted fraction of the soil

surface layer on day i [mm],

e DPe,i is the deep percolation loss from the topsoil layer on day i if soil water content
exceeds field capacity [mm].

o fw fraction of soil surface wetted by irrigation [0.01 - 1],

o fqy is the exposed and wetted soil fraction [0.01 - 1].

Limits on De, i

When topsoil is at field capacity (after drainage has taken place following heavy rain or
irrigation), the minimum value for the depletion De, i is zero. When water content of the
topsoil is greater than field capacity De, i has negative values. As the soil surface dries below
field capacity, De, i increases and in absence of any wetting event will steadily reach its
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maximum value TEW (Equation 15). At that moment no water is left for evaporation in the
upper soil layer, Kr becomes zero, and the value for De, i remains at TEW until the topsoil is
wetted once again. The limit imposed on De, i is consequently:

De,i < TEW (21)
Initial depletion

To initiate the water balance for the evaporating layer, we calculate De, i from its initial soil
water content. We can assume that the topsoil is near field capacity following a heavy rain or
irrigation when the excess of water has drained, i.e., De, i-1 = 0. If a long period of time has
elapsed since the last wetting, we can assume that all evaporable water has been depleted
from the evaporation layer at the beginning of calculations, i.e., De, i-1 = TEW = 1000 (S¢c —
0.5 SWP) Ze

Precipitation and runoff

Daily precipitation Pi in amounts less than about 0.2 ETo is normally entirely evaporated and
can usually be ignored in the Ke and water balance calculations. The amount of rainfall lost
by runoff can be calculated using the runoff module.

Irrigation

li is generally expressed as a depth of water that is equivalent to the mean infiltrated irrigation
depth distributed over the entire field. Therefore, the value li/fw is used to describe the actual
irrigation depth infiltrated over the fraction of the soil that is wetted.

Evaporation

Evaporation beneath the vegetation canopy is assumed to be included in Kcb and is therefore
not explicitly quantified. The computed evaporation across the field, Ei, is given by Ke ETo
and it is assume to occur only in the exposed, wetted topsoil. Therefore, Ei/few provides for
the actual evaporation over the fraction of the soil that is both exposed and wetted.

Transpiration

Except for shallow rooted crops (i.e., where the depth of the maximum rooting zone is < 0.5
to 0.6 m), the amount of transpiration from the evaporating soil layer is small and can be
ignored (i.e., Tew = 0). In addition, for row crops, most of the water extracted by the roots
may be extracted from beneath the vegetation canopy. Therefore, Tew from the fe,, fraction of
soil surface can be assumed to be zero in these cases.

Deep percolation

Following heavy rain or irrigation, downward drainage (percolation) of water from the
exposed and wetted evaporation layer is calculated using the drainage algorithm.

As long as the soil water content in the evaporation layer is below field capacity (i.e., De, i >
0), the soil will not drain and DPe, i = 0.

Order of calculation

In making calculations for determining Kcb and Ke, they should proceed in the following
order: Kcb, h, Kc max, fc, fw, few, Kr, Ke, E, DPe, De, I, Kc, and ETc.
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Summary of calculations for ETc

1.
2.

oo

7.

Estimate ETo (using the module already available)
Determine the length of the four growth stages (if there is no plants, then we can assume
we are in the initial phase: Kc = Kcb ini = 0.15) (if no local data are available, then use
those in table 2).
Determine the basal crop coefficient, Kcb:
e Calculate basal crop coefficients for each day of the growing period:
select Kcb ini, Kcb mid and Kcb end from Table 2;

I. Adjust Kcb mid and Kcb end to the local climatic conditions (Equation 3)
ii. Determine the daily Kcb values (as explained in section: Calculating
transpiration)
Adjust Kcb for water stress (Kcb adjusted = Ks - Kcb)
e Calculate the water stress coefficient, Ks:
I. Determine p and SWqi; for all cells with roots (equations 5,6 and 7)
ii. Determine Ks using equations 7a and 7b
Determine the evaporation coefficient, Ke:
Calculate the maximum value of Kc ( Kc max) using equation 12, and determine for each
day of the growing period:

Plant height, h (equation 18)
the fraction of soil covered by vegetation, fc (equation 19),
the fraction of soil surface wetted by irrigation or precipitation, fw (Table 5),
the fraction of soil surface from which most evaporation occurs, fe, (equations
17a, 17b, 17¢ depending of the type of irrigation),
¢ the cumulative depletion from the evaporating soil layer, De, determined by means
of a daily soil water balance of the topsoil (equation 20),
¢ the corresponding evaporation reduction coefficient, Kr (equation 16), and
¢ the soil evaporation coefficient, Ke (equation 11).
Determine crop evapotranspiration: ETc = (Kcb adj + Ke) - ETo

Calculations after determining ETc

Once ETc is determined for each day, soil water content of each soil cell is determined taking
into account water uptake by roots and all other water redistributions routines considered.
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