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Abstract. Over the last decade, the total population of the sub-Saharan region of Afri-
ca has been increasing rapidly at a rate of more than 3% annually, with urbanization
expected to be approximately 40% of the total population by 2050. Parallel growth has
not been achieved in the agricultural sector in West Africa, with vegetable produc-
tion and consumption being amongst the lowest in the world. This has aggravated the
already food insecurity and malnutrition situation in the region. In this context, and
within the framework of their agricultural development policies, 10 countries of West
Africa (Burkina Faso; Cabo Verde; Cote d’Ivoire; Guinée; Guinée Bissau; Mali; Maurit-
anie; Niger; Sénégal; Chad), established the “African Network for Horticultural Devel-
opment “RADHORT” (Réseau Africain pour le Développement de I'Horticulture),
in order to cooperate for the diversification and intensification of horticulture in the
region. The countries of RADHORT cover different climate zones ranging from the
arid climate (desert), to the Sahelian zone (semi-arid), to the dry tropical zone (with
long dry season and short rainy season), and to the wet tropical zone (humid zone
with bimodal rainfall). Temperatures and global radiation are very suitable for vegeta-
ble production in tropical countries throughout the year, but open air cultivation can
be severely hampered by high temperatures, winds, heavy rainfall, while being exposed
to pest and disease infestation. Sheltered cultivation will help to moderate negative
effects of climate factors on the crop, improve water productivity and the efficiency of
eco-friendly pest and disease management. The paper analyses and discusses differ-
ent technical options of sheltered cultivation to be tested in RADHORT countries, as a
means to enhance horticulture crops productivity and quality for meeting the growing
demand of an expanding rural and urban population.

Keywords: greenhouse, nethouse, protected cultivation, Tropics.

INTRODUCTION

The total population of the sub-Saharan region of Africa has been
increasing rapidly at a rate of more than 3% annually during last decade,
with an urbanization rate expected to be approximately 40% of the total
population by 2050 (Saghir and Santoro, 2018). Parallel growth has not been
achieved in the agricultural sector in West Africa, with vegetable production,
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availability and consumption being amongst the low-
est in the world. This has compounded the already food
insecure and malnutrition situation in the region.

In this context, the intensification and development
of the horticulture sector has considerable potential for
contributing to enhanced food and nutrition security
at global level. It would be based on the sustainable use
of available land and water resources and would gen-
erate employment and income, contributing signifi-
cantly towards improving the livelihood particularly of
small-scale farmers, women and youth. To this end,
and within the framework of their agricultural develop-
ment policies, 10 countries of West Africa, have joined
together and committed themselves to the intensification
and diversification of horticultural crops in the region.
To this effect they established the African Network
for Horticultural Development “RADHORT” (Réseau
Africain pour le Développement de I’'Horticulture)!, as
a framework to facilitate regional cooperation and inte-
gration. RADHORT is a major result of a project for the
development of horticultural production in West Africa
implemented since 1988 by FAO under the FAO-Belgium
Cooperation Program (GCP/RAF/244/BEL). The mem-
ber states of RADHORT are Burkina Faso, Cabo-Verde,
Ivory Coast, Guinea, Guinea-Bissau, Mali, Mauritania,
Niger, Senegal and Chad (FAO, 2016). The countries of
RADHORT are located in the Tropics.

However, they cover different climate zones ranging
from desert, semi-desert to subtropical and tropical.

The scope of RADHORT is the development of the
horticultural sector with the aim of achieving intensifi-
cation and development of horticulture production in
support of improved food and nutrition security in the
context of the rapidly increasing population of African
countries and the rising urbanization rate.

Within the effort for the development of the horti-
cultural sector in RADHORT countries, a description
and an analysis are made in this article of different tech-
nical options for the rational design and equipment of
sheltered cultivation based on the climatic features pre-
vailing in the region covered by the RADHORT coun-
tries. These technical options could be a basis for applied
research at regional level with the aim of promoting
sheltered cultivation as part of an innovation toolbox in
support of sustainable crop intensification in the West
Africa region.

! http://www.fao.org/agriculture/crops/thematic-sitemap/theme/hort-
indust-crops/radhort/presentationgenerale/en/

2 The constitutional act of RADHORT has been undersigned by the
Ministers of agriculture of the ten founder countries and the acceptance
instrument has been deposited at FAO for record and custody.
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THE CLIMATE CHARACTERISTICS OF RADHORT
COUNTRIES

The countries of RADHORT are located in the Trop-
ics. However, looking at the map of Climate zones of
Africa (Figure 1, http://www.synergy-energy.co/africa-
climate-map.html), it is noted that, according to Kop-
pen- Geiger climate classification (Koppen, 1936), the
RADHORT countries (Burkina-Faso, Cabo Verde, Guin-
ea, Guinea Bissau, Mali, Ivory coast, Mauritania, Niger,
Chad and Senegal), cover different climate zones rang-
ing from the arid climate (desert), to the Sahelian zone
(semi-arid), to the dry tropical zone (tropical with long
dry season and short rainy season), to the wet tropical
zone (humid zone with bimodal rainfall).

This situation illustrates the fact that there is very
large variation of climate features within the RADHORT
countries.

WHY GREENHOUSES IN THE TROPICS?

The tropics are a belt of the earth surrounding the
Equator. They are delimited in latitude by the Tropic of
Cancer in the Northern Hemisphere at 23°26’13.1” (or
23.43696°) N and the Tropic of Capricorn in the South-
ern Hemisphere at 23°26’13.1” (or 23.43696°) S; these lat-
itudes correspond to the axial tilt of the Earth.

In tropical regions, the temperatures and the glob-
al radiation are very suitable for vegetable production
throughout the year. However, open field cultivation can
be severely hampered by adverse weather conditions,
including high temperatures, drying winds, high pest
and disease incidence, as well as heavy rainfall and high
relative humidity (von Zabeltitz, 2011).

The aim of promoting sheltered cultivation is to
intensify the production of safe vegetables of better
quality, allowing to reduce the applications of synthet-
ic chemical pesticides and saving on water and land
resources. Crop production under sheltered cultivation
permits continuous crop production throughout the year
with efficient use of inputs: water, fertilizers, labor, space
and the implementation of biological control as part of
integrated plant protection management (IPM). With
respect to water, which is a serious limiting factor in sev-
eral RADHORT countries, it was reported by Katsoulas
et al. (2012), that crops grown in a nethouse consumed
about 20-40% less water than in the open field. The same
reduction occurs for crops in unheated simple (low tech)
greenhouses, while for crops under sophisticated (high
tech) greenhouses, water saving against open field can
exceed 60% (Nederhoff and Stangellini, 2010).
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Africa map of Képpen climate classification
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Fig. 1. Climatic Zones of Africa and RADHORT countries.

Sheltered cultivation can be defined as any agricul-
tural activity taking place under a protective structure. A
protective structure is defined as any structure designed
to modify the environment under which plants are grown.

Protective structures are generally classified in two
main groups:

Greenhouses, referring to structures covered (at
least the roof) with non-porous materials and nethouses,
which are covered with porous materials.

Greenhouses, besides the cover sheets, can be
equipped with screen nets, which are used either for

insect proofing or shading. Insect-proof nets can be
applied on the openings of the greenhouses, while shad-
ing nets can be added on top of the greenhouse roofs to
prevent overheating.

Nethouses offer a physical protection of the crop
against adverse climate factors (e.g. wind, dust, etc) and
insect pests while also offering a cooling effect by reduc-
ing the incoming solar radiation.

The development and use of efficient, cheap but
cost-effective technologies for adapted protective-shelter
structures is crucial for the expansion of protected culti-



vation in the tropics. This means that imported turnkey
greenhouses from countries with subtropical or temper-
ate climate can be avoided. Instead, the design of con-
structions, which are adjusted to local climate parame-
ters and built with locally available materials, including
Bambusa vulgaris, Casuarina equisetifolia, Borassus fla-
bellifer, should be investigated and promoted for the dif-
ferent climate zones (FAO, 1999).

Vegetable production in tropical climates under
adapted shelter structures with selected covering mate-
rials will result in higher yield of better quality, secured
harvest all year round, less susceptibility to diseases,
less insect damage, less physical damage and flooding
by heavy rain-fall, reduced water consumption, more
efficient use of fertilizers, less chemical pest and dis-
ease control and a more comfortable working environ-
ment. The increase in productivity and better quality
produce obtained with fewer and cost-effective inputs
are expected to lead to an increase of revenue for the
farmers. In fact, a cost-benefit analysis conducted in
Kenya (Nakuru, 0°18’11.1564”S, 36°4'48.0900”E, warm-
summer Mediterranean climate — Csb) comparing the
profitability of tomato cultivation in low tech unheated
greenhouses and in the open field (Wachira et al., 2014),
demonstrated that average yields in greenhouse were
about 10 times higher than in the open field.. Net prof-
its per square meter were 13 times higher for tomato
cultivation in greenhouse than in the open field even
though fixed costs, i.e. the sum of all costs that do not
vary with the production, were on average more than
60 times higher for greenhouse farming. Furthermore, a
cost benefit analysis in warm semi-arid region (Rohtak,
India, 28°53'40.09”N 76°3521.01”’E, BSh) (Duhan, 2016)
showed that growing vegetables under low cost unheated
greenhouses is more than 10 times more profitable as
compared to open field production.

GENERAL RULES FOR TECHNOLOGIES OF
PROTECTED HORTICULTURE IN TROPICS

Some general rules and technologies suitable for the
climatic conditions prevailing in the RADHORT coun-
tries are presented as guiding principles for the rational
development of protected agriculture in such countries.

Design criteria for greenhouses are based on the cli-
mate conditions in situ and climate control needs in line
with the analysis of the limiting factors for plant growth,
the general greenhouse structure and covering materials
requirements, taking into consideration local standards
if existing, as well as locally available, suitable and cost
effective materials.

Constantinos Kittas et al.

Climate Conditions for assessing the Regional Suitability
for Greenhouse Cropping

Greenhouses have to be designed in regard to the
needs of the plants and conditions of the different cli-
mate zones. To check the suitability of a region for pro-
tected cultivation, the climate data should be compared
with those of other regions and with the main require-
ments of the plants to be grown in the greenhouses.

For vegetables, the main climate requirements and
set points for climate control for thermophile species are
(Kittas, 1995; von Zabeltitz and Baudoin, 1999):

o T, mean monthly maximum temperatures below
32-34°C

o T, mean monthly minimum temperatures greater
than 12°C

¢ SR: mean minimum outside solar radiation 7.5 M]J/
m?/day.

o HR: relative humidity in the range of 70 to 90%

From the analysis of climate data in RADHORT
countries, it can be concluded that, there is no need for
heating since T,,;,> 12°C always and this is the case for
all RADHORT countries. To the contrary, in the Trop-
ics, the greenhouse design and equipment has to face a
specific problem of climate control, which is the avoid-
ance of greenhouse overheating.

By using the climate data of each area a climograph
can be elaborated to assess the local suitability for green-
house cropping (Kittas, 1995). More precisely, the climo-
graph for selected sites will be obtained by combining
the average maximum monthly outside temperature and
the corresponding average global radiation for a given
region during the 12 months of the year. By adopting
27°C and 33°C as reference temperature set points, the
following climate control requirements can be defined to
ensure good plant growth:

o T,.< 27°C a good ventilation is sufficient
o 27°C <Tmax< 33°C ventilation + shading are needed
o T..> 33°C cooling is needed.

max

The General Design Requirements

Based on the climate control requirements for
good plant growth, the following general design crite-
ria and technical specifications have been elaborated for
greenhouse cultivation in the tropics (Baudoin and von
Zabeltitz, 2002):

o Cladding material: Plastic film, with the following
desirable characteristics:

- Long lasting: Longevity should be for a mini-

mum of 3 to 4 years even with high global radi-
ation.
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- Light diffusing: In order to increase homogene-
ity of the solar radiation but also to increase the
shading effect of the cover.

- Easy to clean from prevailing dust.

- UV-Absorbent and if possible photo-selective
against insects’ infestation.

- Antifog to avoid condensations on the cover.

- Antidrip to avoid wetting the plants underneath.

— IR reflectant for heat reduction purposes.

- Covering film must not flutter in the wind, but
has to be stretched and tightly fixed by simple
stretching devices.

o Shade nets: They are usually white with Shading
Intensity (S.1.), as required, between 20 and 40% and
2-3 years longevity.

« Ventilation: To be efficient, ventilation openings
(ventilators) are needed at sidewalls and the ridge.
Ridge ventilation is absolutely necessary, if mean
maximum temperature is above 27°C. Efficient
ventilation should aim at reducing the difference
between inside and outside greenhouse tempera-
ture.

o Insect proofing: Ventilation openings have to be
equipped with nets of 50 mesh against penetration
of insects, without decreasing the ventilation effi-
ciency for more than 30%. Therefore, the ventilation
area must be adequately increased. The S.I. of insect
proof nets is about 20%.

o Structural and geotechnical design: For the four
prevailing climates (BSh, BWh, Aw, Am) the design
has to favor the natural (passive) ventilation, which
can be obtained by sidewall and ridge openings
(equivalent to at least 30% of the floor area), both
covered with insect-proof nets. In Aw and Am cli-
mates, it should be possible to close the vents in
order to operate fan and pad evaporative cooling
when needed (Franco et al., 2014). Gutter height:
The gutter height should be about 2.5 to 3 m mini-
mum. The higher the structure with ridge ventila-
tion, the greater the ventilation efficiency by the
chimney-effect. To the extent possible, the use of
locally available and renewable construction mate-
rials is advisable to contain the investment cost.
The greenhouse structure and foundation must be
designed and calculated according to the “EN 1990
‘Eurocode - Basis of structural and geotechnical
design”, against wind, pressure and suction forces,
and crop loads.

« Rainwater collection: Gutters are necessary to not
only drain off the rainwater but also for the collec-
tion and storage of rainwater, which can be recycled
for irrigation and other purposes.

o Greenhouse irrigation: localized irrigation sys-
tems should be applied, to avoid increasing the
air-humidity inside the greenhouse. It will help to
control weed growth and contain the infestation of
pests and diseases.

APPROPRIATE GREENHOUSE TYPES FOR RADHORT
COUNTRIES

Climographs have been elaborated, using the mete-
orological data of Nouakchott (Mauritania), Dakar
(Senegal), Praia (Cabo Verde), Conakry (Guinea)and
Bamako (Mali) (Table 1), with a view to characterizing
the suitability for selected greenhouse types in these
sites, which could be extrapolated at regional level to
iso-climate areas in the RADHORT countries. lerapetra
(35°00°42.70”N, 25°44°32.42”E) on the south coast of the
island of Crete (south Greece), has been used as a refer-
ence location for comparison purposes. lerapetra is the
area with the highest concentration of protected crops
in Greece with Mediterannean climate (dry summers
and mild, wet winters), classified as Csa by the Koppen-
Geiger system?®.

The analysis is based on the climograph of the fol-
lowing cities:

(1). Nouakchott, Mauritania (18°09°N 15°58’W, warm
desert climate), classified as BWh in the Koppen-
Geiger system vs. lerapetra and Praia, Cabo Verde
(14°55’N 23°31’W, warm desert climate, BWh) vs
Ierapetra (Figure 2), with relatively lower maxi-
mum temperatures than the corresponding values in
continental areas, due to the beneficial effect of sea
breezes from the Atlantic.

(2). Dakar, Senegal (14°40°N 17°25’W, warm semi-arid
climate, BSh) vs Ierapetra (Figure 3).

(3). Conakry, Guinea (9°3I'N 13°42°W, monsoon cli-
mate, Am) and Bamako, Mali (12°39’N; 8°0’W, trop-
ical savanna, Aw) vs lerapetra (Figure 4).

a. Climograph of Nouakchott and Praia vs Ierapetra
The climate in Nouakchott is warm desert, it means
hot and rather dry with very low rainfall over the year.
From Figure 2, it can be suggested: (i) Greenhouse
to be the highest possible for improving the chimney
effect for higher ventilation rate; (ii) Ventilation needs
to be very efficient throughout the year with openings
up to 30-35% of the total floor area. The lateral and

* The major greenhouse types adapted to Ierapetra are: Tympaki type
(similar to Parral), Tunnel and modified arched roof single layer poly-
ethylene covered greenhouses equipped with vent openings for natural
ventilation.
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Fig. 2. Climograph of Nouakchott ((Mauritania, 18°09°'N and
15°58’W, warm desert climate), Praia (Cabo Verde, 14°55’N
and 23°31'W, warm desert climate) and Ierapetra (Greece,
35°00°42.70”N, 25°44°32.42”E, cold semi-arid climate).

roof vents should be kept permanently open and shad-
ing of the greenhouse should be applied using nets with
SI= 30%*. (iii) The combined action of natural ventila-
tion and shading can increase the transpiration of the
plants, which is beneficial for the crops due to the out-
side low humidity. It should be stressed that all ventila-
tor openings must be covered with insect proof nets (50
mesh). (iv) From March to mid-November) an evapora-
tive cooling system is necessary. . The diurnal relatively
high air temperatures combined with the absence, prac-
tically, of rainfall lead to diurnal values of air relative
humidity no greater than 30- 40%. Consequently, a sat-
isfactory performance of an evaporative cooling system
is assured for a greenhouse installed in such an area
(Watson et al., 2019).

However, this requires additional investment for
more sophisticated technical options like fan and pad
cooling, or a high-pressure fog system, both of which
also improve the hygrometric status of the greenhouse
environment. Fan and pad greenhouse cooling is based
on hot and dry air being sucked through a wet pad
posed at one side of the greenhouse and electric ven-
tilators at the opposite site (Franco et al., 2014). The
high pressure fog cooling system occurs by spraying a
fine mist that will evaporate and cool down the air by

4 SI: Shading Intensity
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Fig. 3. Climograph of Dakar, Senegal, 14°40’N and 17°25’W,
warm semi-arid climate) vs Ierapetra (Greece, 35°00’42.70”N,
25°44°32.42”E, cold semi-arid climate).

absorbing the heat inside the greenhouse® (Kumar et al.,
2009). The use of photovoltaic panels for powering the
ventilators and the pump is an option that has to be vali-
dated as a cost effective investment.

The climate in Praia (Cabo Verde) is also classified
warm desert. However, as compared to Nouakchott the
maritime effect is pronounced and induces lower temper-
atures and even less rainfall. Figure 2 shows that shad-
ing of greenhouses is necessary throughout all the year.
Furthermore, the shading has a beneficial effect since it
enhances transpiration of stressed crops. Black plastic
mulching against weeds is advisable. It will reduce inside
air humidity and help to prevent fungal diseases.

b. Climograph of Dakar vs Ierapetra

The climate in Dakar (Senegal) is warm semi-arid
(BSh). Figure 3 shows that for half of the year, from
December to May, a very good ventilation is sufficient.
For the rest six months shading is necessary. Neverthe-
less, considering that insect proof nets in the ventila-
tion openings against insects are indispensable, shading
of greenhouses throughout all the year is suggested to
avoid too high temperatures inside.

> The latent heat of evaporation of water at 25°C is approximately 2500
J/g, it means that evaporation of 1 gram of water at 25 °C will absorb
approximately 2500 Joules (580 calories ) from the ambient air
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Fig. 4. Climograph of Conakry (Guinea, 9°31’N and 13°42°W;
monsoon climate) and Bamako (Mali, 12°39’N and 8°0’W, tropical
savanna) vs lerapetra (Greece, 35°00°42.70"N, 25°44’32.42”E, cold
semi-arid climate).

c. Climograph of Bamako and Conakry vs Ierapetra
The climate in Bamako (Mali) is tropical savanna

and in Conakry (Guinea) it is monsoon:

From Figure 4 we can conclude and suggest:

For Conakry: Cultivation is possible from June to
February (9 months), in a greenhouse, equipped with
efficient ventilation system and shading. For the rest of
the year i.e. from mid-February to mid-May, the mean
maximum temperatures are slightly over 33°C. Such
mean maximum temperatures, for a short period, do
not justify the use of an evaporative cooling system,
taking into consideration its cost and low efficiency
due to the high outside relative humidity (HR>60%).
So, it may eventually be possible to produce vegeta-
bles in Conakry all year round under greenhouses the
higher ,the better(gutter at least 3.5-4 m), with roof
openings and the whole lateral side opened and an
external roof shade net with a S.I. of 30-35 %. The
ventilation openings must to be equipped with nets to
protect against insects, birds, and rodents, and should
be increased by at least 10% to reach 40% of the floor
area in order to avoid decreasing the ventilation effi-
ciency too much.

For Bamako, the case is a more difficult:

o From October to June (9 months), it is necessary to
cool the greenhouse by using for example the fan
and pad system since outside temperatures are too
high The corresponding outside humidity during
this period is low, which favours an efficient evapo-
rative cooling system.

o The rest of the year i.e. from July to September (3
months), it is possible to produce vegetables under
greenhouses the higher, the better (gutter at least
3.5-4 m), with roof openings and the whole lateral
side opened and shade net with a SI of 30%. The
ventilation openings must to be equipped with nets
to protect against insects, birds, and rodents, and
should be increased by at least 10% to reach 40% of
the floor area in order to avoid decreasing the venti-
lation efficiency too much.

Summing up for greenhouse types

From the analysis, using the climagraphs of the
above mentioned cities for characterising the suitable
greenhouse types, it can be concluded that for RAD-
HORT countries:

e In warm desert and warm semi arid areas (BWh
and BSh) a greenhouse should be the highest pos-
sible (resistant enough to strong winds), equipped
with lateral and roof vents, with openings corre-
sponding to 30-35% total floor area, permanently
opened throughout all the year and always equipped
with shade nets SI 30%. Additionally, in continental
BWh areas an evaporative cooling system is neces-
sary for 3-4 months during the year.

o In tropical savanna (Aw), greenhouses with com-
bined rooftop ventilation and shading system
could be sufficient for 7 to 9 months. An evapora-
tive cooling system (fan and pad or high-pressure
fog) is necessary for the rest of the year (3 to 5
months) in such areas. For monsoon (Am) climate
areas it could be possible to produce vegetables all
year round in greenhouses: the higher possible,
with combined roof and lateral ventilation open-
ings of a total ventilation area equivalent to 40%
of the floor area permanently opened and covered
with insect proof nets and the roof shaded with
nets of SI of 30%.

o In the Sahelian environment of the RADHORT
countries, an adapted greenhouse should be:

- High (2.5-3 m minimum at gutter height) and

must have:

- Lateral and roof openings of 30-35% of the total
floor area needed for good ventilation, covered
with 50 mesh insect proof nets and remain per-
manently open.

- Shading nets on roof with SI=30%

- Plastic or straw mulching.

o For all options, plastic or straw mulching would
provide additional advantages for saving irrigation
water and reducing the relative humidity inside the
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greenhouse and helping to control fungal diseases

and weed growth.

These types of greenhouses and equipment recom-
mended for the RADHORT climate environment are
different from the greenhouses successfully used in Iera-
petra. This illustrates the fact that greenhouses and their
management have to be “tailored” to the local conditions
and needs.

NETHOUSES IN TROPICS

Nethouse cultivation may constitute an alternative,
to open field production in warm climates. It could be
a less expensive option than greenhouse cultivation.
Nethouses are usually covered with shade nets and SI of
20-30% or with insect-proof screens® of 50 mesh, i.e. 50
open spaces per inch in each direction, delineated by the
threads.

Insect-proof nets are recommended, in order to
avoid insect damage and thereby limit the use of plant
protection products. For many advantages, nethouses are
used to (Kitta, 2014):

o reduce high radiation levels and wind speed;

« modify positively the crop physiological response
due to relatively good ventilation and adapted shad-
ing avoiding too high temperatures . The inside air
temperature should not be very different from the
temperature outside;

o lead to enrichment in diffuse radiation inside the
growing environment, resulting in better uniformity
and higher level of radiation captured by the plants;

o keep the leaf temperature lower as compared to the
open field thereby avoiding photo-synthesis inhibi-
tion;

o protect against sunburns, that affect the quality of
the produce;

o protect the crop from hail, sand storms, and physi-
cal damage caused by heavy rain;

o minimize the invasion of insects, thus, allowing a
significant reduction in plant protection products
application;

o avoid the entrance of different types of predators,
including birds and rodents.

All the above advantages lead to increased overall
yield levels of better quality, reduced water consump-
tion and increased water use efficiency (WUE) and water
productivity (kg/m?®). Related experiments in warm
Mediterranean climates show that the production in
nethouses is almost doubled (for tomatoes from five to

¢ Insect proof screens of 50 mesh have a SI of about 20%

Constantinos Kittas et al.

ten kg per m?), and water consumption is reduced by
40% (Kitta et al., 2014b). Similar results were mentioned
by Saidi et al. (2013) for tomato growing under nets in
East Africa climate (Njoro-Kenya, temperate Mediter-
ranean climate classified as Csb by the Koppen-Geiger
system). Furthermore, Simon et al. (2014) found similar
results for cabbage under nets in Mediterranean climate
(Montpellier, Csa climate type), instead for subequatorial
climate (Cotonou Benin, tropical savanna climate, classi-
fied as Aw by the Koppen-Geiger system), they propose
periodical removal of nets (during the rainy season), to
increase productivity.

In terms of productivity, the best shading or insect
proof net is white with shading intensity between 20 and
30% (Kitta et al., 2014). However, it is important to note
that nethouses are shelter options that are efficient for
production essentially outside the rainy periods.

In conclusion, compared to a greenhouse, a neth-
ouse is a relatively simple and cheap construction. Asso-
ciated to adequate horticultural techniques and practices
(quality seed and planting material, irrigation, fertiliza-
tion and integrated phytosanitary protection), it is a pro-
duction technology that leads to a significant increase of
crop yield and quality, and the efficient use of water and
other inputs, when operated, in the tropics, outside the
raining period.

Attention must be paid to the fact that nethouses
protect, to a certain extent, against restrictions and con-
straints of open field production. It should be empha-
sized that the only device used for climate modification
is the covering net. Nethouses are basically different
from greenhouses, which are more capital expensive but
more efficient and more flexible when equipped appro-
priately with climatic control devices according to the
investment potential in each case. According to von
Zabeltitz (2011), the plants under nethouses are per-
manently wetted when raining, which favors diseases
occurrence. Therefore, nethouses may be limited to
regions with very low rainfall during the cropping sea-
son.

Appropriate Nethouses for Sub-Saharan (RADHORT)
countries

The suitability of nethouse cultivation in RAD-
HORT countries, is based on the following analysis.

a. For Nouakchott, Mauritania (18°09’N, 15°58’W,
warm desert climate BWh), taking into account
that there is almost no rainy period in the desert
climate of Nouakchott and simultaneously the out-
side maximum temperatures, are not excessive from
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mid-November till July (Fig. 2), growing vegetables
under a nethouse covered with insect proof nets or
shading nets is proposed, as a valuable alternative
solution to open field production. For the rest of the
year, between July and mid- November it would be
possible to produce vegetables under nethouses by
growing heat resistant species, like sweet potato.
Therefore, it is possible to grow vegetables under a
nethouse year round with satisfactory yield levels,
provided water for irrigation is secured. In fact, for
desert areas of RADHORT countries, the limiting
factor for vegetable cultivation is not only the cli-
mate but also the water availability. If we consider
that the incoming solar radiation is more or less
stable for Nouakchott and in the order of 20 MJ/m?/
day, the water needs (E) for a vegetable production
under a nethouse with a transmissivity factor of 70%
(so, shading intensity of 30%) is of about:
E=0.67%0.7*20/2.5=3.8 mm/ day= 3.8 1/m?/day.”

So, for a growing vegetable season of 150 days, 571.5
mm of water are needed. For two production cycles,
the total amount of water needed is 1143 mm, equiv-
alent to 1,143 1/m? (1,143 m?*/m?) for a production
cycle of 300 days.

From available climate data, the total precipitation
quantity for Nouakchott is only 94 mm and there-
fore, even if all the rainwater is collected, this quan-
tity covers only about 13% of the water needs for
irrigation. So, the irrigation should be based on well
or river water, mainly from the Senegal River.

b. For Dakar, Senegal (14°40°’N 17°25W, warm semi-
arid climate, BSh) and Praia, Cabo Verde (14°5’N
23°31’W, warm desert climate, BWh), we can con-
clude from climate data of Table 1, that, due to the
raining interval, the convenient period for veg-
etables under nethouses is from November to June-
July, practically for a period of 8 months, since the
rainy season usually extends from July to October (4
months). However, a possible solution to extend the
growing period during the rainy season, could be to
cover only the roof of the nethouse with a remov-
able 50 micron-thick transparent polyethylene film®.
This may result, however, in reducing light trans-

7 According to de Villele (1974) the following simplified relation can be
used for the estimation of water needs (E) of crops under cover in Med-
iterranean areas: E = K 0.67 t RSo /A (mm/day), where: K = crop coef-
ficient, t = transmissivity of the cover to solar radiation, RSo = outside
solar radiation (MJ m day™'), A = latent heat of vaporization of water
(=2,5 MJ/mm/m?)

8 The polyethelene file should possibly be an NIR reflective in order to
reduce the transmission of SR and thereby avoiding the overheating of
the greenhouse

mittance by two cladding materials. (von Zabeltitz,
2011). The temperatures in non-raining period are
convenient for vegetable production under neth-
ouses provided that water for irrigation is available.
Giving that the radiation regime in the BWh and
BSh climate zones is about 20 MJ/m?/day, a total
quantity of water for a vegetable production in net-
houses for a period of 8 months, is around 900 mm
(= 240%0.67*0.7*20/2.5) or 0,900 m?*/m?. For Dakar,
almost half of this quantity could be captured from
harvesting the rainwater, which is about 400-500
mm/year, mainly from the roofs of adjacent build-
ings and eventually stored in farm ponds lined with
plastic taking into account that farm ponds have
some important limitations , like cost and space. The
remaining half could be pumped either from rivers
or from aquifers. In Praia, because of the prevalence
of salty underground water, the situation is more
difficult since the only source of water could be from
collecting rainwater®, which, nevertheless, is less
than 200 mm/ year. For covering the water needs of
a 9-month vegetable production cycle, about 1,0 m?/
m? of nethouse is needed. (=270*0.67*0.7%20/2.5).

For Conakry, Guinea (9°3I'N; 13°42°W, monsoon
climate Am) and Bamako, Mali (12°39’N; 8°0’W,
tropical savanna climate, Aw) the raining period
is extended from May to October. Therefore, only
a limited period of 6 months (from November to
April) is suitable for vegetable production under a
nethouse. In Am and Aw climates, there is no prob-
lem of water availability due to abundant rainwater
quantity provided it is properly harvested. However,
in these climate zones, abundant and heavy rainfall
can also be a limiting factor, besides the high tem-
peratures regime occurring during the non-raining
period. Therefore, possible period for nethouse veg-
etable production is short, only 6 months (between
November and April) with an increased shading
factor in the order of 40%, but with eventual risk of
lower productivity. For the other six months, a net-
house is not well adapted. Vegetable production in
the rainy season can be improved by growing in a
greenhouse as rain-shelter with roof ventilation and
open sidewalls. An alternative option, less expensive,
would be to cover only the roof of the nethouse with
a removable transparent IR reflectant polyethylene
sheet of 50 micron.

° On the Island of Santiago and other Islands of Cabo Verde rainwater
is stored in retention ponds and small lakes behind dams in the moun-
tainous areas.
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Summing up for nethouse cultivation in RADHORT coun-
tries

In all 5 cities people grow vegetables during the
rainy season in the open field particularly leafy vegeta-
bles like amaranth, nightshade and also fruit vegetables
like okra and root vegetables like sweet potato.

Practically speaking, a nethouse is useful all year
round. Additional protection against the rain could be
obtained by covering only the roof of the nethouse with
a PE film of 50 micron. This can suffice for a few months
in climates of Dakar and Praia (BSh) and maybe not
needed in Nouackchott (BWh). Instead in Bamako (Aw)
and Conakry (Am), a nethouse with a permanent cov-
ered roof, will be more adequate to contain the impact
of the extended rainy season on the crops.

In conclusion, growing vegetables under a nethouse
is possible in all climates and seasons of the RADHORT
countries. It is a technological progress as compared to
growing in open field without any means of protection.
It offers the different advantages as cited by Kitta, 2014.
To protect the crop against the rain, it is possible but not
compulsory, to cover the roof of the nethouse with a PE
film of 50 micron during the rainy season.

ECONOMIC ASSESMENT FOR SHELTERED
CULTIVATION IN RADHORT COUNTRIES

From an economic point of view, the cost of inputs
will largely vary according to the countries and cit-
ies within the countries and the volatility of market
prices for imported items. Prices for structure compo-
nents can be lower when sourced from local markets.
Indicatevely, for Spain (Almeria) and Greece (Ierape-
tra), the investment for a simple greenhouse equipped
with only static ventilation, drip irrigation system and
shading nets (no cooling) ranges from 15 to 17 €/m?
and the corresponding net profit for tomato produc-
tion is of 5 to 6 €/m?/year. The corresponding invest-
ment for a nethouse varies between 7 to 8 €/m?, incl-
uging the structure, covering net and drip irrigation
pipes, with a net income for pepper production of the
order of 2 to 3 €/m?/year. Considering that cost of a
technology package of sheltered cultivation will vary
according to countries and areas, the return on invest-
ment will also be case specific.

The promotion of sheltered horticulture in RAD-
HORT countries would require business case studies,
which would be used to document and justify the access
to credit and eventual subsidies to facilitate the adoption
of innovative production technologies in support of sus-
tainable horticulture intensification.

Constantinos Kittas et al.

Factors to consider in order to asses the return on
investment are, inter alia:

« higher yield levels per unit of area, as a result of
year-round cultivation;

o higher income per unit of area, as a result of preci-
sion production planning in accordance to market
demand and better prices;

o better quality and higher proportion of marketable
yield;

o higher income as a result of premium prices
obtained in niche markets for quality and labeled
produce, which offers traceability;

o higher water productivity (less expenses for water
and energy per kg of produce);

o higher labor efficiency (all days can be working
days);

o less expenses for chemical pest and disease control;

o less dammage by birds, rodents and other predators;

o less expensive and easier weed control;

o less fertiliser requirements, as a result of reduced
drainage of soluble minerals;

o less physical damage to crops due to heavy rain and
wind;

o use of high quality seeds and/or seedlings of adapted
cultivars;

CONCLUDING REMARKS

Vegetable production in RADHORT countries can
be intensified and the quality improved by adopting
adequate shelter structures and covering materials. The
demand for vegetables is rapidly increasing in light of
the population growth and the urbanization process.
With improved health consciousness, the demand for
quality vegetables is expected to further rise over time
with higher pro-capita consumption, which today is far
below the 400 grams of daily intake, as recommended
by WHO-FAO. However, sheltered horticulture in the
RADHORT area is still very limited and in most cases
non-existent with only some exceptions.

Based on cost-benefit analysis, sheltered horticulture
should be further investigated as an option to reduce
the use of plant protection products, while increasing
productivity and quality per unit of land and water. At
the same time, it will foster entrepreneurship and create
additional job and income opportunities for prospective
farmers, women and youth.

Moreover, there are obvious environmental chal-
lenges for enhancing the development of sheltered horti-
culture. The most important are: the non- chemical pro-
tection of vegetables against insects, diseases and weeds
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with physical means such as insect proof nets, appropri-
ate cover and mulching; the reduced water consumption
for irrigation. By increasing the productivity by unit of
land area, the encroachment on nature is contained. On
the other hand, a negative environmental impact of shel-
tered horticulture is mainly related to the use and dis-
posal of plastic waste. However recycling processes help
to wave this inconvenience.

Ultimately and importantly, increasing the produc-
tion of high quality fruit and vegetables all year round
in sheltered cultivation, will contribute to attaining the
Sustainable Development Goals (SDGs) of the United
Nations (2015), essentially SDG 2 for improved food
and nutrition security and SDG 1, reducing poverty,
while protecting the environment and human health.
As such, sheltered cultivation complies with the agro-
ecology principles. Low- tech, cost-effective, prop-
erly designed greenhouses and nethouses constructed
using locally available materials, whenever available,
is a promising choice for the smallholders especially
in urban and peri-urban areas of RADHORTs cities,
to meet the increasing market demand for fresh veg-
etables. However, in order to be applied rationally, its
development should be paired with capacity building
and applied research, backed up by policy support and
mobilization of needed resources including incentives
and easy access to credit.

Sheltered horticulture is proposed as a regional the-
matic subject area for research, capacity building and
development, to be implemented on the basis of the
RADHORT regional cooperation agreement and com-
mitment.
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Abstract. The effects of climate changes on agroecosystems can cause relevant issues.
Using principal component analysis (PCA) we determined the 67 agricultural cli-
mate indicators (ACI) at 44 of Iran’s synoptic stations under current (1990-2019) and
future (2025, 2050, 2075, and 2100) conditions. Based on UNESCO aridity index, the
agroecological zonation (AEZ) was used to classify Iran’s regions (very dry, dry, semi-
dry and humid climates). Using the PCA method, the first 5 principal components
were determined by including data sets for temperature (winter, spring, summer and
autumn maximum and winter minimum temperature), precipitation (winter and sum-
mer precipitation), reference evapotranspiration (ET,;), and the degree of growth days
in spring and winter, which explained about 96 percent of the total variance. For each
climate empirical equation for ET,; was selected. In order to accurate evaluation of
ET,s were used The Penman-Monteith based on FAO;4 (PM-FAOs,) for the very dry
climate, the Hargreaves equation for the semidry climate, and the Penman 1 and 2
equations for the dry and humid climates, respectively. According to the results, the
first component alone, with an eigenvalue of 41.15, explained more than 74 percent
of the total variance. Based on the results of zoning by the PCA outcomes, the sta-
tions for 1990-2019 were classified into 7 zones. While 2025, 2050, 2075, and 2100
were classified in 6, 7, 6, and 5 zones, respectively. Under the future climatic condi-
tions of the country, in terms of climatic indicators, the similarity between the stations
will increase and the climatic diversity of the country will decline compared to cur-
rent conditions. The results demonstrated that the PCA method would be valuable for
monitoring AEZ in semidry climates at reasonably long periods.

Keywords: agro-climatic indicators, agro-ecological zonation, empirical equation, ref-
erence evapotranspiration.

INTRODUCTION

Climate change and variability affects agriculture more than any other
human activity. Given the role of agriculture in food production, investigat-
ing the impacts of climate change on agriculture give some important ele-
ments to evaluate the world’s future food security (Anwar et al., 2007; Chal-
linor et al., 2005; Choudhary et al., 2012; Torriani et al., 2007). In other
words, these changes have a direct effect on agriculture and food security
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(Brown & Funk, 2008; Schmidhuber & Tubiello, 2007).
Therefore, this sector is the most vulnerable, especially
in semi dry climates (Sharafi & Mir Karim, 2020).

The effect of fluctuation on climatic parameters on
crops, variety and phonological stage. Therefore, cli-
mate change can reduce economic incomes by reducing
production in the agricultural sector and thus reduces
individuals’ purchasing power, especially that of poor
communities (Blazquez & Domenech, 2018). Solaymani
(2018) confirmed the negative impact of rainfall-temper-
ature variability on food availability and access to food
due to a reduction in the supply of agricultural prod-
ucts, a commodity inflation pressure and a reduction in
household income in Malesia. Moreover, results suggest
that the climate variability shocks lead to a reduction in
the consumption and welfare of all household groups,
particularly in rural areas.

On the basis of the aridity index of UNESCO,
the climate of Iran is classified as dry climatic region
(Sharafi & Ghaleni, 2021b), and therefore, its agriculture
is highly dependent on precipitation and temperature.
According to Rahim (2014) and Mohammed & Scholz
(2019), the changes in precipitation patterns, directly
and indirectly might reduce crop yield (Sanchez-Mar-
tin et al., 2017). Such changes exemplify just how much
weather during the growing season, alongside long-
term changes in climate, are having a significant impact
on regional and global crop production (Newlands &
Zamar, 2012). The effects of climate change on crop pro-
duction are usually studied through crop physiology and
ecology sciences. In a comprehensive review of the phys-
iological mechanisms of crop response, various aspects
of the impacts of climate change on these processes have
been presented. More details of the responses of different
species of crops as well as related physiological mecha-
nisms can be reviewed from various resources (Nassiri
et al., 2006; Kamali 2007). Although these studies are
important in revealing crop growth responses to climate
change, they do not provide data about the regional
effects of climate change on crop production (e.g. rain-
fed wheat). Therefore, another part of this study investi-
gates the effect of climate change on crop production on
a regional scale to provide complete information about
the production situation, and future climate limitations
and barriers to crop production. The complexity of such
studies has led to far fewer scientific references than in
the first group of studies (Hammer et al., 2001; Nassiri et
al., 2006; Gholipoor 2008; Sharafi et al., 2016).

Several researchers have evaluated the dependence
of different empirical ET,.; equations on various mete-
orological parameters over different climates (Giigli et
al. 2017; Saggi and Jain 2019; Shiri et al. 2019; Ndiaye
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et al. 2020; Sharafi and Mohammadi Ghaleni 2021a,
b). Sharafi and Mohammadi Ghaleni (2021b) evalu-
ated different empirical equations for ET, in differ-
ent climates of Iran. Their results found that the sim-
plest regression model (MLR) based on minimum and
maximum temperature data was more precise than the
empirical equations. They also recommended the solar
radiation-based Irmak equation as the best substitute
for the PM-FAOs4 model, especially in dry and semidry
climates. Furthermore, accurate measurement of ET,
is used as an indicator to understand the concepts of
climate change. To better evaluate ET, ¢ in each climate,
it is necessary to be aware of the climatic conditions,
the quality of the weather data, and the related costs
(Sharafi et al., 2016).

However, the study of the impacts of regional cli-
mate change on crop production is based on determin-
ing ACIs in the current situation, predicting future
climatic conditions based on different scenarios by the
current climate and climate change indicators, such as
the GCM, calculation of ACIs under the conditions of
climate change, comparison with the current condi-
tions, and finally evaluation of future climatic condi-
tions for plant growth and production (Antle, 1996;
Holden & Brereton, 2004), but, the results of studies
have confirmed that the PCA is suitable for analysis of
agricultural climatic indicators on the regional scale
and classification of stations studied in terms of simi-
lar agro-climatic characteristics (Gholipoor, 2009; Nas-
siri & Koocheki, 2006). PCA is a statistical method that
converts a set of interdependent variables into a set of
independent (non-interdependent) variables (John-
son, 1998). Many researchers have used this method
to homogenize interdependent climate variables and
use them in subsequent statistical analysis (Briggs &
Lemin, 1992; Fovell and Fovell, 1993). PCA can also
establish a functional relationship between variables
and a close relationship between the Pearson correla-
tion coefficient of determination and graphical data
distribution (Chatterchi & Hadi, 2012). The aim of this
study is to develop and introduce ACIs by PCA on a
regional scale and station zoning under future climatic
conditions in very dry, dry, semi dry and humid cli-
mates. In the development of these indicators, criteria
such as the availability of the required climatic param-
eters at the regional level and a simple and accurate
working method have been considered. The introduced
indicators can be calculated and applied for future time
series with observational numerical values for climatic
parameters under future climatic conditions (2025,
2050, 2075 and 2100) of Iran.
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MATERIAL AND METHODS
Study area

Iran located in geographical coordinates between 25°
and 39° north latitudes and 44° and 63° east longitudes,
with an area of about 1.65 x 106 km?. The long-term
monthly climatic data of precipitation (mm), tempera-
ture (maximum and minimum), relative humidity, wind
speed, sunshine duration, and solar radiation from 1990
up to 2019 in 44 synoptic stations have been used in this
study. Data have been sourced from the Iranian Mete-
orological Organization of Iran (IRIMO). Some records
of data input were incomplete, or not available for some
stations, therefore only stations with long climatic period
length remained. Due to the widespread geographical
distribution of selected stations, complete coverage for
different Iranian climatic regions is given. The studied
synoptic stations were divided into four climatic regions,
namely, very dry (13 stations), dry (15 stations), semi dry
(11 stations), and humid climates (5 stations) (Table 1).

ET, s evaluation

The methods for calculating ET,.; according to the
type of input data (temperature, relative humidity, wind
speed, precipitation, geographical coordinates, and alti-
tude of each station) include seven hybrid methods
based on Penman (1948), two temperature-based meth-
ods, three hybrid radiation-temperature-based methods,
and a radiation-based method (Zare et al., 2006; Sharafi
and Ghalenee, 2021b).
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According to Sharafi and Ghaleni’s (2021a) results,
the ET, . were estimated by empirical equations of the
PM-FAOQ;;, for very dry climate, the Hargreaves equation
for the semidry climate, and the Penman 1 and 2 equa-
tions for the dry and humid climates, respectively (Table
1). At the same time, the Penman-Monteith method is
a suitable method in most parts of the country due to
its comprehensiveness (Sharafi and Ghalenee, 2021b).
This method has been used in studies by Sun and Song
(2008), Gong et al. (2008), Celestin et al. (2020), and oth-
ers. Since the condition for using this estimator is the
normality of the studied variable (ET,.), the Kolmog-
orov-Smirnov test was used. To evaluate the accuracy
and measurement of the obtained results, there are simi-
lar statistics for measuring the validity of the models,
among which is the coefficient of determination (R?),
the root of square errors (RMSE), and mean bias error
(MBE) (Jacovides, 1998). Based on the mentioned statis-
tics, the most appropriate method was proposed for each
climate and was considered as the basic method for the
studied stations (Table 1).

The slope of the line and the coefficient of deter-
mination of ET, values (mm y!) in the 5 climates are:
very dry (19.91, R* = 0.6); dry (-18.43, r = 0.72); semi
dry (17.54, R* = 0.83); semi humid (9.34, R* = 0.87);
and humid (57.3, R*> = 0.91). The stations were divided
according to ET, values. In 2019, the maximum value
of ET,, was detected in Chabahar (14.56 mm d!) and
Abadan (13.38 mm per day); and the lowest value of
ET, was at the Bandar Anzali (2.08 mm d*) and Rasht
stations (2.67 mm d), respectively.

Table 1. The values of estimated error of ET,.; in models used for Iran’s climate.

Suggested model Reference

Code  Abs.  Climate 2 RMSE,] MBE r
(mm day') (mm day™')
0.92 1.33 -0.37
(1) P-My Very dr
poss FEVEY 29 2.12 086  ET, =
0.43 0.73 -0.24
2) P-M1 Dry
0.97 1.62 -0.77
(3) H-G  Semidry 0.77 0.88 0.15 ET,
. 0.68 0.68 0.03
(4) P-M2  Humid ET,,
0.9 0.387 0.08
Average 0.74 1.12 0.195

900

0.48(R, -Gy ——=
(R, )7T+273

Us(e, —< Allen et al. (2006)

ET,, =(2.625+0.000479U, )(e,, —e¢,)

ref

A+ y(1+0.34U,)

Penman (1948)

=0.0162(K,),R,,TD"*(T +17.8)

= [i R, (0.27)(1+0.01U,)(e,, —¢,)]
A+y

Hargreaves (1975)

Penman (1948)

ET,. reference evapotranspiration (mm day™!), A; the slope of saturation vapor pressure curve (mb ‘C), R,; net solar radiation (MJ m™
day™); G; soil heat flux density (mm day™), y; psychometric constant (kPa °C!), T,,..,; mean daily temperature ('C), U,: wind speed meas-
ured at 2 m height (m s'), R,; extraterrestrial radiation (mm day'), A; latent heat of vaporization (M] kg), e,; saturation vapor pressure (k
Pa), e ; actual vapor pressure (k Pa) and (e,-e,); saturation vapor pressure deficit (k Pa).
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M-K test

Table 1 shows the seasonal climatic trends and sig-
nificance at the level of 1 and 5%. According to the
M-K test results, many stations show an increase in
mean temperature the autumn, winter, spring and sum-
mer seasons. The slope of the warming trend was much
steeper in winter and summer. In dry and very dry cli-
mates, the trend of increasing mean temperature was
observed during four seasons. In general, during the last
30 years, in humid, semi dry, dry and very dry climates,
about 75, 86, 81 and 89 percent of precipitation, respec-
tively, occurs in autumn and winter, respectively. There-
fore, the study of this climatic parameter has a very
important role in better assessment and understanding
of drought indicators. Accordingly, in all studied cli-
mates, a trend of reduced precipitation was observed,
especially in winter; however, in semi dry and dry cli-
mates, this declining trend was more severe. Also, a
decrease in precipitation in spring season was observed
for stations in humid climate. On the other hand, in
most semi dry and very dry climates, the amounts of
increase in precipitation were reported in autumn sea-
son, although these values were not significant. Accord-
ing to the results of preliminary studies, ET,; values in
most of the stations studied in different climates have an
increasing trend, which had an increasing and signifi-
cant trend in winter and summer. The difference in ET, ¢
values in humid and very dry climates is about 2452 mm
per year (Table 2).

GCM scenario

Three basic scenarios evaluate climate change
impact: delta perturbation, analogue, and GCM. To a
certain degree, they reflect the history of climate con-
struction since the construction method was recognized
in line with the types of available data. Delta perturba-
tion and analogue have the simplest scenarios, whereas
the GCMs are the most complex. For synthetic sce-
narios, a random alteration in a particular weather
parameter is applied to an obtained time series. Pres-
ently, GCMs are the only reliable methods accessible for
simulating the physical processes that detect the global
climate situation (IPCC, 2014). Researchers depend on
weather data that can be derived from GCM, which
needs to be converted to a local scale using statistical
or dynamical downscaling methods (Mukherjee & Sid-
dique, 2019).

The UKMO (Version 3.0) GCM was developed at
the Hadley Centre for Climate Prediction and Research,
which is a part of the UK Meteorological Office. The
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model is one of a breed of coupled Ocean-Atmosphere
GCMs (OAGCM) that require no flux corrections to be
made. The GCM consists of a linked atmospheric model,
ocean model and sea ice model. However, for the pre-
sent study we used only the atmospheric component of
the model. By implementing UKMO-GCM for the years
2025, 2050, 2075, and 2100, the monthly values of mini-
mum and maximum temperature, wind speed, and pre-
cipitation for different stations were calculated and the
effects of climate change were determined based on the
scenario defined in the model on these climatic param-
eters (Nassiri et al., 2006). Then, using the results of the
implementation of GCM of all ACIs calculated in the
current situation, again for the years 2025, 2050, 2075,
and 2100, the values were calculated and by comparing
these values and their differences with the current con-
ditions, the effects of climate change on the indicators
were determined (Antle, 1996).

ACI

In general, the weight of the parameters is estimat-
ed based on the relative importance of the parameters.
Most of the qualitative indicators developed for the
parameters used are considered unequal weights with a
sum equal to one (Sarkar and Abbasi, 2006). According
to an aggregation function used to calculate ACIs, the
weight of each parameter has a large effect on the cal-
culated final number (Sutadian et al., 2017; Sarkar and
Abbasi, 2006; Uddin et al. 2021). In order to determine
the weight for agricultural climate parameters, PCA
method was used. In this method, by considering the
mean values of specific vectors (a;) related to the first 5
principal components, the weight vector related to quali-
tative parameters i to j (€);) was calculated using Equa-
tion (5):

Q =X 4e /PU) (5)

Where \; is the variance of the principal compo-
nent of i and P¥ is the cumulative variance (Eq. 6) to the
principal component of j.

P =31 4 ©)

The final weight of the parameters was calculated
according to the calculated () values for each parameter
i (Casillas-Garcia et al. 2021). The aggregation of ACI
is the last stage in the development of an index. In this
step, using the sub-indexed parameters and the weights
related to each parameter, a number was obtained as a
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Tab 2. Seasonal climatic trends at the selected weather stations over Iran.

Tmean Precipitation ET,.¢

Class Station
Aut. Win. Spr. Sum. Aut. Win. Spr. Sum. Aut. Win. Spr. Sum.

Babolsar 0.02°  0.00° 0.04% | 0124

Bandar Anzali 10054 -0.03° -0.01°  -0.01°

Ramsar 0.03*  -0.01° 0.05 | 0.154

Rasht -0.03° 0.02®  0.04®
Gorgan 0.01¢

Humid

Urmia
Nowzheh
Sanandej

Saqez

Arak
Kermanshahan
Khoramabad -0.02°  0.04°  0.04°
Tlam 0.03®

ShahreKurd -

Qazvin 0.04®

Zanjan 0.04®

Khoy
Tabriz
Dezful
Birjand 0.05®  0.05°®
Fassa
Isfahan
Qom
Mashhad
Sabzevar

Semi dry

Dry

Semnan
Shahroud
Shiraz
Tehran 0.03®  0.03°
Torbat Heydarieh 0.02®  0.00°®
Kerman

Bam
Iranshahr
Tabass
Yazd
Zabol
Zahedan
Abadan
Ahwaz
Bandar Abbas 0.03®  0.02°
Bandar Lengeh
Bushehr -0.01°  0.00®
Chabahar 0.00®
Jask

Coloumap T

Kendall’'s Tau (t) -» -0.20 -0.05 0.00 0.05 0.20 +o0
A, significant at 1% with increasing trend; v, significant at 1% with decreasing trend; A, significant at 5% with increasing trend; v, signifi-
cant at 5% with decreasing trend; @, not significant with increasing trend; O, not significant with decreasing trend.

Very dry
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score for the quality of the parameter. The aggregation
function of ACI can be additive functions, multiplicative
functions or a combination of these two functions (Suta-
dian et al., 2016).

In order to evaluate 67 agricultural climate indica-
tors, 36 temperature variables including; the minimum
temperature in winter (12 variables), the maximum tem-
perature in winter (12 variables), winter precipitation (6
variables), summer precipitation (6 variables), the maxi-
mum temperature in spring, summer, and autumn (12
variables), ET, (12 variables) in different seasons, degree
of growth days in spring and winter (4 variables) and
forest day in spring, fall and winter seasons (3 variables)
(Appendix 1). The PCA technique was used to evalu-
ate ACIs at 44 stations in Iran. SAS software (V.13.1)
was used to perform PCA (Rosenzweig et al., 1995).
For this purpose, 67 ASCII data files were first placed
in a set. The PRIN COMP PROC command was used
to provide principal components of the data. The prin-
cipal components were implemented in the correlation
matrix because the analyzed variables had very different
numerical values and their mean and standard devia-
tion were very different due to measurement in different
units. It should be noted that the application of PCA on
the coefficient of determination matrix is equivalent to
the application of this technique on standardized data
(Fovell & Fovell, 1993). According to the PCA results,
eigenvalues and eigenvectors related to each of the prin-
cipal components were calculated and evaluated (Nassiri
et al., 2006). ACIs of different stations, calculated based
on the results of the GCM model under climate change
conditions, were also exposed to PCA after becoming
67 indicators and their principal components under cli-
mate change conditions were determined. Finally, all
ACIs calculated under the current conditions and differ-
ent scenarios of climate change along with their princi-
pal components were compared and the effect of climate
change on these indicators was evaluated (Appendix 1).

RESULTS AND DISCUSSION
Statistical analysis of ACIs

Having implemented PCA, the first 5 principal com-
ponents explained about 100 percent of the total vari-
ance. In general, statistically speaking, there is no spe-
cific method for selecting the number of components
that should be retained, so selecting 5 components in
this study was a judgment call. Note, however, that the
simplest criterion for selecting the number of compo-
nents is to retain a number that can explain 95 percent
of the total variance. Accordingly, the presence of 4
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principal components was sufficient to explain 95 per-
cent of the total variance. Further analysis showed that
it is not necessary to add a new component because by
excluding the fifth component, the statistical accuracy
of the next analysis was not much reduced. Table 2 pre-
sents the eigenvalues of the coeflicient of the determina-
tion matrix and the part of the total variance explained
by each of the 5 principal components. According to the
results, the first component with an eigenvalue of 41.15
alone explained more than 75 percent of the total vari-
ance. These values are reduced in subsequent compo-
nents, respectively, and finally the fifth component, with
an eigenvalue less than one, explained a small amount of
the total variance percentage. Furthermore, the first four
principal components can explain 98.85 percent of the
total variance; however, as mentioned earlier, the pres-
ence of the fifth component only improved the accuracy
of this analysis and subsequent analysis (Table 3).
Appendix 1 presents eigenvalues for each of 67 vari-
ables in 5 principal components. As shown, the first
principal component is filled with load temperature
variables (variables 1 to 36 of Appendix 1). Load or load-
ing is the power (with values from -1 to +1) of the coef-
ficients related to each of the variables integrated into
a principal component. The highest load of the second
principal component is related to the winter minimum
temperature, the winter precipitation, and the variables
of autumn, winter and spring precipitation and ET,;
(variables 4, 12, and 37-60 of Appendix 1). The maxi-
mum load of the third principal component is the winter
minimum, average, and maximum temperature (vari-
ables 16, 20, and 24 of Appendix 1). The fourth princi-
pal component showed its highest load for the summer
minimum, average, and maximum temperature, the
spring maximum temperature, and the winter mini-
mum, average, and maximum precipitation and ET,;

Table 3. Eigenvalues of the correlation matrix and amount of vari-
ance described by each of the 5 principal components.

. Cumulative
Ratio of total

PCA Eigenvalue  Difference’ . ratio of total
variance -
variance
PCA'1 0.7689 0.7358 32.0756 40.8927
PCA 2 0.9265 0.1563 6.2138 9.3025
PCA 3 0.9734 0.0542 2.0022 3.0531
PCA 4 0.9814 0.0191 0.2093 1.0526
PCA 5 0.9991 0.0148 0.1208 0.8409

* The difference between the eigenvalues of two successive compo-
nents.

** The cumulative value of the ratio of variance described by suc-
cessive components.
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Table 4. The description of information for each of the 5 principal
components.

Table 5. The description of information for each of the 5 principal
components of climate change (2025, 2050, 2075, and 2100).

PCA  Description information

PCA  Description information

PCA 1 The sum information of temperature (min, max, and mean)

PCA 2 The winter minimum temperature and ET,¢

PCA 3 The winter minimum and average ET,; the winter
minimum temperature

PCA 4 The winter precipitation, the summer ET,, the spring,
summer, and autumn maximum temperature

PCA 5 Growth degree days (GDD) in spring and winter, the
summer precipitation

(variables 17, 18, 22, 17, 17, 40, 44, 48, 52, 56 and 60 in
Appendix 1). The fifth principal component had a posi-
tive load for variable degree of growth days in winter
and spring, and the spring minimum, maximum, and
average precipitation (variables 32, 38, 39, 42, 46, 50, 54,
and 58 of Appendix 1). Accordingly, Table 4 summarizes
the information integrated into each of the 5 principal
components, which together explain 99 percent of the
total variance in agricultural climate data.

In this study, using the geographic information sys-
tem related to the country’s stations, after implemen-
tation of the program and based on the variables inte-
grated into the 5 principal components, the stations were
placed in seven climatic areas. Fig. 2 shows the location
of these areas based on the first and second principal
components, which together explain about 91 percent
of the total variance among the data (Table 3). There-
fore, according to the set of indicators of agricultural
climatology used in this study, stations with the maxi-
mum climatic similarity were placed in a group. It is not
possible to group the studied stations based on 67 indi-
cators at a stage. Therefore, as mentioned earlier, at the
first stage the indicators of agricultural climatology were
placed in 5 principal components, and then, by the geo-
graphic information system based on the principal com-
ponents, the stations of the same climate were placed in
the same area.

Statistical analysis of agricultural climatic indices under
conditions of climate change

The results of statistical analysis showed that under
the conditions of climate change, 4 principal compo-
nents will explain more than 96 percent of the total data
variance, while in the current situation, to explain the
variance of agricultural climate data, 5 principal com-
ponents were defined (Table 3). The properties of the 4
components related to climate change conditions are

The summed information of temperature (min, max, and
PCA 1 mean, respectively)

The summed information of precipitation, the summer
PCA 2 ET,

The autumn minimum temperature, the summer maximum
PCA 3 temperature

PCA 4 The winter ET,, growing degree days in spring

presented in Table 5. Also, the first and the second, are
the same in the current situation and under climate
change conditions, but the other components are differ-
ent (Table 5). Various researchers have cited tempera-
ture, precipitation, and the climatic indicators of their
crops (e.g. the duration of the growing season or of the
dry season) as the most important variables affecting
crop growth and development.

The results show that under climate change condi-
tions, the set of information about temperature, pre-
cipitation, and the indicators obtained from them will
be the principal climatic components in Iran; however,
the contribution of these components to explaining the
properties of the studied stations compared with dif-
ferent current conditions is somehow different. These
results are consistent with the study results of Solaymani
et al. (2018), who examined the effects of climate change
on Malaysian food security. Table 6 presents the eigen-
values and the amount of variance explained by each of
the principal components under climate change condi-
tions. Comparing these results with the values presented
in Table 6 shows that under climate change conditions,
the contribution of the first principal component (tem-
perature information) to the explanation of total has
declined and in contrast, the role of the second princi-
pal component (precipitation information) in overall
variance has increased; in addition, the second princi-
pal component for 2050 has been much more effective
than 2025 and 2100. In other words, the second princi-
pal component will have a decreasing trend of precipita-
tion and an increasing trend of temperature. Therefore,
it seems that under future climate change conditions of
the country, the amount of precipitation and agricultural
climate indicators related to it will be more important
compared to the current situation, and in contrast to
the role of temperature and its indicators, will be some-
what reduced compared to specific conditions. Accord-
ingly, it can be concluded that although the increase in
temperature in many parts of the country will prolong
the growing season, at the same time an increase in the
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Table 6. The eigenvalues and described variance for each of the 5 principal components in the situation of climate change (2025, 2050, 2075,

and 2100) based on the results of the general circulation model (GCM).

Eigenvalues Ratio of total variance Cumulative ratio of total variance’

peA 2025 2050 2075 2100 2025 2050 2075 2100 2025 2050 2075 2100
PCA'1 0.49207 0.50396 0.54910 0.60579  0.49207 0.50396 0.54910 0.60579  25.8314 27.1001  31.020 37.1914
PCA 2 0.94048 0.87647 0.89778 0.89174 0.44841 0.37251 0.34868 0.28595 24.1833 22.1990 20.1212 17.3120
PCA3 0.96177 0.90782  0.94274 0.94443 0.02129 0.03135 0.04496 0.05269  2.8616 2.0312 2.4511 3.0824
PCA 4 0.97871 0.92186 0.95802 0.95998 0.01694 0.01404 0.01528 0.01555  1.0281 0.8817 0.9142 0.9101
* The cumulative value of the ratio of variance described by successive components.
duration of the dry season will create limitations for new
agricultural climate indicators that are not very obvious
in the current situation. Confirmation of this conclusion :
requires further studies on the growth and development
responses of crops under the expected future climatic
conditions of Iran.

Fig. 1 shows the zoning of stations by PCA in terms £}
of agricultural climate indicators (1990-2019). Based on ~ *
this, the studied stations are located in 6 classes but the -
second class was not located in any of the climatic zones.
The northern regions of the country were located in |
class 7 and the southern, southwestern, and southeastern
regions were located in class 1. There is climatic diversity Al ~
in the western and northwestern regions of the country. Sk me
By crossing the northwest and west of the country to  : Cluster § T : B r
the central, southern, northern, and eastern regions, cli- Gt ! i

mate diversity is reduced and the country is divided into
two parts including humid (class 7) and very dry (south,
center, and east) climates. The southern coastal region,
due to rising temperatures and lack of suitable vegeta-
tion, and despite its high relative humidity, was located
in class 1 (Table 7).

Agricultural climate data for the studied stations
were reclassified after determining the PCA under cli-
mate change conditions. The position of the stations
under climate change conditions is shown in Fig. 2 for
the years 2025 (6 zones), 2050 (7 zones), 2075 (6 zones),
and 2100 (5 zones) (Table 8). According to these results,
under future climatic conditions of the country, the
similarity between the climates will increase in terms of
AClIs, and in fact, the climatic diversity of the country’s
agriculture will decline compared to current conditions.
Also, with the intensification of future climate change,
as shown in Fig. 2, the density of stations within each
area increase, confirming the uniformity of conditions
in that climate.

Although the effect of climate change on Iran’s cli-
mate is not certain, the study results of various research-
ers confirm this (Nassiri et al., 2006). On the one hand,
the effect of climate change on agricultural climatic

Fig. 1. Map showing the zoning of stations based on PCA (1990-
2019).

indicators and finally the displacement of agricultural
climatic areas has been reported by some research-
ers (Antle, 1996; Rosenzweig et al.,, 1995). For exam-
ple, Holden and Brereton (2004) and Araya et al. (2010)
showed that future climate change would affect agricul-

Table 7. The classification of stations based on PCA (1990-2019).

Class Stations

Abadan, Ahwaz, Bam, Birjand, Bandar Abbas, Bushehr,
Chababhar, Ilam, Jask, Qom, Kerman, Sabzevar, Semnan,
Shahroud, Shiraz, Tehran, Torbat Heydarieh, Yazd, Zabol,
Zahedan, Iranshahr, Isfahan

Arak, Khoy, Mashhad, Tabriz

Bojnord, Nozheh, Kermanshah, Qazvin, Zanjan

Ardabil, Urmia, Saqez, Sanandej, ShahreKurd

Gorgan, Khoramabad

Bandar Anzali, Rasht, Nowshahr

NN U W=
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Fig. 2. The predicated maps of climate classification based on PCA for 2025, 2050, 2075, and 2100 in Iran.

tural climate climates, reducing potential crop produc-
tion in Ireland and Ethiopia, respectively. Solaymani
(2018) also showed that climate variables reduce the food
security and well-being of poor families, especially in
rural areas of Malaysia. Accordingly, and considering
the results obtained in the case of Iran, it seems that the
effects of climate change on a regional scale along with
studies on the physiological consequences of this phe-
nomenon are important and should be considered.
Vaghefi et al. (2019) used five climate models to pro-
ject temperature and precipitation distribution across
Iran. They confirmed that compared to the period of
1980-2004, in the period of 2025-2049, Iran is likely to
experience more extended periods of extreme tempera-
tures in the dry and very dry climates (for 2120 days:
precipitation <2 mm, Tmax 230°C) as well as humid
climates (for <3 days: total precipitation 2110 mm) con-
ditions. Also, Panahi et al. (2020) evaluated data time

series of temperature, precipitation, runoff, ET,., and
water storage change, to determine their situation and
variations in Iran (1986-2016). They found that the
country warmed, precipitation typically decreased, while
ET,. increased in dry and very dry climates. Overall,
the extra water provided from primarily groundwater
depletion has fed and kept ET, at levels beyond those
sustained by the annually renewable water input from
precipitation. Therefore, this shows unsustainable water
consumption for maintaining and expanding human
activities, such as irrigated agriculture.

CONCLUSIONS

The study results show that the PCA method under
climate change conditions explained more than 96 per-
cent of the observed changes among the climatic data
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Table 8. The predicated stations classification based on PCA for 2025, 2050, 2075 and 2100 in Iran.

Year Class Stations

Abadan, Ahwaz, Bam, Birjand, Bandar Abbas, Bushehr, Chabahar, Jask, Qom, Kerman, Semnan, Shahroud, Yazd, Zabol,

Zahedan, Iranshahr

Bojnord, Khoy, Nozheh, Kermanshah, Tabriz

2025

Gorgan, Khoramabad
Bandar Anzali, Rasht, Nowshahr

[ S R S

Arak, Mashhad, Sabzevar, Shiraz, Tehran, Torbat Heydarieh, Ilam, Isfahan

Ardabil, Qazvin, Urmia, Saqez, Sanandej, ShahreKurd, Zanjan

Abadan, Ahwaz, Bam, Birjand, Bandar Abbas, Bushehr, Chabahar, Jask, Qom, Kerman, Sabzevar, Semnan, Shahroud, Yazd,

Zabol, Zahedan, Iranshahr, Isfahan

2050

Urmia, Saqez, Sanandej

Ardabil, ShahreKurd

Gorgan

Bandar Anzali, Rasht, Nowshahr

NN ok W~

Arak, Mashhad, Shiraz, Tehran, Torbat Heydarieh, Ilam
Bojnord, Qazvin, Nozheh, Khoramabad, Kermanshah, Khoy

Abadan, Ahwaz, Bam, Birjand, Bandar Abbas, Bushehr, Chabahar, Jask, Qom, Kerman, Sabzevar, Semnan, Shahroud, Yazd,

Zabol, Zahedan, Iranshahr, Isfahan, Mashhad, Shiraz

2075

Ardabil, ShahreKurd, Saqgez, Sanandej
Gorgan, Rasht
Bandar Anzali, Nowshahr

AN U1 R W N =

Arak, Khoy, Urmia, Tabriz, Tehran, Torbat Heydarieh, Ilam
Bojnord, Qazvin, Nozheh, Khoramabad, Kermanshah, Zanjan

Abadan, Ahwaz, Bam, Birjand, Bandar Abbas, Bushehr, Chabahar, Jask, Qom, Kerman, Sabzevar, Semnan, Shahroud, Yazd,

Arak, Khoy, Urmia, Tabriz, Illam

2100

Ardabil, ShahreKurd, Saqez, Sanandej, Rasht
Bandar Anzali, Nowshahr

g W N =

Zabol, Zahedan, Iranshahr, Isfahan, Mashhad, Shiraz, Tehran, Torbat Heydarieh

Bojnord, Qazvin, Nozheh, Khoramabad, Kermanshah, Zanjan, Gorgan

of the 44 weather nation-wide stations studied. Note
that the first two principal components, i.e. tempera-
ture and precipitation information and their associated
climatic indicators (especially ET,., which is a combi-
nation of all climatic parameters) explained more than
90 percent of the change in the current situation and
climate change. However, if future changes occur, the
contribution of precipitation to the current situation
will increase and the role of the temperature will reduce
relatively. According to the results, it seems that under
these conditions, Iran’s climatic diversity has already
been reduced to some extent and the climatic similar-
ity between the areas is increasing. Therefore, given the
climatic stability of the country’s very dry climates till
2050 and the addition of stations located in dry climate
to a very dry climate by 2100, the central, western, and
northwestern, eastern, and southeastern regions are
expected to be under very dry conditions.

It is necessary to mention that each developed index
has advantages and disadvantages and can be used in a

limited situation and for specific purposes. High uncer-
tainty, specific and limited application, and overestima-
tion or underestimation are among the most important
disadvantages of most agro-climatological indicators.
Therefore, confirmation of these results requires more
extensive studies (review of more diverse models), espe-
cially the growth response of plants in the future climat-
ic conditions of Iran. Given that only one general circu-
lation model was used in the present study, it is suggest-
ed that more models be used in future research.
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Variable Variable description PC1 PCA 2 PCA3 PCA 4 PCA5
Temperature
VARI tmin_minsp 0.16450 0.14441 0.02848 -0.12959 -0.00295
VAR2 tmin_minsu 0.12960 0.05561 0.00245 0.08367 0.04738
VAR3 tmin_minf 0.14060 0.12796 -0.03723 -0.04595 -0.02857
VAR4 tmin_minw 0.11160 0.21297 0.04838 -0.22508 -0.09398
VAR5 tmin_maxsp 0.15854 0.09397 -0.21826 -0.18485 0.00927
VARG6 tmin_maxsu 0.13953 0.02859 -0.22820 -0.00255 0.04716
VAR7 tmin_maxf 0.11035 0.09375 -0.21926 -0.16883 0.01272
VARS8 tmin_maxw 0.13504 0.15051 0.03738 -0.23938 -0.03640
VAR9 tmin_avgsp 0.13949 0.12921 -0.12072 0.00945 -0.00616
VARI10 tmin_avgsu 0.16554 0.02086 -0.26172 -0.01299 0.02835
VARI11 tmin_avgf 0.12383 0.11950 -0.13281 -0.16266 -0.01949
VARI2 tmin_avgw 0.10964 0.22985 0.00949 -0.14321 0.00272
VARI13 tmax_minsp 0.11360 0.01850 0.12050 0.07398 0.00650
VAR14 tmax_minsu 0.16348 -0.05825 0.03838 0.21946 0.09288
VARI15 tmax_minf 0.15027 -0.06380 0.12942 0.08409 -0.01628
VARI16 tmax_minw 0.12897 0.04636 0.21245 -0.07848 -0.03858
VAR17 tmax_maxsp 0.17035 -0.03850 0.03988 0.19298 0.01848
VARI18 tmax_maxsu 0.14478 -0.13740 0.00949 0.20209 0.01949
VARI19 tmax_maxf 0.13894 -0.08450 0.04848 0.18939 0.01849
VAR20 tmax_maxw 0.13034 0.04738 0.31949 -0.01748 -0.00140
VAR21 tmax_avgsp 0.18043 0.00187 0.09844 0.13938 0.02385
VAR22 tmax_avgsu 0.13222 -0.08056 0.02848 0.21041 0.01295
VAR23 tmax_avgf 0.14006 -0.07521 0.09387 0.13939 -0.03925
VAR24 tmax_avgw 0.14039 0.02815 0.34939 -0.02646 -0.04848
VAR?25 tavg_minsp 0.14887 0.08386 0.06851 -0.01285 -0.00464
VAR26 tavg_minsu 0.16941 -0.00221 -0.06816 0.12948 0.04839
VAR27 tavg_minf 0.18247 0.04840 0.08738 0.09359 -0.04921
VAR?28 tavg_minw 0.11841 0.12960 0.20195 -0.20849 -0.04849
VAR29 tavg_maxsp 0.14847 0.00066 -0.06386 0.12249 0.02858
VAR30 tavg_maxsu 0.11048 -0.04816 -0.11027 0.12939 0.02859
VAR31 tavg_maxf 0.14354 0.08285 -0.07382 0.07377 0.02858
VAR32 tavg_maxw 0.11588 0.11941 0.19384 -0.13939 -0.04849
VAR33 tavg_avgsp 0.13570 0.04840 -0.05463 0.02783 0.02858
VAR34 tavg_avgsu 0.14942 0.02046 -0.02027 0.11409 0.02906
VAR35 tavg_avgf 0.16247 0.01295 -0.00112 0.01946 -0.00927
VAR36 tavg_avgw 0.12360 0.11951 0.11782 -0.09387 -0.10395
Precipitation
VAR37 ppt_minsp -0.08707 0.26999 0.04887 0.14991 0.03001
VAR38 ppt_minsu -0.11046 0.13127 -0.03981 -0.06542 0.26653
VAR39 ppt_minf -0.103 0.25092 0.02090 0.12942 0.00538
VAR40 ppt_minw -0.09034 0.25978 -0.01092 0.27551 -0.04027
VAR41 ppt_maxsp -0.12041 0.24091 0.02219 0.13090 0.03639
VAR42 ppt_maxsu -0.13914 0.16592 0.06048 -0.00776 0.19442
VAR43 ppt_maxf -0.07797 0.22092 -0.00337 0.22082 -0.00548
VAR44 ppt_maxw -0.07806 0.26507 0.01093 0.25047 -0.06542
VAR45 ppt_avgsp -0.12313 0.25082 0.03129 0.13092 0.00438
VAR46 ppt_avgsu -0.13423 0.12002 -0.00897 0.06199 0.23693
VAR47 ppt_avgf -0.01865 0.27227 -0.00598 0.12783 -0.00819
VAR48 ppt_avgw -0.09995 0.25548 0.00167 0.25582 -0.09694
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ETs
VAR49 eto-minsp -0.01805 0.24907 0.03588 0.11597 0.03247
VAR50 eto-minsu -0.14730 0.11586 -0.06691 0.25955 0.23687
VARS51 eto-minf -0.11508 0.22580 0.01577 0.11162 0.08666
VAR52 eto-minw -0.10114 0.21505 -0.00797 0.00996 -0.07724
VAR53 eto-maxsp -0.11319 0.30377 0.03476 0.14958 0.05143
VAR54 eto-maxsu -0.12194 0.17147 0.06266 0.22705 0.19068
VAR55 eto-maxf -0.08000 0.25199 -0.03264 0.20395 -0.07998
VAR56 eto-maxw -0.09242 0.24250 0.01213 0.00977 -0.08323
VAR57 eto-avgsp -0.11526 0.23413 0.04426 0.14934 0.04450
VARS8 eto-avgsu -0.13722 0.17167 -0.01058 0.27614 0.22394
VAR59 eto-avgf -0.10516 0.24775 -0.00915 0.16213 -0.01096
VAR60 eto-avgw -0.07662 0.22288 0.00303 -0.05244 -0.09554
GDD
VARG61 gddsp 0.11312 0.00599 -0.03034 0.13090 0.21253
VARG62 gddsu 0.17077 -0.01446 -0.01383 0.10592 0.08954
VARG63 gddf 0.15094 0.01208 -0.06947 0.08581 0.09602
VARG64 gddw 0.07279 0.07002 0.09964 -0.12650 0.09951
Frosty days
VARG65 frz_free 0.11368 0.11417 -0.14843 -0.09487 -0.09497
VARG66 frz_fall 0.13310 0.10408 -0.09587 -0.12554 -0.08497
VAR67 frz_spr -0.13050 -0.11077 0.12722 0.01679 0.04943

* t; temperature, ppt; precipitation, eto; reference evapotranspiration, min; minimum, max; maximum, avg; average, sp; spring, su; summer,
f; fall, w; winter, gdd; growth degree days, frz-free; frostless days, frz-fall; fall frost days, frz-spr; spring frost days.
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Abstract. The aim of this study was to test two models and two sizes of microlysime-
ters to determine soil water evaporation as a function of the removal of water by drain-
age at the bottom of the units. The experiment was conducted at the experimental field
of the State University of Mato Grosso (UNEMAT) in Tangara da Serra, Mato Grosso,
Brazil. Soil water evaporation was determined using microlysimeters constructed from
rigid PVC tubes, of which two models and two sizes were tested. The four microlysim-
eter treatments were: 100 mm diameter without drainage (ML100WD), 100 mm diam-
eter with drainage (ML100D), 150 mm diameter without drainage (ML150WD), and
150 mm diameter with drainage (ML150D). The microlysimeters were fitted to an irri-
gation blade of 60 mm and compared to applications with four irrigation blade sizes
(15, 30, 45, and 60 mm). Water evaporation from the soil was obtained from the mass
variation of the microlysimeters, and was then compared to the soil water evaporation
determined using weighing lysimeters. The obtained data were analyzed using descrip-
tive statistical techniques, tests of means, and regression analysis. The soil water evapo-
ration values present significant differences between the two microlysimeter sizes (100
and 150 mm diameter) and the two models (with and without water drainage). Soil
water evaporation is affected by the water drainage that occurs at the bottom of the
microlysimeters. There was no difference in soil water evaporation between irrigation
rates within the same microlysimeter size and model. The two models and the two
microlysimeter sizes tested can be used for the quantification of soil water evaporation,
due to the high determination coefficients observed when compared to the evaporation
observed with the weighing lysimeters.

Keywords: irrigation, lysimeters, mini-lysimeters, water balance, water management.
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1. INTRODUCTION

Soil water evaporation corresponds to a portion of
evapotranspiration, which is important in the context of
agricultural production, as its impact on the hydrologi-
cal balance can be considerable, especially in situations
of conventional cultivation or those with decreased lev-
els of straw in the soil (Facchi et al., 2017). Thus, under-
standing and quantifying the process of soil water evap-
oration assists in providing data for many different agri-
cultural crops, which aids in improving the efficiency of
irrigation water use (Facchi et al., 2017; Mansour et al.,
2022).

Water evaporation at the soil surface is a physical
process whereby water changes from a liquid to a gase-
ous state, resulting in the transfer of water contained in
the soil to the atmosphere (Facchi et al., 2017; Heck et
al., 2020), without utilizing the transpiration process in
plants that produces the same result (Dalmago and Ber-
gamaschi, 2017).

Soil water evaporation generally affects the first
10-15 cm of the soil, although it varies according to
soil characteristics such as texture and structure. It also
depends on atmospheric conditions, such as air tempera-
ture, relative humidity, wind speed, and solar radiation,
and soil factors, such as hydraulic properties and soil
water volume (Allen et al., 1998; Facchi et al., 2017).

Studies on the quantification of soil water evapora-
tion provide necessary information for several activities,
especially those of irrigation use (Wang et al., 2020),
agricultural water use efficiency (Barbieri et al., 2020),
evapotranspiration component partitioning (Sinchez et
al., 2021; Wang et al., 2021), and water balance (Pereira
et al., 2020). In addition, soil water evaporation can
account for approximately 20-40% of evapotranspira-
tion in agricultural crops grown in the Cerrado regions
(Andrea et al., 2019; Barbieri et al., 2020).

Soil water evaporation was originally quantified
using lysimeters (Ritchie, 1972; Waggoner and Turner,
1972; Schneider et al., 2021). However, as the process of
installing and maintaining lysimeters is complicated and
requires considerable time, cost, and specialized labor,
researchers have sought new simpler technologies as
alternatives to measure and apply methods of soil water
evaporation, considering the varied crops and agricul-
tural sectors.

Water loss through evaporation can be quanti-
fied using microlysimeters, which have been developed
and tested as research has evolved (Boast and Robert-
son, 1982; Daamen et al.,, 1993; Yang et al.,, 2020). They
were initially designed by Boast and Robertson (1982)
and have since been used to directly determine soil
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water evaporation in bare soils or those cultivated with
agricultural crops (Andrea et al., 2019; Schneider et al,,
2021).

Microlysimeters are small tubes filled with unde-
formed soil samples that are installed at ground level,
and periodically weighed to estimate soil water evapo-
ration by temporal mass differences (Flumignan et al.,
2012; Facchi et al., 2017). Microlysimeters are based on
the same principle as traditional lysimeters and consist
of plastic or steel cylinders with diameters of 50-200
mm and heights ranging between 100 and 300 mm
(Daamen et al., 1993; Flumignan et al., 2012; Facchi et
al., 2017).

Microlysimeters are inserted into the soil, for filled
with soil in an undeformed manner (soil monolith),
and then weighed at regular intervals to determine of
the amount of water evaporated from the soil based on
the mass difference. The small size of the devices dic-
tates that several should be installed in the field (which
depends on the size of the area) to extend the behavior
of soil water evaporation to a larger scale (Yang et al.,
2022).

Studies have demonstrated the accuracy of the
measurements obtained using microlysimeters by com-
paring them with the results of classical lysimeters
(Flumignan et al., 2012; Ma et al., 2020), and confirm-
ing their applicability in different agricultural situations
(Lu et al., 2018; Pereira et al., 2020). Several authors have
used microlysimeters to determine soil water evapora-
tion. Dalmago and Bergamaschi (2017) evaluated water
evaporation in a soil in response to the amount of straw
on the surface and atmospheric evaporative demand,
and observed that water evaporation on the soil surface
is higher in soils subjected to conventional tillage than
those with no-till systems. Vieira et al. (2016) deter-
mined the evapotranspiration of wheat crops in the
region of Maringd, Parand, Brazil, using microlysim-
eters to obtain soil water evaporation. Those researchers
calculated the coefficient of soil water evaporation (Ke)
and revealed that the microlysimeters proved reliable in
measuring soil water evaporation.

The determination of soil water evaporation using
microlysimeters is possible because the lower part is
sealed and the upper surface is open, allowing for water
evaporation, which is the only form of water trans-
fer to the atmosphere in this situation. Daamen et al.
(1993) stated that drainage could occur at the bottom of
the microlysimeter; however, the drained water can be
accounted for, and those authors introduced a model of
an effective drainage box to measure the water loss.

Microlysimeters that are sealed at the bottom to pre-
vent outflows that may affect soil water evaporation and
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its quantification. Therefore, the aim of this study was
to test two models and two sizes of microlysimeters to
determine soil water evaporation as a function of the
drainage of water from the bottom of the units.

2. MATERIALS AND METHODS
2.1 General Description

The experiment was conducted in the experimen-
tal field of the Centro Tecnoldgico de Geoprocessa-
mento e Sensoriamento Remoto (CETEGEO-SR), in the
State University of Mato Grosso (UNEMAT), Professor
Eugénio Carlos Stieler Campus, Tangara da Serra, Mato
Grosso, Brazil. The soil is classified as either dystroferric
red latosol with a very clayey texture (Santos et al., 2018)
or oxisol (Soil Survey Staff, 2014). The climate is megath-
ermal or tropical with dry winters (Aw), according to
the Koppen Climate Classification System (Alvares et
al., 2013), with average annual precipitation of 1,830 mm
and an average air temperature of 24.4 °C (Dallacort et
al., 2011).

An automatic weather station (14°65°00” S, 57°43’15”
W, 440 masl) is located near the experimental area and
is outfitted with Campbell Scientific Inc. equipment,
from which the meteorological data used in this experi-
ment were obtained and the reference evapotranspira-
tion (ETo) was determined, as calculated by the Pen-
man-Monteith method (FAO 56) (Allen et al., 1998).

The evaluated physical and hydraulic characteristics
of the soil included texture, soil density, macroporos-
ity, microporosity, total porosity, field capacity, perma-
nent wilting point, soil resistance to penetration, basic
infiltration velocity, and available water capacity of the
soil (Bernardo et al., 2006; Camargo et al., 2009; Stolf
et al., 2012; Teixeira et al., 2017). The dystroferric red
latosol of the study site has a very clayey texture, with
average values of sand, silt, and clay of 235, 124, and
641 g kg'!, respectively. The soil density averaged 1.172
kg dm, which was considered low for the soil studied.
The soil moisture at field capacity (Opc) of the studied
area was 0.3490 m’® m and the moisture at the perma-
nent wilting point (Bpyp) was 0.2083 m?® m, with soil
presenting an available water capacity (AWC) of 82.45
mm. The average soil resistance to penetration was 1.94
MPa, which is classified as moderate. The basic infiltra-
tion velocity (BIV) of the soil was 25.91 mm h!, which is
considered a high value for this soil.

In the previous year of the experiment, some com-
paction points were found in the studied area, and to
homogenize and reduce this compaction, subsoiling was
performed in October 2019 with a three-stem subsoiler.

Subsequently, an intermediate harrow was used once,
followed by a leveling harrow to level and densify the
soil. The land was left fallow until July 2020, when the
soil was collected for the evaluation and preparation of
the microlysimeters.

2.2 Microlysimeter construction process

The process of extracting the undeformed soil (soil
monolith) with the microlysimeter is relatively arduous.
Therefore, to maintain the soil structure and facilitate
the process, the microlysimeter (internal structure) was
inserted into the soil with the help of a hydraulic jack
with a wedge fixed at the top, and as the jack was acti-
vated, the microlysimeter was pushed deeper into the
soil. The undeformed samples were then collected, and
the soil around the microlysimeter was removed manu-
ally and with the aid of a hoe (Fig. 1).

Soil water evaporation was measured using
microlysimeters adapted from Boast and Robertson
(1982), Flumignan et al. (2012), and Facchi et al. (2017).
The microlysimeters were constructed using rigid poly-
vinyl chloride (PVC) tubes manufactured in two sizes,
with the first measuring 100 mm in diameter and 250
mm in height and the second measuring 150 mm in
diameter and 250 mm in height. Each microlysimeter
size was manufactured both with a drainage system (Fig.
2A) and without drainage (Fig. 2B). For the outer enve-
lope, PVC pipes ranging from 150 to 200 mm in diam-
eter and 320 mm in height were used according to the
models described in Fig. 2.

In the model with water drainage, the lower part was
not sealed, but covered with a white 80 g TNT fabric (30 x
30 cm) and a 0.1 mm nylon mesh (30 x 30 cm) to prevent
the soil from deforming at the bottom of the microlysim-

Fig. 1. Process of inserting the microlysimeter into the soil and col-
lecting the soil to manufacture the microlysimeter with undisturbed
soil.
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Fig. 2. Microlysimeter models used in the experiment. Microlysimeter with water drainage system at the bottom (A); Microlysimeter with-

out water drainage system at the bottom (B).

eter, while allowing the passage of drainage water (Fig. 3A,
3 B, and 3C). For the model without water drainage, the
bottom was sealed using a weldable PVC irrigation CAP
(Fig. 3D and 3E). Dalmago et al. (2010) evaluated soil water
evaporation by using a similar microlysimeter model to
prevent soil loss and facilitate water drainage.

2.3 Tests and data collection methods

Two models and two sizes of the newly manufac-
tured microlysimeters were tested and evaluated with

four irrigation blades (15, 30, 45, and 60 mm): 100 mm
diameter without drainage (ML1I00WD), 100 mm diam-
eter with drainage (ML100D), 150 mm diameter with-
out drainage (ML150WD), and 150 mm diameter with
drainage (ML150D), with eight repetitions of each.

The collection of soil water evaporation data and that
of drained water at the bottom of the microlysimeters was
performed during the following periods and days. Test 01
(Single Blade): on Jul 24, 2020, measurements were per-
formed every hour from 06:00 to 18:00, using an irriga-
tion blade of 60 mm with the two models of microlysim-
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(e)

100 ou 150 mm

Fig. 3. Open-bottom microlysimeter model with water drainage (A, B and C); Microlysimeter model with closed bottom without water
drainage (D and E). 1 - Internal structure; 2 - Open CAP; 3 - 80 gram white TNT (30 x 30 cm); 4 - 0.1 mm nylon mesh (30 x 30 cm); 5 -
Mounting the TNT, the nylon mesh and the CAP on the internal structure; 6 - Bottom of the internal structure of the microlysimeter after
it is ready; 7 - PVC closed cap; 8 - Internal structure; 9 - External structure; 10 - Microlysimeter with closed bottom.

eters evaluated. Daily data collection was also performed
from Jul 24, 2020 to Jul 30, 2020, at the same times (06:00
and 18:00), to check the variability of evaporation on dif-
ferent days between the microlysimeter models. This irri-
gation blade was chosen because of the predominance
of P75% with less than 60 mm of rainfall in the locality
where this study was developed (Fietz et al., 2008; Fietz
et al., 2011). Test 02 (Irrigation Blades): On Aug 7, 2020, a
second evaluation of evaporation and drainage was con-
ducted with the microlysimeters, performing measure-
ments every hour from 06:00 to 18:00, using four irriga-
tion blades (15, 30, 45, and 60 mm) on the same day.
Each treatment consisted of eight microlysimeters, and
each irrigation blade was applied to two microlysimeters
for each treatment. Daily data collection was performed
between Aug 7, 2020 and Aug 13, 2020, at the same times
(06:00 and 18:00), to check the variability of evaporation
on different days between the models of the microlysim-
eters with different irrigation blades.

Water drainage was verified in the model of the
microlysimeter with drainage (Fig. 2A, 3A, 3 B, and
3C) by collecting water, from the water reservoir where
the microlysimeter was placed, in a graduated cylin-
der with intervals of 1 mL, since it was assumed that 1
mL is equal to 1 g. In the 48 h before the evaluation, all
microlysimeters were subjected to a saturation process,
whereby they were placed in a 500 L tank, submerged
in 1 cm of water at its top, and saturated. Subsequently,
they were removed the excess water was drained for 24 h
until the field capacity was reached.

The amount of evaporation was obtained from the
variation in mass of the microlysimeters, which was
determined by manual weighing on a high-precision
scale (0.01 g) and noting the values in a spreadsheet.
These measurements were used to calculate the variation
in mass on a single day and comparing this to the varia-
tion on different days. Before weighing, the microlysim-
eters were cleaned to remove any aggregate material. Soil
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water evaporation determination using microlysimeters
was calculated according to Eq. 1:

EmL= AMML +P+1

AML (Eq 1)
where Ey is the microlysimeter evaporation (mm d?),
AM, is the microlysimeter mass change (kg), Ay is
the microlysimeter surface area (A100 = 0.007854 and
A150 = 0.017671 m?), P is the precipitation (mm), and I
is the irrigation (mm).

2.4 Experiment installation and irrigation

On the location for mounting the microlysimeters,
four repetitions of microlysimeters were installed in each
of the evaluated treatments, with eight units for each
treatment, totaling 32 microlysimeters. This number of
repetitions was considered sufficient to represent total
evaporation and drainage. The microlysimeters were
randomly arranged in the experimental area, as shown
in Fig. 4.

The irrigation used was a sprinkler system com-
posed of eight sprinklers (Ec0232 Frabrimar, Brazil)
with 4.0 x 2.8 mm nozzles spaced 12 x 12 m apart, with
a Christiansen Coefficient of Uniformity higher than
80%, under a pressure of 30 m.c.a., with an applied
water blade of 10.38 mm h'!. The irrigation time was
determined such that each treatment would receive the
desired irrigation blade. Irrigation was started at the cal-
culated times, and at 06:00, it was turned off, and the
desired blade was applied for each test.

2.5 Data analysis and statistics

To compare with microlysimeter evaporation, soil
water evaporation from weighing lysimeters (EV;) was
determined. The external dimensions of the lysimeter
set were 7.2 m in length and 5.3 m in width, with 1.50
x 1.50 m and 1.20 m depth, with a total area of 2.25 m?
for each lysimeter. The construction, calibration, and
validation methodology was that of Fenner et al. (2019).
The weighing lysimeters were connected to a data log-
ger (CR1000, Campbell Scientific Inc., Logan, USA) that
was programmed to record data every 30 s and store
the average every 15 min. The EV; values were obtained
by converting the lysimeter mass variation into mm, as
determined by Eq. 2:

_ AMLypy
EVL= AL (Eq. 2)
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Fig. 4. Sketch of microlysimeters installed in the experimental field
and arrangement of the irrigation system.

where EV| is the soil water evaporation from the lysime-
ter (mm d*), Ay is the lysimeter mass variation (kg), A|
is the lysimeter surface area (m?), P is the precipitation
(mm), and I is irrigation (mm).

To calculate the reference evapotranspiration
(ETopy;), the Penman-Monteith - FAO 56 methodology
was used with Equation 3, as proposed by Allen et al.
(1998):

900
0,408 A (Rn-G) +vy T+_273U2 (es - €a)

ETopm =
A+y (1 +0,34U5)

(Eq. 3)

where ETopy is the reference evapotranspiration (mm
d), Rn is the net solar radiation of the crop (MJ m? d-),
G is the soil heat flux density (M] m? d1), T is the air
temperature at 2 m above the soil (°C), U, is the wind
speed at 2 m above the soil (m s), e, is the vapor satura-
tion pressure (kPa) that was estimated through the aver-
age of e, (Tmax) and e, (Tmin), e, is the current vapor
pressure (kPa), e, - e, is the pressure deficit and vapor
saturation (kPa °C), A is the vapor pressure curve (kPa
°C), and vy is the psychometric constant (kPa °C).

Hourly ETo values were accumulated during the
same analysis period for both the microlysimeters and
lysimeters. A comparison of the drained water from the
two microlysimeter sizes and the soil water evaporation
between the two sizes and between the models with and
without soil water drainage was performed. The data
obtained were analyzed by calculating the standard
deviation, mean, median, asymmetry coeflicient (As),
and kurtosis coefficient (Ck).
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The mean values of soil water evaporation between
treatments were subjected to analysis of variance (ANO-
VA) using the F test, and the means were compared with
the Tukey test at 5% probability. For data analysis, the
Sisvar version 5.8 computer program was used (Ferreira,
2011). To evaluate the quality of the microlysimeters for
determining soil water evaporation, the averages of the
evaporation values of the microlysimeters were com-
pared with those of the lysimeters to observe the correla-
tion between the values, generate a regression equation,
and verify the coeflicient of determination.

3. RESULTS AND DISCUSSION
3.1 Meteorological elements

The average hourly values of air temperature, rela-
tive humidity, precipitation, global solar radiation, and
wind speed for the two periods studied (Jul 24, 2020 to
Jul 30, 2020 and Aug 7, 2020 to Aug 13, 2020) are shown
in Table 1. Solar radiation is the main phenomenon that

affects the other climatic variables because the radiant
energy that reaches the Earth’s surface is used in the
convection process, which is related to air heating and
heat conduction in the soil, which significantly influenc-
es soil water evaporation (Carvalho et al., 2019).

3.2 Water drainage in the microlysimeters

The values of water drainage for the two sizes of
microlysimeters with drainage (ML100D and ML150D)
were similar on Jul 24, 2020, when the irrigation blade of
60 mm was applied (Test 01) (Fig. 5).

The initial drainage was higher at the beginning of
the evaluation and decreased with time. At 07:00, the first
drainage evaluation occurred, covering the period from
06:00 to 07:00. At 06:00, when the experiment began, the
drainage values were equal to zero and after one hour
(07:00), 1.49 and 1.35 mm of drained water were found for
the 100- and 150-mm diameter microlysimeters, respec-
tively. Average cumulative drainage values for Jul 24, 2020
were 2.72 mm and 2.44 mm for the 100 mm diameter

Table 1. Daily values of air temperature, relative humidity, precipitation, global solar radiation and wind speed for the two periods studied

in Tangara da Serra, Mato Grosso, Brazil.

Test 01 (Single Blade)

Date TMean (°C) TMax (°C) TMin (°C) RHMean (%) RHMax (%) RHMin (%) P (mm) ™J iRz ) Wind (m s!)
07/24/2020 26.97 33.69 20.24 55.22 75.57 34.86 0.00 17.89 2.79
07/25/2020 21.05 26.22 15.88 66.30 81.50 51.10 0.00 17.73 4.01
07/26/2020 21.45 31.15 11.74 64.76 93.90 35.62 0.00 19.27 2.26
07/27/2020 24.68 32.90 16.46 55.48 78.53 32.43 0.00 19.75 2.34
07/28/2020 26.53 33.24 19.82 49.40 65.28 33.51 0.00 18.16 2.53
07/29/2020 23.69 29.36 18.01 63.86 81.20 46.52 0.00 18.99 3.48
07/30/2020 20.93 29.04 12.82 65.56 86.10 45.01 0.00 19.55 3.02
Average/Total 23.61 30.80 16.42 60.08 80.30 39.86 0.00 18.76 2.92
Test 02 (Irrigation Blades)
Date TMean (°C) TMax (°C) TMin (°C) RHMean (%) RHMax (%) RHMin (%) P (mm) MJ IC;RZ a1 Wind (m s1)
08/07/2020 25.33 32.59 18.06 44.67 62.02 27.31 0.00 21.37 3.17
08/08/2020 25.22 32.95 17.49 50.72 73.05 28.39 0.00 21.35 2.95
08/09/2020 25.35 33.36 17.34 45.69 64.51 26.86 0.00 21.36 2.84
08/10/2020 25.93 33.57 18.28 46.85 65.35 28.35 0.00 21.11 2.86
08/11/2020 27.93 35.97 19.88 46.17 63.84 28.50 0.00 19.99 2.56
08/12/2020 28.08 35.88 20.27 48.35 67.16 29.53 0.00 18.94 2.58
08/13/2020 27.38 36.20 18.55 56.38 83.00 29.75 0.00 20.02 2.08
Average/Total 26.46 34.36 18.55 48.40 68.42 28.38 0.00 20.59 2.72

GR = Global solar radiation; TMean = Average air temperature; TMax = Maximum air temperature; TMin = Minimum air temperature;
RHMean = Average Relative Humidity; RHMax = Maximum relative humidity; RHMin = Minimum relative humidity; P = Precipitation;

Wind = Average wind speed.
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Fig. 5. Water drainage determined in two sizes of microlysimeters
(ML100D and ML150D), subjected to an irrigation blade (60 mm)
between 6:00 am and 6:00 pm (06:00 to 18:00), observed on Jul 24,
2020. ML100 = 100 mm diameter microlysimeter. ML150 = 150
mm diameter microlysimeter.

and 150 mm diameter microlysimeters, respectively. In
this study, we observed that water drainage occurred for
a maximum of 7 h, from 06:00 to 13:00, and thereafter, no
drainage occurred in either microlysimeter size.

Walker (1983) began to discuss the possible effects
of lack of drainage from microlysimeters due to the
cap. With the bottom of the microlysimeters remaining
sealed, not allowing water to escape, evaporation is the
only way to transfer water in this situation to the atmos-
phere. Thus, a source of error that must be considered
when using microlysimeters to quantify soil water evap-
oration is the possible drainage at the bottom of the soil.
However, the measurement of drained water allows this
problem to be solved (Daamen et al., 1993).

The values of water drainage for the two sizes of
microlysimeters with drainage (ML100D and ML150D)
were similar on Aug 7, 2020 (Test 02), when the
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microlysimeters were subjected to four irrigation blades
(15, 30, 45, and 60 mm) (Fig. 6).

Similar to the evaluation performed on Jul 24, 2020,
on Aug 7, 2020, the initial drainage was higher at the
beginning of the evaluation and decreased with time for
all the irrigation blades evaluated. When the experiment
began at 06:00, the drainage values were zero and after one
hour (at 07:00), 1.27, 1.21, 1.15, and 1.34 mm of drained
water was found the 100 mm diameter microlysimeters for
the 15, 30, 45, and 60 mm irrigation blades, respectively.
For the 150 mm diameter microlysimeters, 1.30, 1.36, 1.22,
and 1.41 mm of drained water was observed for the 15,
30, 45, and 60 mm irrigation blades, respectively, at 07:00.
For the 60 mm blade, the drainage of water from the soil
was greater than that of the other sizes during the day,
although not by a large amount. As the microlysimeters
were subjected to irrigation at field capacity, there was no
marked difference in drainage between the blades.

The average cumulative drainage values on Aug 7,
2020 were 3.12, 3.18, 3.44, and 4.01 mm for the 100 mm
diameter microlysimeters with irrigation blades of 15,
30, 45, and 60 mm, respectively. For the microlysim-
eters with a diameter of 150 mm, the average cumulative
drainage values during Aug 7, 2020 were 3.06, 3.48, 3.79,
and 4.07 mm for irrigation blades of 15, 30, 45, and 60
mm, respectively Drainage occurred for a maximum of
7 h, from 06:00 to 13:00, similar to that on Jul 24, 2020.
Subsequently, no drainage was accounted for in either
microlysimeter size (Fig. 6).

3.3 Soil water evaporation

The soil water evaporation values were lower for
both sizes of microlysimeters with drainage, with similar
evaporation behavior on Jul 24, 2020 (Test 01) (Fig. 7).
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Fig. 6. Water drainage determined in two sizes of microlysimeters subjected to four irrigation blades (15, 30, 45 and 60 mm) between
6:00 am and 6:00 pm (06:00 to 18:00), observed on Aug 7, 2020. ML100 = 100 mm diameter microlysimeter. ML150 = 150 mm diameter

microlysimeter.
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Fig. 7. Hourly soil water evaporation measured by two models and two sizes of microlysimeters between 6:00 am and 6:00 pm (06:00
to 18:00) on Jul 24, 2020. MLI00WD = 100 mm microlysimeters without drainage; ML100D = 100 mm microlysimeters with drainage;
MLI150WD = 100 mm microlysimeters without drainage; ML150D = 100 mm microlysimeters with drainage.

At 07:00, the recorded evaporation was approximate-
ly 0.5 to 0.6 mm for the 100 mm diameter microlysimeter
and 0.6 to 0.8 mm for the 150 mm diameter unit, with
a decrease in values until 09:00. Thereafter, a gradual
increase occurred until reaching the peak of evaporation
at 14:00 of 0.80 and 0.74 mm for the 100 mm diameter
microlysimeters without and with drainage, respectively.
The same behavior was observed for the 150 mm diame-
ter microlysimeters without and with drainage, with 0.69
and 0.83 mm of evaporation at 14:00, respectively. Mean
cumulative evaporation values during Jul 24, 2020 of
4.75 and 5.40 mm were found for the 100 mm diameter
microlysimeter models with and without water drainage,
respectively. For the 150 mm diameter microlysimeters,
accumulated evaporation during the day was observed to
total 4.84 and 5.70 mm for the models with and without
water drainage, respectively.

When comparing the soil water evaporation from
the two sizes and the two models of microlysimeters
subjected to the four blades of irrigation (15, 30, 45, and
60 mm), the same evaporation behavior was observed on
Aug 7, 2020 (Test 02) (Fig. 8).

For irrigation blades of 15, 30, and 45 mm, an
increase in evaporation was noted from 06:00 until
07:00. The values remained similar until 11:00, when
another increase in evaporation occurred with the apex
between 13:00 and 14:00 followed by a decrease until
18:00. For the 60 mm blade a gradual increase occurred
from 06:00 to 09:00, which remained stable until 14:00,
when there was a decrease in soil water evaporation val-
ues until 18:00.

Soil water evaporation levels did not vary greatly
between the sizes and models of the microlysimeters,
or the blade sizes of irrigation. The highest values were
observed between 14:00 and 15:00, when they were

maintained at approximately 1 mm of evaporation for
all irrigation blades, sizes, and microlysimeter models.
This apex of soil water evaporation occurred because
the solar radiation was at its maximum incidence on the
surface (Blight, 2009; Liao et al., 2021), as highlighted in
Fig. 8. Thus, the soil reached its maximum evapotranspi-
ration demand.

So far, only a few studies have been carried out to
observe the daily or hourly soil water evaporation meas-
ured by microlysimeters, highlighting the works of
Daamen and Simmonds (1996), Flumignan et al. (2012)
and Facchi et al. (2017). The literature does not provide
detailed information on how drainage at the bottom of
the microlysimeters can affect soil water evaporation
and, for this reason, studies such as this one are impor-
tant to observe the behavior of hourly soil water evapo-
ration.

The evaporation values measured by the lysimeters
and by the two models and two sizes of microlysimeters
presented the same behavior as the soil water evapora-
tion during the evaluation period in Test 01 (Fig. 9). The
soil water evaporation values were generally stable dur-
ing the evaluation until the fifth day after irrigation,
when the measurements decreased both for the lysime-
ters and microlysimeters due to the drying of the super-
ficial layer of the soil after irrigation. Another factor that
influenced the decrease in evaporation values on Jul 29,
2020 and Jul 30, 2020 was the reduction in evapotran-
spiration demand, which decreased on those days.

During the evaluation period (Jul 24, 2020 to Jul
30, 2020), the average daily reference evapotranspira-
tion observed was 6.56 mm d'. The average soil water
evaporation value between those dates was 3.74 mm d!
for the lysimeters, and 4.03 and 4.31 mm d! for the 100
mm diameter microlysimeters with and without drain-
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Fig. 8. Hourly soil water evaporation measured by two models and two sizes of microlysimeters subjected to four irrigation blades (15, 30,
45 and 60 mm) between 6:00 am and 6: 00 pm (06:00 to 18:00) on Aug 7, 2020 in Tangard da Serra, Mato Grosso, Brazil.
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Fig. 9. Reference evapotranspiration (ETo) and daily soil water evaporation (EV) measured by weighing lysimeters (EV Lysimeters) and by
two sizes and two models of microlysimeters for the period from Jul 24, 2020 to Jul 30, 2020 in Tangara da Serra, Mato Grosso, Brazil.

age, respectively. For the 150 mm diameter microlysim-
eters with and without drainage, the average soil water
evaporation recorded during those days was 4.11 and
4.43 mm d’, respectively. The average evaporation of
all microlysimeters was 4.22 mm d-!, which was 11.40%

higher than the average observed with the lysimeters.
The average soil water evaporation for the microlysim-
eters without drainage was higher than those with water
drainage. The values during the period for the 100 mm
diameter microlysimeter models with and without water
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Fig. 10. Reference evapotranspiration (ETo) and daily soil water evaporation (EV) measured by weighing lysimeters (EVL) and two models
and two sizes of microlysimeters subjected to 4 irrigation blades (15, 30, 45 and 60 mm) for the period from Aug 7, 2020 to Aug 13, 2020 in

Tangara da Serra, Mato Grosso, Brazil.

drainage were 28.19 and 30.15 mm, respectively, while
for the 150 mm diameter microlysimeters, the values
were 28.79 and 31.04 mm for models with and without
water drainage, respectively.

As shown in Fig. 9, soil water evaporation differed
between the days evaluated. One explanation is that the
response of soil water evaporation to different environ-
mental conditions varies over time, from one locality or
region to another (Wei et al., 2015; Wang et al., 2018),
and is affected by the evaporative demand of the atmos-
phere (Tesfuhuney et al., 2015). In addition to these fac-
tors influencing soil water evaporation, other authors have
reported effects of conditions related to water storage and
movement in the soil profile, soil porosity (Gupta et al.,
2015; An et al,, 2018), and soil cover by straw mulch (Tes-
fuhuney et al., 2015; Fu et al., 2018; Carvalho et al., 2019).

The soil water evaporation values accounted for by
the lysimeters and the two microlysimeter models and
sizes, showed the same behavior when subjected to dif-
ferent irrigation blades between Aug 7, 2020 and Aug 13,
2020 (Fig. 10).

The soil water evaporation values showed a slight
tendency to decrease over time. The topsoil layer dries,
and evaporation moves to Stage 2, according to Lemon
(1956), and this stage is less intense because the unsatu-
rated hydraulic conductivity of the soil decreases as the
soil dries (Aydin et al., 2005). The process of water evap-
oration in bare soil is divided into three phases (Ritch-
ie, 1972). The first has a high evaporation potential and
is dependent only on the immediate conditions of the
atmosphere near the soil. In the second phase, intrinsic
soil conditions limit water transport in the profile, and
consequently, evaporation. The third phase is character-
ized by slow water movement toward the surface, due
to the low hydraulic conductivity of the soil. Thus, the
response over time depends on the phase of the evapora-
tion process.

The high evapotranspiration demand influenced the
decrease in evaporation values between Aug 7, 2020 and
Aug 13, 2020. During this period, as shown in Table 1,
the average air temperature was 26.34 °C and the aver-
age solar radiation was 20.59 MJ m* d}, and these fac-
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tors influenced the high values of soil water evaporation
and reference evapotranspiration observed. To reduce
the variability of soil water evaporation, straw on the
soil surface, which is used in no-till management, is
an alternative that can delay soil drying and main-
tain evaporation at Stage 1 for a longer period (Lemon,
1956). Straw also prevents the direct impact of rainwater
or irrigation on the soil, which inhibits surface sealing
(Liao et al., 2021). This dry layer breaks the continuity of
pores with the rest of the soil profile, thereby affecting
evaporation (Aydin et al., 2005).

The soil water evaporation values were lower than
the observed reference evapotranspiration values dur-
ing the evaluated period. The average daily reference
value observed was 8.72 mm d!. The average evapora-
tion amounts of all microlysimeters (averages of the two
models and the two sizes) for each irrigation blade were
6.07 mm d! for the 15 mm blade, 6.38 mm d! for the 30
mm blade, 5.98 mm d! for the 45 mm blade, and 6.28
mm d! for the 60 mm blade. These values were 1.48,
6.27, and 4.78%, higher than the average observed in
the lysimeters of 5.98 mm d! for the 15, 30, and 60 mm
blades, respectively. For the 45 mm irrigation blade, the
evaporation for all microlysimeters equaled that of the
weighing lysimeters.

These results are expected since greater water avail-
ability with a longer exposure to atmospheric water
demand conditions should result in increased evapora-
tion if there is sufficient energy for the process to occur.
The variability of soil water evaporation as a function of
measurement time as well as irrigation used before the
start of the measurement period affects soil water evapo-
ration (Dalmago et al., 2010; Di et al., 2019).

Diego Fernando Daniel et al.

The comparison between evaporation in lysimeters
(EV1) and microlysimeters (Ey;) for the period between
Jul 24, 2020 and Jul 30, 2020 (Test 01) is presented in
Table 2. There was a significant difference between
the treatments on the evaluated days. The average soil
water evaporation from the two models and two sizes of
microlysimeters differ between treatments, with the low-
est evaporation values accounted for with the weighing
lysimeters.

The findings revealed that the microlysimeters with-
out drainage at the bottom showed higher soil water
evaporation values. This effect is possibly related to
the non-outflow of water from the bottom of the units,
thereby presenting a greater loss of water to the atmos-
phere. The soil water evaporation ranges for the four
models were as follows: MLI00OWD: 2.12 - 540 mm
d! (average 4.31 mm d'), ML100D: 2.01 - 4.75 mm d!
(average 4.03 mm d1), ML150WD: 2.85 - 5.70 mm d!
(average 4.43 mm d!), and ML150D: 2.62 - 4.84 mm d’!
(average 4.11 mm d™).

Certain factors can be identified as responsible for
the differences between treatments, and these can sig-
nificantly interfere with soil water evaporation in experi-
ments with irrigation (Dalmago et al., 2010; Zhang et
al., 2019). For example, when using sprinkler irrigation,
because it does not present the same homogeneity of
water distribution as rainfall, variability of soil moisture
inside the microlysimeters can occur, which affects evap-
oration (Dalmago et al., 2010; Al-Ghobari et al., 2018).
Furthermore, Dalmago et al. (2010) reported that the
atmospheric water demand after irrigation is different
from that after rainfall, which results in altered evapora-
tion responses.

Table 2. Mean values and descriptive statistics for daily soil water evaporation determined in weighing lysimeters and microlysimeters in

Tangara da Serra, Mato Grosso, Brazil.

Soil Water Evaporation (mm d!)

Date SD X Md As Ck
EVL  MLIOOWD MLI100D MLI150WD ML150D
24/07/2020 4.59b 5.40a 4.75b 5.70a 4.84b 0.47 5.06 4.84 0.66 -1.88
25/07/2020 3.96¢ 4.46ab 4.16bc 4.58a 4.45ab 0.25 432 4.45 -0.75 -1.21
26/07/2020 4.03c 4.88a 4.51ab 4.41bc 4.12bc 0.34 439 441 0.57 -0.36
27/07/2020 4.21b 4.72a 4.52ab 4.90a 4.49ab 0.26 457 452 -0.17 0.04
28/07/2020 4.06b 4.62a 4.49a 4.59a 4.34ab 0.23 4.42 4.49 -1.19 0.81
29/07/2020 3.46b 3.95a 3.75ab 4.01a 3.93a 0.22 3.82 3.93 -1.37 1.31
30/07/2020 1.86b 2.12b 2.01b 2.85a 2.62a 0.42 2.29 2.12 0.57 -2.09
Average 3.74c 43la 4.03b 4.43a 4.11b 0.27 4.12 4.11 -0.48 -0.14

Means followed by the same lowercase letter on the line do not differ statistically by Tukey’s test at the 5% probability of error. EVL =
Lysimeters evaporation; ML100WD = 100 mm microlysimeters without drainage; ML100D = 100 mm microlysimeters with drainage;
ML150WD = 150 mm microlysimeters without drainage; ML150D = 150 mm microlysimeters with drainage; SD = Standard deviation; X =

Average; Md = Median; As = Asymmetry; Ck = Kurtosis.
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The standard deviation of the treatments varied
between 0.22 and 0.47 mm d’!, with an average of 0.27
mm d! among the days evaluated. EV varied between
1.86 and 4.59 mm d', with an average of 3.74 mm
dl. This variation is due to the different atmospheric
demands on the days evaluated as well as the decreasing
water loss to the atmosphere. As shown in Table 2, with-
out making any distinction between the soil water evap-
oration accounted in the lysimeters and microlysimeters
studied, the deviations found between the measurements
obtained were generally within the range of £0.35 mm
d! (71.43% of the data).

The evaporation and lifetime of a microlysimeter
are influenced by errors intrinsic to this method, such
as drainage limitations, capillary rise caused by bottom
closure, degree of soil disturbance caused during extrac-
tion, and heat conduction inside the microlysimeter
(Daamen et al., 1993; Marek et al., 2019). These factors
may explain the higher mean evaporation values found
in the 100 and 150 mm diameter microlysimeters with-
out drainage compared to those with water drainage
(Table 2). It was observed that until the fifth day after
irrigation, the evaporation values recorded in the lysim-
eters remained similar, and on the sixth day, there was
a decrease. The symmetrical set and the microlysimeters
should be maintained at close to field capacity so that
measurements of soil water evaporation are not lower
than those that actually occurred on the day because of
the smaller amount of water present in the soil.

Allen (1990) reported that soil water evaporation
values in the first few days may be overestimated when
microlysimeters are installed soon after precipitation or
irrigation has occurred. Thus, it is important that when
installing the microlysimeters after an irrigation or
rainfall event, the aspects of the water sheet applied to
the soil and the water distribution capacity of the soil
should be considered (Flumignan et al., 2012; Marek et
al., 2019).

When comparing the mean with the median, low
variation was observed between the values of soil water
evaporation, which indicates that they are close to nor-
mal; this was also proven by the value of the asymme-
try coeflicient, showing positive asymmetry for three
days and negative asymmetry for four different days, but
values close to 0 (symmetry), with an average of -0.48,
which is a good parameter for daily assessment of soil
water evaporation (Table 2). Regarding the kurtosis coef-
ficient (Ck), the mean values of soil water evaporation
for four of the seven days studied presented a platykurtic
distribution (Ck < 0), and the other three days presented
a leptokurtic distribution (Ck > 0), but soil water evapo-
ration distributions were close to normal for all days (Ck

= 0, mesokurtic). According to Carvalho et al. (2002),
asymmetry and kurtosis values ranging between -3 < 0 >
3 indicate the normality of the data, which was observed
in this study.

The soil water evaporation values from the lysim-
eters and microlysimeters between Aug 7, 2020 and Aug
13, 2020 (Test 02), where four irrigation blades were
applied, are shown in Table 3. The EV, varied between
5.31 and 6.96 mm d’!, with an average of 5.98 mm d..

The soil water evaporation in the ML1I0OWD treat-
ment showed a standard deviation of 0.15 mm d!
between the irrigation blades. The ML100D, ML150WD,
and MLI150D treatments presented mean deviations of
0.15, 0.29, and 0.24 mm d™ in relation to the irrigation
blades, respectively. The mean and median indicated low
variation for the soil water evaporation values among
the microlysimeter models and sizes and the irrigation
blades, indicating that they were close to normal. The
trend observed for the low variability of the observed
evaporation can be attributed to the short measurement
period evaluated and the limited number of days on
which evaporation was measured. In addition, irrigation
tends to eliminate the differences between treatments
and mask the variation in soil water evaporation (Dal-
mago et al., 2010; Yang et al., 2020).

The average asymmetry for both models and
microlysimeter sizes showed negative asymmetry, but
the values were close to zero (symmetry). Regarding the
kurtosis coefficient (Ck), the mean values of soil water
evaporation for the days, microlysimeters, and blades
studied mainly showed a leptokurtic distribution (Ck
> 0), but some days showed a platykurtic distribution
(Ck < 0), with the distribution of soil water evaporation
being close to normal for all days.

3.4 Comparison of soil water evaporation between
microlysimeters and lysimeters

The average soil water evaporation values obtained
for the 100 mm and 150 mm diameter microlysimeters
with and without drainage were subjected to regression
analysis, using the evaporation values in the weighing
lysimeters (EV}) as a reference (Fig. 11). The adjusted
equations indicate that the soil water evaporation data
obtained by the microlysimeters and lysimeters were
similar, revealing good agreement between the meth-
ods based on the high coefficient of determination (R?)
values. The 100 mm diameter microlysimeters showed
R? values of 0.9834 and 0.9853 for the models with and
without water drainage, respectively, while the 150 mm
diameter microlysimeters presented R? values of 0.974
and 0.9147, respectively.
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Table 3. Mean values and descriptive statistics for daily soil water

Diego Fernando Daniel et al.

evaporation determined in lysimeters (EV;) and microlysimeters (Ey; )

subjected to four irrigation blades (15, 30, 45 and 60 mm) in Tangard da Serra, Mato Grosso, Brazil.

Soil Water Evaporation (mm d!)

Date SD X Md As Ck
EVL ML100WD ML100D ML150WD ML150D
Irrigation blade - 15 mm
08/07/2020 6.87 7.70 7.32 7.47 7.27 0.31 7.33 7.32 -0.58 1.17
08/08/2020 7.03 6.88 7.13 6.51 7.36 0.32 6.98 7.03 -0.65 0.78
08/09/2020 6.38 6.62 6.24 6.22 5.80 0.30 6.25 6.24 -0.64 1.48
08/10/2020 5.31 6.18 6.30 6.37 5.80 0.44 5.99 6.18 -1.15 0.28
08/11/2020 6.14 6.24 5.22 5.38 5.09 0.53 5.61 5.38 0.49 -2.89
08/12/2020 5.36 5.86 4.65 5.80 4.56 0.62 5.24 5.36 -0.24 -2.96
08/13/2020 5.41 5.16 4.71 5.80 4.39 0.56 5.09 5.16 -0.05 -1.20
Average 6.07 6.38 5.94 6.22 5.75 0.44 6.07 6.09 -0.40 -0.48
Irrigation blade - 30 mm
08/07/2020 6.72 8.09 7.70 7.92 7.64 0.53 7.61 7.70 -1.62 3.02
08/08/2020 7.18 7.70 7.58 7.78 8.06 0.32 7.66 7.70 -0.55 1.21
08/09/2020 6.15 6.47 7.07 7.07 7.07 0.43 6.77 7.07 -0.92 -1.55
08/10/2020 5.39 5.86 6.18 6.22 6.51 0.43 6.03 6.18 -0.81 0.45
08/11/2020 6.01 6.11 5.79 6.22 5.38 0.33 5.90 6.01 -1.16 0.97
08/12/2020 5.15 5.09 4.71 5.38 4.61 0.32 4.99 5.09 -0.14 -2.01
08/13/2020 5.31 5.28 4.71 5.94 4.44 0.58 5.14 5.28 0.24 -0.61
Average 5.99 6.37 6.25 6.65 6.24 0.42 6.30 6.43 -0.71 0.21
Irrigation blade - 45 mm
08/07/2020 6.65 7.07 7.38 7.78 8.21 0.61 7.42 7.38 0.08 -0.88
08/08/2020 6.93 7.38 7.51 7.22 7.78 0.32 7.36 7.38 -0.13 0.06
08/09/2020 6.24 6.94 7.07 6.08 6.65 0.43 6.60 6.65 -0.18 -2.47
08/10/2020 5.24 5.54 5.60 5.52 5.52 0.14 5.48 5.52 -1.88 3.96
08/11/2020 6.23 5.41 5.60 5.66 5.38 0.34 5.66 5.60 1.58 2.70
08/12/2020 5.46 5.16 4.46 5.09 4.19 0.53 4.87 5.09 -0.43 -1.96
08/13/2020 5.49 4.90 4.01 4.81 3.65 0.74 4.57 4.81 -0.15 -1.45
Average 6.03 6.06 5.95 6.02 5.91 0.44 5.99 6.06 -0.16 -0.01
Irrigation blade - 60 mm
08/07/2020 6.59 7.58 7.89 8.35 8.32 0.72 7.75 7.89 127 1.38
08/08/2020  6.96 7.26 7.70 7.50 7.78 0.34 7.44 7.50 -0.64 -0.92
08/09/2020 6.18 6.68 6.94 6.37 7.19 0.41 6.67 6.68 0.06 -1.68
08/10/2020  5.18 5.03 5.54 5.94 597 0.43 553 5.54 -0.09 -2.68
08/11/2020 6.14 5.60 5.16 5.80 4.95 0.48 5.53 5.60 0.00 -1.56
08/12/2020 5.31 5.35 4.84 6.03 4.78 0.50 5.26 5.31 0.88 0.49
08/13/2020 5.52 5.72 4.90 5.97 4.56 0.59 5.33 5.52 -0.47 -1.82
Average 5.98 6.17 6.14 6.56 6.22 0.50 6.22 6.29 -0.22 -0.97

EV, = Lysimeter evaporation; ML100WD = 100 mm microlysimeters without drainage; ML100D = 100 mm microlysimeters with drainage;
ML150WD = 150 mm microlysimeters without drainage; ML150D = 150 mm microlysimeters with drainage; SD = Standard deviation; X =

Average; Md = Median; As = Asymmetry; Ck = Kurtosis.

On a daily basis, the soil water evaporation was
on average 15, 8, 18, and 10% higher for ML100WD,
ML100D, ML150WD, and ML150D, respectively, when
compared to the weighing lysimeter (between 0.3 and
0.7 mm d). Similar results were found by Dalmago et

al. (2010), who observed 11% (+0.3 mm d!) more soil
water evaporation from the microlysimeters that had
water drainage compared to lysimeters. The high coefhi-
cient of determination observed between these measure-
ments demonstrates that the microlysimeter technique
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Fig. 11. Linear correlation of soil water evaporation determined by
weighing lysimeters and by two sizes of microlysimeters with and
without water drainage in Tangara da Serra, Mato Grosso, Brazil.

used in this study can be adopted for soil water evapora-
tion measurements. The significant adjustment of evap-
oration measured with the microlysimeters relative to
that measured with a weighing lysimeter, both in terms
of daily and cumulative evaporation, indicates that
microlysimeters are suitable for direct measurements of
absolute evaporation values in the field.

Similar results were obtained by Dalmago et al.
(2010), who evaluated soil water evaporation in soil
management systems (no-till and conventional till-
age) using microlysimeters of sizes similar to those
used in this study. Flumignan et al. (2012) compared
soil water evaporation measurements between lysim-
eters and microlysimeters, and concluded that the use of
microlysimeters is valid for soil water evaporation meas-
urements. Facchi et al. (2017) evaluated the performance
of microlysimeters for measuring soil water evaporation
in rice crops with intermittent irrigation and stated that
microlysimeters are effective tools for measuring soil
water evaporation.

Care should be taken when using microlysimeters
to quantify soil water evaporation, because measure-
ment failures may occur, which, according to Flumignan
et al. (2012), can be associated with several factors, such
as days with high rainfall, which may cause uneven-
ness of precipitated water reaching the microlysimeter,
inhibition of drainage in the microlysimeters, impacts
from falling water drops, and removal of soil particles
inside the microlysimeters, as well as differences in the
amount and intensity of precipitation. The same authors
also mentioned that in cultivated soil conditions, the
error and variability in evaporation measurements may
be greater because the crop canopy intercepts the pre-
cipitated water, which is unevenly distributed in the
microlysimeters distributed in the soil profile.

The field activities that were developed in this study
show that the greatest difficulty in the management
of microlysimeters is their fabrication and installation
because the soil is very clayey and humid; therefore, this
procedure requires care to preserve the extracted soil
structure. Flumignan et al. (2012) reported that stud-
ies with microlysimeters generally require two people
to manufacture and install, but once installed, it only
requires the daily presence of one person to perform
weighing, which takes little time. In this particular
study, where 32 microlysimeters were used, two people
over approximately six hours were required to perform
the installation in the field, and during data collection,
two people were required simultaneously for rapid data
collection.

4. CONCLUSIONS

The water drainage at the bottom of the microlysim-
eters was higher at the beginning of the evaluation
and decreased with time. Water drainage occurred for
a maximum of 7 h after irrigation, and thereafter, no
drainage was observed for the two microlysimeter sizes.

The soil water evaporation values differ significantly
between the two microlysimeter sizes (100 and 150 mm
diameter) and in the two models (with and without
water drainage) and were higher than those observed
with the weighing lysimeters. Soil water evaporation is
affected by the water drainage that occurs at the bottom
of the microlysimeters, with lower evaporation values in
the microlysimeter model with drainage compared to
those without drainage.

There was no difference between the irrigation
blades in terms of soil water evaporation values within
the same microlysimeter size and model. The two mod-
els and two microlysimeter sizes tested in this experi-
ment can be used for the quantification of soil water
evaporation because of the high determination coef-
ficients observed compared to those observed with the
weighing lysimeters.

The microlysimeter technique is suitable for meas-
uring soil water evaporation when using irrigation.
The high coeflicient of determination observed when
comparing soil water evaporation between microlysim-
eters and lysimeters demonstrates that the microlysim-
eter technique used in this study can be adopted for soil
water evaporation measurements.

The study is subject to a specific date and location,
needing to assess the effects of drainage on the basis
of microlysimeters on soil water evaporation at differ-
ent locations and assessment times. We emphasize the
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importance of studying the functioning of microlysim-
eters in quantifying soil water evaporation in different
types of soil, and these need to be investigated further.
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Abstract. Evapotranspiration is a key process and a necessary parameter for hydrologi-
cal, meteorological, and agricultural studies. However, the calculation of actual evapo-
transpiration is very challenging and costly. Therefore, reference evapotranspiration
(ET,) calculated using meteorological data is generally preferred over actual evapotran-
spiration. However, it is challenging to get complete and accurate data from meteorol-
ogy stations in rural and mountainous regions. This study examined the suitability of
the Climate Forecast System Reanalysis (CFSR) reanalysis data set as an alternative to
meteorological observation stations to compute seasonal reference evapotranspiration
for seven different climatic regions of Turkey. The ET, calculations using the CFSR rea-
nalysis dataset for 1987-2017 were compared to data at 259 weather stations observed
in Turkey. As a result of statistical evaluations, it has been determined that the most
successful predicted season is winter (C’ = 0.64-0.89, SPAEF= 0.63-0.81). The most
successful estimations for this season were obtained from coastal areas with low eleva-
tions. The weakest estimations were obtained for the summer season (C’ = 0.52-0.85,
SPAEF= 0.59-0.77). These results show that the ET estimation ability of the CFSR rea-
nalysis dataset is satisfactory for the study area. In addition, it has been observed that
CFSR tends to overestimate the observation data, especially in the southern and west-
ern regions. These findings indicate that the results of the ET, calculation using the
CFSR reanalysis data set are relatively successful for the study area. However, the data
should be evaluated with observation data before being used, especially in the summer
models.

Keywords: CFSR reanalysis, Reference evapotranspiration, FAO56-PM, Turkey.

1. INTRODUCTION

Evapotranspiration (ET) is the total amount of water transferred to the
atmosphere by evaporation from soil surfaces and transpiration from plant
leaves (Tabari et al. 2013; Anderson et al. 2019). ET is the parameter that
plays a crucial role in hydrological, meteorological, and agricultural stud-
ies, especially in planning water resources, programming irrigation time,
and creating models. This parameter is measured in the field with different
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methods such as lysimeter (Gebler et al. 2015), Eddy-
covariance method (Sun et al. 2008), Bowen ratio energy
balance (Shi et al. 2008), scintillometer (Moorhead et al.
2017) and evaporation pans (Conceicao 2002). Howev-
er, these procedures are quite costly and challenging to
apply in wide basin conditions (Latrech et al. 2019).

Reference evapotranspiration (ET) is defined as
the amount of water that can evaporate when the water
in the soil is sufficient to meet the atmospheric mois-
ture demand (Allen et al. 1998). The ET, is extremely
useful for determining the atmospheric water demand
of the area. Therefore, it is widely used in various appli-
cations such as irrigation planning, drought monitor-
ing, and understanding the effects of climate change
(Lang et al. 2017). Recently, numerous methodologies
have been developed to determine ET, and actual evap-
otranspiration using meteorological data (Bandyopad-
hyay et al. 2012). These methods are mostly based on
solar radiation (Priestley Taylor), temperature (Thorn-
thwaite, Hargreaves, and Samani), and a combination
of solar radiation and temperature (Penman-Monteith)
(Seong et al. 2017; Purnadurga et al. 2019). Compared
to other methods, the FAO56-PM method is considered
a good way to estimate evapotranspiration globally
(Sentelhas et al. 2010; Srivastava et al. 2013; Tabari et
al. 2013; Tanguy et al. 2018).

Kite and Drooger (2000) assessed eight differ-
ent ETo calculation methods and explained that the
FAO56-PM method is most compatible with field obser-
vations. The FAO56-PM is a combination of physiologi-
cal and aerodynamic methods that require climate fac-
tors like maximum and minimum temperature, wind
speed, relative humidity, and solar radiation. However,
there are no sufficient meteorological stations provid-
ing these data, particularly in developing countries, also
these are not distributed uniformly (Alfaro et al. 2020).
In addition, setting up and maintaining the meteoro-
logical station at these locations is quite costly (Tabari
et al. 2013; Lang et al. 2017). Therefore, alternative data
sources such as the reanalysis data set can be used to
estimate ET, in case of a lack of required data. These
datasets were generated using data from meteorology
observation stations based on data assimilation meth-
ods, data from observation satellites, and weather esti-
mate models (Purnadurga et al. 2019).

Reanalysis datasets with high precision and high
spatiotemporal resolution have been widely used in
recent years. (Alfaro et al. 2020). These are CFSR (Saha
et al. 2010), NCEP/DOE (Kanamitsu et al. 2002), and
NCEP/NCAR (Kalnay et al. 1996) datasets produced by
NCEP, ERA-15 (Bromwich et al. 2005), ERA40 (Uppala
et al. 2005) and ERA-Interim (Dee et al. 2011) datasets
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produced by ECMWE, JRA-55 (Ebita et al. 2011) data-
sets from the Japanese meteorology agency, and MERRA
(Rienecker et al. 2011) datasets by NASA. The NCEP-
CFSR uses numerical weather prediction techniques
to identify atmospheric conditions with a resolution of
0.3125° x 0.3125° (~ 38 km). (Fuka et al. 2013). The most
crucial advantage of CFSR is that it provides complete
and continuous recording of climate data such as precip-
itation, temperature, solar radiation, relative humidity,
and wind speed since 1979 (Auerbach et al. 2016).

Laurie et al. (2014) used reanalysis data as input in a
hydrological model for the Mekong basin. They evaluat-
ed CFSR temperature data and model results. They indi-
cated that CFSR temperature data gave satisfactory mod-
el results and it could be used for hydrological modeling
studies if data is lacking. Tian et al. (2014) examined the
usability of CFSv2 for seasonal estimation of evapotran-
spiration in different states of the USA. They explained
that CFSv2-based ET estimations are more success-
ful in cold seasons than warm seasons. Dile and Srini-
vasan (2014) assessed whether or not the CFSR dataset
is appropriate for hydrologic modeling in their research
in the Blue Nile River Basin. As a result of their study;,
the modeling with CFSR temperature and precipitation
data gave similar results to the modeling using the data
obtained from the observation stations and reported that
the CFSR data set could be used in basins in the absence
of observation stations. In another study, Alemayehu et
al. (2015) evaluated the ability to calculate evapotranspi-
ration with sufficient accuracy using different reanalysis
datasets. They compared the ET, estimates calculated
using the CFSR dataset with the results of the obser-
vation stations and reported that the CFSR dataset is a
good alternative. Anderson et al. (2019) evaluated the
usability of the CFSR reanalysis dataset in the context of
a satellite-based remote sensing framework to map ET at
high spatiotemporal resolution. They explained that the
CFSR data has sufficient accuracy for use in ET mod-
eling studies. Alfaro et al. (2020) calculated the evapo-
transpiration required for hydrological modeling with
their study’s CFSR reanalysis data set. They explained
that the predictive performance of the CFSR dataset was
good by evaluating the results obtained.

These studies show that reanalysis datasets such as
CFSR are of sufficient quality and resolution to be used
as inputs in basin modeling studies. In addition, this
dataset can be an important alternative for overcom-
ing problems encountered in obtaining meteorologi-
cal observation data. This study aims to investigate the
accuracy and usability of the CFSR reanalysis dataset
to calculate ET, using the FAO56-Penman method in
Turkey.
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2. MATERIAL AND METHODS
2.1. Study area and meteorological data

Turkey is located between 36°-42° N and 26°-45° E.
The total area is 779.452 square kilometers and the aver-
age altitude is 1141 meters. Turkey’s climate is located
between the temperate and sub-tropical zones. In the
country, temperature and precipitation vary according
to region due to factors such as the rugged terrain, the
direction of the mountains, the fact that seas surround
it on three sides, and the elevation increases from west
to east. These factors cause different climate types to be
seen. Depending on this situation, it has been tradition-
ally accepted by Turkish climatologists since the begin-
ning of the 20th century that there are seven climate
regions in Turkey (Ering, 1984). The locations of these
regions are given in Figure 1.

Climate is generally harsh and cold in winter,
especially in the Eastern Anatolia region, because of
the high-pressure system from Siberia and the low-
pressure system from Iceland. In summer, tropical air
masses are generally more dominant by the effect of
polar air masses moving towards northern latitudes.
The Azores high-pressure system from the west of
Europe and the Basra low-pressure system from the

Persian Gulf are pretty effective in the summer season
(Turkes 2020).

The western and southern parts of the country have
a Mediterranean climate, where precipitation peaks at
the end of both winter and spring. Other parts generally
have a continental climate with the highest precipitation
in late spring or early summer. Annual precipitation var-
ies from 295 to 2220 mm having an annual average of
648 mm (Deniz et al. 2011). The Black Sea and Mediter-
ranean regions have more precipitation with the effect of
air masses coming over the seas than the inner regions
because the amount of precipitation decreases with the
effect of the North and South Anatolian mountain rang-
es. The lowest temperatures are seen in the Eastern Ana-
tolia Region due to the altitude, and the maximum tem-
peratures are seen in the southern parts and the Medi-
terranean coasts (Katipoglu et al. 2021).

In this study, the calculated ET, using the FAO56-
PM method, for each station was obtained from the
“Vegetable Water Consumption Guide” published by the
General Directorate of State Hydraulic Works and Agri-
cultural Research and Policies (TAGEM). TAGEM used
30-year (1987-2017) daily minimum temperature, daily
average temperature, daily maximum temperature, daily
relative humidity, daily precipitation, daily wind speed,

[ 1000-1500 |
I 1500-2500

Figure 1. Location of meteorological stations and climate regions (The Mediterranean region (A), The Eastern Anatolia region (B), The Aege-
an region (C), The South-Eastern Anatolia region (D), The Central Anatolia region (E), The Black Sea region (F), The Marmara region (G)).
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daily sunshine duration, and daily intensity of insola-
tion data to calculate the ET,. All data was obtained
from 259 stations belonging to the General Directorate
of Meteorology. The location of these stations is given in
Figure 1. TAGEM declared that the daily data obtained
from the observation stations were subjected to quality
control and completed the missing data (TAGEM 2017).

2.2. CFSR reanalysis dataset

The CFSR reanalysis dataset contains the maximum
and minimum temperatures (°C), precipitation (mm),
wind speed (m s-1), relative humidity (%), and solar
radiation (MJ m-2) from any location in the world (Dile
and Srinivasan 2014; Irvem and Ozbuldu 2019). The spa-
tial and temporal resolution of the CFSR is 0.35° (nearly
38 km) and 6 hours, respectively. CFSR datasets for Tur-
key (1987-2017) were obtained via the internet (https:/
rda.ucar.edu/).

2.3. FAO56-PM method

Penman (1948) developed an evaporation formula
for open water surfaces based on climatic data. Mon-
teith (1976) adjusted this formula by adding aerodynam-
ics and surface strength factors and called the Penman-
Monteith equation (PM). PM calculated using the given
equation.

900y
0.408 A (Rn—G)+ 757> Uz (s~ €q)

ET, = A+y (140.34uy) @

where; ET, is daily referenced ET (mm day!), A is the
slope of the relationship between saturation vapor pres-
sure and mean daily air temperature (kPa °C), R, is the
net radiation at the crop surface (MJ m* day?!), G is the
soil heat flux density (M] m day™), y is the psychromet-
ric constant which depends on the altitude of each loca-
tion (kPa °C), T is the mean daily air temperature (°C),
u, is the wind speed at 2 m height (m s); e, is the satu-
ration vapor pressure (kPa); e, is the actual vapor pres-
sure (kPa).

2.4. Evaluation criteria

The five statistical measures were used to evaluate
the accuracy of the ET, estimation by comparing the
calculated ET using CFSR dataset against the calculat-
ed ET, using meteorological station data. These are the
coeflicient of determination (R?), root-mean-square error
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(RMSE), PBias (percent bias), and the performance index
(C’) and SPAtial Efficiency (SPAEF).

R? shows to what extent the ET, estimates calculated
with the CFSR dataset are similar to the ET,, values calcu-
lated with the observation data. R? varies between 0 and
1, higher values indicate less error variation. Generally,
values above 0.50 are considered acceptable (Santhi et al.
2001; Moriasi et al. 2007) and calculated based on Eq 2.

2

R2 = nXx0iM)-E 0)E M;)
Jnzop-op)n(mp)-Emp?)

@

The value of RMSE should always be positive and it
is desired to be close to zero. This indicates that the lower
the value, the better the model will perform. RMSE pro-
vides performance information for correlations by com-
paring the difference between model results and observed
values (Pifieiro et al. 2008). RMSE is calculated by Eq. 3.

RMSE = \/% S(Predict, — Obs,)? 3)

PBias is used to determine how far the model pre-
dicted values are in the negative or positive direction
from the observed values. Whereas positive values indi-
cate that the observed values are higher than the simu-
lated values, negative values indicate the opposite situa-
tion (Gupta et al. 1999). PBias is determined by Eq. 4.

PBias = 100 (3, Obs; — Predict; / Y, 0bs;) @)

The performance index (C’) was calculated by com-
bining accuracy and precision criteria into the relation-
ship between the model and the predictive data. The
Pearson linear correlation coeflicient, which measures
the degree and direction of distribution among vari-
ables, was used as a precision criterion. The Willmott’s
index of agreement was chosen as an accuracy criterion
because it measures the degree of fit between the pre-
dicted and observed data. The performance index of the
model was computed by Eq. 5 and evaluated using Table
1 (Santos et al. 2020).

C’ = Correlation Coefficient (CC) * Willmott’s index
of agreement(d) (5)

The Willmott index of agreement (d) shows the
degree of fit between observed and predicted measure-
ments between 0 and 1. The closer the result is to 1, the
better the model performance is determined (Willmott
1981; Tran et al. 2020). It is calculated by Eq. 6.
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Table 1. Model performance evaluation table (Moriasi et al. 2007;
Santos et al. 2020).

Classification C PBias

Very Good 0.75 - 1.00 < 10

Good 0.65 - 0.75 10 - 15

Satisfactory 0.55 - 0.65 15-25

Unsatisfactory <0.55 > 25

d= : Y.(Obs;— Pre‘dicti)2 (6)
Y([Predict;— Obsmean]+ [0bs;— Obsmean])?

SPAEF was developed by Demirel et al. (2018) as
a holistic and balanced assessment method that uses
various aspects for a comprehensive assessment. SPAEF
value is between —c and 1. The closer the result is to 1,
the higher the prediction success. The SPAEF values are
computed by Eq. 7.

SPAEF =1— J(a—=1D?+ (B—1)2+ (y — 1)2

a = p(obs,sim), B = (“_m) /(cfobs)’y _ S min (K, Ly )

Hsim Hobs ;'l=1 K]

where, o represents the Pearson correlation coeflicient,
B is the fraction of the coeflicient of variation represent-
ing spatial variability, y is the histogram intersection for
the given histogram K of the observed pattern and the
histogram L of the simulated pattern, each containing n
bins (Swain and Ballard, 1991). Correlation is a statistical
measure that allows two variables to be compared. The
CV ratio indicates whether the spatial variability is ade-
quately represented. Histo match value is an indicator of
spatial variability that is not present in high and low are-
as despite satisfactory correlation and spatial variability
(Koch et al. 2018).

Table 2. Performance evaluation results for the winter season.

3. RESULTS AND DISCUSSION

The mean seasonal and mean annual ET, were
estimated for each observation station using CFSR rea-
nalysis data set which consists of the daily meteorologi-
cal data from 1987 to 2017. These estimates were com-
pared with the ET, values calculated by TAGEM using
data from meteorological ground observation stations.
The accuracy and usability of the CFSR reanalysis data-
set were evaluated using different statistical evaluation
criteria. In addition, maps were created using the IDW
interpolation technique to show the areal distributions
of long-term annual averages of ET results for different
seasons.

3.1. Results of ET, estimates for the winter season

The ETo estimation results obtained using the CFSR
data set for the winter season (December, January, and
February) were compared with the observed data sepa-
rately for each climate region. The performance evalua-
tion results are given in Table 2.

Results show that the estimation performance is
higher in regions close to the sea and lower in regions
with high elevation. The Performance Index (C’) was
calculated as 0.89 in the Mediterranean region at the
highest, and 0.64 in the Eastern Anatolia region at the
lowest. In general, the performance of ET, estimations
using CFSR data for the winter season was determined
to be high (C’ > 0.65).

Similar to the Performance Index results, the high-
est SPAEF values were calculated at 0.81, 0.75, and 0.73
for the Mediterranean, the Black Sea, and the Aegean
regions, respectively. Thus, the best estimations of ET,
for the winter season have been seen in the coastal
regions in terms of spatial variability and distribution.

Spatial distribution of estimated and observed ET|
values for the winter season were classified into 6 catego-
ries between 20 and 250 mm as shown in the map (Fig. 2).

Regions R? (o Ifgﬁ:in,l) P (lf/f)‘s d C SPAEF
The Mediterranean region 0.87 14.87 -5.46 0.96 0.89 0.81
The Eastern Anatolia region 0.72 16.09 23.03 0.76 0.64 0.63
The Aegean region 0.82 20.01 -13.92 0.88 0.80 0.73
The South-Eastern Anatolia region 0.72 8.25 -2.35 0.91 0.78 0.63
The Central Anatolia region 0.76 10.18 3.39 0.90 0.79 0.64
The Black Sea region 0.84 9.27 -0.15 0.96 0.88 0.75
The Marmara region 0.77 5.50 -7.68 0.92 0.81 0.65




54

Ahmet Irvem, Mustafa Ozbuldu

0 130 260 520 780

B 20-50 mm
[ s0-75 mm
[ ] 75-100 mm
- 100-150 mm
B 150-200 mm
B 200-250 mm

OBSERVATION

- 20-50 mm
I s0-75 mm
[ ] 75100 mm
[ 100-150 mm
B 150-200 mm
- 200-250 mm

Figure 2. Average long-term ET, map for the winter season a) observation b) CFSR.

The CFSR reanalysis dataset has relatively high
temperature and solar radiation data in the south and
west regions, unlike the eastern region. Consequently,
the results of CFSR estimations are better in regions
having higher temperatures and solar radiation. PBias
values for most stations are negative. ET, estimation
using CFSR in five regions was overestimated for the
winter season. On the other hand, it was underesti-
mated in the Eastern Anatolia (23.03) and Central Ana-
tolia (3.39) regions. Bhattacharya et al. (2020) evalu-
ated reanalysis and global meteorological products in
the Beas River Basin of Northwestern Himalaya. They
compared CFSR and observed temperature data and
explained that the temperature differences between
CFSR and observed temperature data are less in the
western region where the temperature is higher than in
the eastern region.

The R? value calculated between 0.72-0.87 as seen
in Table 2. This shows that the CFSR reanalysis dataset
has a good correlation with the observation data. R? val-

ues between 0.50-0.99 are considered good estimates for
hydrological studies (Alfaro et al. 2020).

3.2. Results of ET, estimates for the spring season

The ET, estimation results obtained using the CFSR
data set for the spring season (March, April, and May)
were compared with the observed data separately for
each climate region. The performance evaluation results
for the spring are given in Table 3.

Performance Index (C’) was calculated as 0.81 in
the Black Sea region at the highest, and 0.72 in the The
South-Eastern Anatolia region at the lowest. In gen-
eral, the performance of ET, estimations using CFSR
data for the spring season was determined to be high
(C > 0.70).

Similar to the Performance Index results, the
highest SPAEF values were calculated at 0.84, 0.79, and
0.72 for the Black Sea, the Marmara and the Central
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Figure 3. Average long-term ET, map for the spring season a) observation b) CFSR.

Table 3. Performance evaluation results for the spring season.

Regions R2 (mmRsl\faSSin_l) P(};‘)")‘S c SPAEF
The Mediterranean region 0.75 15.40 -3.69 0.77 0.67
The Eastern Anatolia region 0.72 22.23 -5.15 0.73 0.63
The Aegean region 0.75 20.34 -4.61 0.79 0.63
The South-Eastern Anatolia region 0.70 15.27 -5.47 0.72 0.55
The Central Anatolia region 0.77 14.75 -0.78 0.79 0.72
The Black Sea region 0.82 19.30 -2.01 0.81 0.84
The Marmara region 0.79 21.28 -2.64 0.75 0.79

Anatolia regions, respectively. Thus, the best estima-
tions of ET, for the spring season have been seen in
the northern regions in terms of spatial variability and

distribution.

Spatial distribution of estimated and observed ET,
values for the spring season were classified into 6 cat-
egories between 175 and 475 mm as shown in the map
(Figure 3). Same as winter season, the results of CFSR
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Table 4. Performance evaluation results for the summer season.

RMSE

Regions R? B PBias c SPAEF
(mm season!)
The Mediterranean region 0.69 7227 -12.10 0.53 0.61
The Eastern Anatolia region 0.63 76.47 -11.07 0.61 0.59
The Aegean region 0.74 41.06 -7.34 0.71 0.70
The South-Eastern Anatolia region 0.67 69.98 -13.04 0.52 0.61
The Central Anatolia region 0.75 38.96 -6.17 0.74 0.74
The Black Sea region 0.82 22.38 -2.50 0.85 0.77
The Marmara region 0.71 32.90 -2.17 0.75 0.66

estimations for spring are better in regions having
higher temperatures and solar radiation. PBias values
for most stations are negative. ET, estimation using
CFSR in all regions was overestimated for the spring
season. The R? values calculated between 0.70-0.82
as seen in Table 3. This shows that the CFSR reanaly-
sis dataset has a good correlation with the observation
data for spring season.

3.3. Results of ET, estimates for the summer season

The ET, estimation results obtained using the CFSR
data set for the winter season (June, July, and August)
were compared with the observed data separately for
each climate region. The performance evaluation results
are given in Table 4.

The Performance Index (C’) was calculated as 0.85
in the Black sea region at the highest, and 0.52 in the
The South-Eastern Anatolia region at the lowest. In
general, the performance of ET, estimations using
CFSR data for the summer season was determined to be
acceptable (C’ > 0.55) in five regions but two region have
poor estimation performance. These two regions Medi-
terranean and The South-Eastern Anatolia regions have
relatively higher temperature.

Similar to the Performance Index results, the high-
est SPAEF values were calculated at 0.77, 0.74, and 0.70
for the Black Sea, The Central Anatolia and the Aegean
regions, respectively. Thus, the best estimations of ET,
for the summer season have been seen in the Northern
regions in terms of spatial variability and distribution.
Spatial distribution of estimated and observed ET, val-
ues for the winter season were classified into 6 categories
between 300 and 900 mm as shown in the map (Figure 4).

When the predictions made by the CFSR for the
summer season are compared with the observation
data, the differences between the results are higher than
in other seasons as seen in Figure 4. The reason for this
thought is that temperature and solar radiation increase

considerably in the summer months and the CFSR rea-
nalysis data set cannot accurately predict these changes.
Tian et al. (2014) reported that the estimates obtained for
the winter season were more successful than the summer
seasons. They explained that this is due to the fact that
more convective heating occurs in summer than in win-
ter. Because this type of convection can produce different
weather conditions on a small scale, it may not be detect-
ed by reanalysis due to coarse solubility. PBias value was
calculated from -2.17 to 12.10 for the summer season. It
shows that the CFSR reanalysis made higher estimates in
summer than winter and spring, but estimated ET, for
the summer is still in acceptable (<t 25) ranges.

The R? values calculated between 0.63-0.82 as seen
in Table 4. This shows that the CFSR reanalysis data-
set has a good correlation with the observation data for
summer season. Although ET, estimates are acceptable
in terms of R? (>0.50), the ET, estimation of the CFSR
reanalysis dataset underperforms in the summer due to
the decrease in solar radiation and temperature predic-
tion capabilities (Bhattacharya et al. 2020). The reason
can be explained that more convective warming occurs
in summer compared to other seasons. This type of con-
vection may cause the formation of different weather
conditions on a small scale that CFSR cannot predict
due to its coarse resolution (Tian et al., 2014). Using
the CFSR data set directly on models for the summer
months will result in unsuccessful simulation results.
For this reason, preliminary procedures that will reduce
this dataset to a regional scale should be applied and re-
evaluated before using it.

3.4. Results of ET, estimates for the autumn

The ET|, estimation results obtained using the CFSR
data set for the autumn season (September, October, and
November) were compared with the observed data sepa-
rately for each climate region. The performance evalua-
tion results are given in Table 5.
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Figure 4. Average long-term ET, map for the summer season a) observation b) CFSR.

Performance Index results (C’) was calculated as
0.86 in the Black Sea region at the highest, and 0.69 in
The South-Eastern Anatolia region at the lowest. In gen-
eral, the performance of ET, estimations using CFSR
data for the autumn season was determined to be high
(C’ > 0.65). Similar to the Performance Index results, the
highest SPAEF values were calculated at 0.80, 0.77, and
0.73 for the Mediterranean, the Black Sea, and the Mar-

Table 5. Performance evaluation results for the autumn season.

mara regions, respectively. Thus, the best estimations of
ET, for the autumn season have been seen in the coastal
regions in terms of spatial variability and distribution.
Spatial distribution of estimated and observed ET|
values for the winter season were classified into 6 cat-
egories between 300 and 900 mm as shown in the map
(Figure 5). PBias value was calculated from -0.31 to -8.83
for the autumn season. The R? values calculated between

RMSE

Pbias

Regions R? (mm season) (%) C SPAEF
The Mediterranean region 0.85 11.16 -4.54 0.84 0.80
The Eastern Anatolia region 0.68 22.52 -8.83 0.72 0.58
The Aegean region 0.80 15.73 -5.83 0.77 0.70
The South-Eastern Anatolia region 0.75 28.73 -4.60 0.69 0.60
The Central Anatolia region 0.84 21.09 -6.50 0.84 0.72
The Black Sea region 0.89 15.45 -0.31 0.86 0.77
The Marmara region 0.77 12.09 -2.82 0.82 0.73
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Figure 5. Average long-term ET, map for the autumn season a) observation b) CFSR.

0.68-0.89 as seen in Table 5. This shows that the CFSR
reanalysis dataset has a good correlation with the obser-
vation data for autumn season.

When evaluated in general, it was determined that
the ETo estimations for the winter and autumn seasons
were more successful than the spring and summer sea-
sons. Tian et al. (2014) explained that the ETo estima-
tions are performed more accurately in the winter season
using the CFSR data set for regions with missing ET,.

While the ET, estimations calculated for the coastal
regions during the cold seasons performed better, the
estimation performance was found to be low in the
inner regions with high altitudes. In the spring and
summer seasons, the estimate performance was gen-
erally lower due to the higher temperature and solar
radiation. Especially in summer, estimate performance

was underestimated in the southern regions. The CFSR
reanalysis dataset tends to overestimate ET, than the
observation data due to increased temperature and solar
radiation (Srivastava et al., 2013; Paredes et al., 2017;
Tian et al., 2018).

The best estimation performance results are
obtained for the coastal regions because the temperature
differences in these regions are less than in inner regions
due to the effect of the sea in winter. On the other hand,
it was understood that the worst estimation results were
obtained, especially in the Eastern Anatolia region, due
to the difference in temperature values depending on
the altitude Bhattacharya et al. (2020) were found sim-
ilar results in their study carried out in the Beas River
Basin of Northwestern Himalaya. It was determined that
CFSR was more successful in estimating ETo for north-



Evaluation of the performance of CFSR reanalysis data set for estimating reference evapotranspiration (ET,) in Turkey 59

ern regions in the spring season. It has been understood
that the temperature difference in these regions is less
in March, April, and May than in the southern regions,
which affects the accuracy of the estimations

4. CONCLUSION

ETo is a very important parameter for hydrological,
meteorological, and agricultural studies. However, it is
very difficult to obtain the meteorological data for the
calculation or estimation of this parameter in developing
countries for the required regions. In this study, ETo was
estimated by the FAO56-PM method using observed and
CFSR data set for Turkey. The accuracy of the seasonal
estimations was evaluated statistically by comparing it
with the ETo calculated with the meteorological ground
observation station data by TAGEM.

As a result of regional evaluations, it has been deter-
mined that the most successful predicted season is win-
ter. The most successful estimations for this season
were obtained from coastal areas with low elevation.
The weakest estimations were obtained for the summer
season. Especially with the higher temperature and the
solar radiation, very poor estimates were obtained in
the southern regions. The ETo estimation ability of the
CFSR reanalysis dataset is generally satisfactory for the
study area. PBias value was calculated as negative for
almost all seasons.

It has been observed that CFSR tends to overesti-
mate the observation data, especially in the southern
and western regions. According to all results, the CFSR
reanalysis data set is a good potential data source. How-
ever, it is recommended to evaluate the data with obser-
vation data before being used especially in summer sea-
sons and to be used after regionalization with downscal-
ing methods before being used in models.
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Abstract. Elevated thermal condition caused by global warming is a threat to major
crops grown in India as well as other Asian and tropical countries, as it negatively
affects the crop phenology, growth, dry-matter production and yield. The present
research work aims to assess the impact of elevated temperature on rice production
using three crop growth simulation models, namely, DSSAT, WOFOST and InfoCrop.
Field experimental data-set of rice for seven years was used for model calibration and
validation. After validation, three models were used to predict the yield under 1, 2
and3°C rise over normal maximum and minimum temperature. The models were also
used to assess the thermal impact on leaf area indices (LAI) and crop duration. It was
observed that the crop duration was shortened by almost 10 days for 3°C enhancement
over normal and the LAI was also reduced considerably. The wet-season rice yield may
be reduced by 8.7% for 1°C, 12.5% for2°C and 21.1% for 3°C increase of normal tem-
perature. Use of combination of more than one crop models can predict the climate
change impact on rice production more reliably.

Keywords: rice, climate change, temperature, simulation technique, crop growth
models.

1. INTRODUCTION

In most of the Asian countries including India, agriculture is expected
to be adversely affected by the impact of climate change (IPCC, 2007). The
increased climatic variability and anticipated temperature increase caused
by global warming are the prime concern of rice crop scientists of Southeast
Asia. The elevated thermal condition poses serious threat to rice productivity,
which in turn disturb the socio-economic stability of different rice growing
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countries (Krishnan, et al., 2007). Globally rice is grown
in 154 million ha land, out of which 137 million ha is
grown in Asia alone. In Southeast Asia, rice is cultivated
in 48 million ha land, i.e., 31 percent of the world rice
is grown in this region (FAOSTAT, 2012). In India, rice
is the most important food-grain, and it is cultivated
in 43.8 million hectares land with 99.50 million tons of
total national production (CRRI, 2011). Like all other
crops, rice production is also dependent on prevailing
weather situation to a considerable extent and therefore
any changes in global climate will have major impact on
rice production and productivity, causing socio-econom-
ic disturbance in Southeast Asia. Hence, in the present
paper, rice crop has been chosen to observe the impact
of elevated thermal conditions.

Significant warming trend in the tune of 0.51°C
per 100 year has been observed in Indian sub-continent
for the period 1901-2007(Kothawale et al., 2010). The
regional climate models also predict increasing tempera-
ture trends for future. The all-India summer monsoon
rainfall may increase 3 to 7% in the 2030’s compared
to 1970’s (MoEF, 2010). Rice is water-loving crop and
grown under stagnant water condition, hence the prob-
ability of getting reduced production under elevated
rainfall situation will be less compared to elevated ther-
mal condition. It was found that climate change is likely
to reduce the yields of wheat, corn, and rice in Asia by
18.26, 45.10, and 36.25% until 2100 (Zhang, 2017). IFAD
(2019) also reported that smallholder farmers cultivat-
ing rice will be the most vulnerable community due to
climate change. On the contrary, few scientists report-
ed that rice will perform better under elevated ther-
mal condition if sown in optimal time (Devkota et al.,
2013; Malhi et al., 2021). Although the impacts of cli-
mate change on crop production in Asia will vary by
region, most of the regions will experience a decline
in production level (IPCC, 2013). To assess the varia-
tions in climatic parameters on crop performance, Crop
Growth Simulation Models (CGSMs)can be used very
accurately, which are dynamic in nature (Hoogenboom
et al., 1999; Jones et al., 1998). In near future, simula-
tion will be used more extensively to assess the effects of
climate change on agriculture and to find out the suit-
able adaptation options (Banerjee et al., 2014; Arbuckle
et al,, 2015). Many scientists are also working on com-
parison of various CGSMs to assess model’s applicability
and their interrelationship (Pirttioja et al., 2015; Sandor
et al., 2017; Fronzek et al., 2018; Harkness et al. 2020).
In this research paper the simulation results will provide
some indication on change of LAI, maturity period, and
overall yield of wet season rice under elevated thermal
condition. Moreover, the calibration and validation pro-
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cesses for three important crop growth models are the
part of the present research work.

2. MATERIALS AND METHODS
2.1 Study area

The study area was located under the New Alluvial
Agro-climatic Zone of West Bengal, India. The zone is
a part of lower Gangetic plain of India, where the cli-
mate is typically subtropical - hot and humid. Field
experimentation was carried out at Agricultural Uni-
versity Farm of Kalyani (22.57°N, 88.20°E and 7.8 m
above mean sea level), Nadia District, West Bengal. The
characteristics of the region’s climate are hot summers
and moderately cool winters. The mean annual rainfall
ranges from 140.0 to 160.0 cm. The potential evapo-
transpiration (PET) varies from 110.0 to 140.0 cm and
the water deficit is about 40.0 cm. The length of crop-
growing period is greater than 270 days. The seasons of
this zone can broadly be divided into five main catego-
ries: spring, summer, rainy season, autumn, and winter.
The autumn here is comparatively shorter than other
parts of India, lasting only from beginning of October
to the middle of November. The summer season is typi-
cally hot and the maximum temperature ranges between
38°C and 45°C, while the minimum is around 20°C. The
monsoon season is observed during June to September
and more than 75% of annual rainfall is received dur-
ing the season. The wet-season rice is grown in this sea-
son. Mild winter in December-January is observed here
with average minimum temperatures being somewhere
around 15°C. Alluvium-derived soil is predominant in
the region. The texture of the soil was sandy loam, with
moderately well drainage capacity. The bulk density is
around 1.55 g cm™ and only 0.5 % soil organic carbon is
observed here. The soil of this zone has high water hold-
ing capacity and it is less acidic.

2.2 Database generated for model calibration and validation

The crop data was generated through field experi-
mentation under “All India Coordinated Research Pro-
gram on Agrometeorology” (AICRPAM) of Kalyani
center. The most popular rice cultivar of West Bengal
State, namely, Swarna was grown with different dates of
sowing during 2007 to 2013. Data on phenology, crop
height, LAI, biomass and yield were recorded from the
experiment field for the whole study period (2007 to
2013). Actual observation on phenology, especially days
to crop maturity was recorded for all the treatments. The
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crop height and LAI were measured for different phono-
logical stages along with final above ground biomass and
yield. Data sets of 2007 and 2008 were considered for
model calibration (done by simple trial-and-error or iter-
ation method) and the remaining data sets were used for
model validation. The weather data of nearby Meteoro-
logical Observatory, situated less than 50 m away from
experimental field, were used as weather inputs. Soil-
data inputs were taken from Annual Progress Report
(APR) of FASAL Project (FASAL, 2013). The crop man-
agement inputs for the model (such as sowing dates, seed
rate, irrigation scheduling, fertilizer applications, etc.)
were considered as per State recommendation. With all
the input parameters, the rice yield was simulated and
compared with actual yield.

2.3 Description of models

In the present paper three models are used to
simulate the rice yield, namely DSSAT (Version 4.5),
WOFOST (Version 7.1), and Info Crop(Version 1.0). The
“Decision support system for agrotechnology transfer”
(DSSAT) was developed by the network of scientists
associated with International Benchmark Sites Net-
work for Agrotechnology Transfer project (IBSNAT,
1993; Jones et al., 1998). DSSAT is built with a modular
approach, with different options available to represent
such processes as evapotranspiration and soil organic
matter accumulation, which facilitates testing different
representations of processes important in crop growth.
DSSAT typically requires input parameters related to
soil condition, weather, and management practices,
such as fertilizer use and irrigation, and characteristics
of the crop variety being grown. DSSAT model is driv-
en by CO,, solar radiation, temperature and rainfall.
In this model water level can be maintained like field
level under management option interface. The InfoCrop
model simulates daily dry matter production as a func-
tion of irradiance, maximum and minimum tempera-
tures, water, nitrogen and biotic stresses (Aggarwal et
al., 2006). The model provides integrated assessment of
the effect of weather, variety, soil and management prac-
tices on crop growth and yield along with soil nitrogen
and organic carbon dynamics. The WOFOST model
computes the instantaneous photosynthesis, where
irradiance plays the vital role (Boogaard et al., 1998).
After subtracting the maintenance respiration, which
described as a function of temperature, assimilates are
partitioned over roots, stems, leaves and grains as a
function of the development stage of the crop. The effect
of soil moisture on crop growth is not considered and a
continuously moist soil is assumed.

2.4 Future temperature scenarios

IPCC Fifth Assessment Report (IPCC AR5 WGI) has
projected mean temperature increase in the tune of 1°C
for RCP 2.6 and 2°C for RCP 8.5 during 2046-2065. Dur-
ing 2081-2100, the mean temperature may be enhanced
by 3.6°C for RCP 8.5 (IPCC, 2013). Boomiraj et al., 2010
indicated that mean temperature increase in Eastern India
will be about 1°C for 2020 and 3°C in 2050 if A2 sce-
nario is considered. In view of the above referred climate
change projections, the impact of 1°C, 2°C and 3°C tem-
perature rise over normal temperature condition on pro-
duction of wet-season rice has been assessed for Kalyani.
The average weather data of thirty years (1981 to 2010)
of Kalyani weather station was taken as normal weather
data. Then 1°C, 2°C and 3°C were added with both nor-
mal maximum and minimum temperature to obtain ele-
vated thermal regime. This regime was used to observe
the effect of increased temperature on crop production.

2.5 Statistical procedure

The model performance was worked out using some
statistical parameters, such as Coefficient of determina-
tion (R?), Standard Error (SE), Root Mean Square Error
(RMSE) and others, which were used to compare the
simulated yield, biomass, LAI and crop duration with
observed data (Fox, 1981). The linearity between simulat-
ed and actual values is denoted by R*whereas the mean
absolute deviation between the said values is described
by RMSE. The combination of lower RMSE, higher R?
values and lower SE indicates the accuracy of simulation
model. The bias was also evaluated for testing reliability
of the model. Bias indicates the extent up to which the
prediction process can be trusted. In the present study,
the used statistical tools are given below (Gordon and
Shykewich, 2000):

(a) Bias indicates the mean of the predicted value minus
the mean of observed value.

Bias = =¥ (fi — O) o

Here, N is observation numbers, fi is the predicted
yield and Oi is the observed yield.
(b) Mean absolute error (MAE) is the average of the
absolute difference between predicted yield and
observed yield.

MAE =~ 3% (Ifi - 0il) 6

(c) Standard error (SE) can be calculated through com-
paring actual value (x) and predicted value (y). The
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equation of SE of the predicted yield value is as fol-
lows:

SE =

1 Cnz X))
(N-2) [Z(y ) Ta-x)2 (3)

and are the average of y;  and x; \ respectively.
(d) The mean of squares of the “errors” is termed as
Mean Square Error (MSE).

1 oN . 2
MSE = = iz, (fi — Oi) “)
() Root mean square error (RMSE) has the advantage
over other error estimation methods as the RMSE is

measured in the same units as the unit used in the
data-set, rather than in squared units.

LN, (fi—0i)’ )

3. RESULT AND DISCUSSION

3.1 Comparison between simulated and observed yield of
wet-season rice by different models

All the three models were used to simulate the rice
yield for various dates of sowing. Before working out
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the simulated yield [termed as Forecast (F)], the genetic
coefficients of the said variety were adjusted using itera-
tion or ‘trial-and-error’ method. The derived genetic
coefficients for DSSAT, WOFOST and InfoCrop are
enumerated in Table 1, 2 and 3 respectively. The units
of different coefficients are also included in the descrip-
tion. The variations of observed and simulated yield for
different dates of sowing are shown in Table 4, 5 and 6
for DSSAT, WOFOST and InfoCrop models respective-
ly. For DSSAT model, the difference between forecasted
yield (F) and observed yield (O), i.e. bias was mini-
mum compared to other two CGSMs. The highest cor-
relation coefficient values and considerably lower RMSE
also indicated the correctness of DSSAT simulated yield
(Table 4). WOFOST model was used to predict the early
and late transplanted wet season rice for two years. The
WOFOST model slightly over-predicted the rice yield
(Table 5). Here the RMSE value was more than DSSAT
and InfoCrop models, although bias and SE were con-
siderably low. The InfoCrop model output showed the
lowest RMSE value indicating that the model can also
provide near reliable yield (Table 6). Considering the
R2value, bias, SE and RMSE together, it is concluded that
DSSAT and InfoCrop worked better in the study region.
The DSSAT model considers the maximum numbers
of input-parameters for predicting the production, hence
its performance is better than other two models. In
this model, the crop growth rate is modified by stress-
parameters like temperature; water deficit, nutrient defi-

Table 1. Genetic coefficients of Swarna Cultivar generated through iteration method in DSSAT Model.

Symbol Description

Values

Juvenile phase coefficient
(P1)

Critical photoperiod

Time period (expressed as growing degree days [GDD] in °C over a base temperature of 9 °C) from

seeding emergence during which the rice plant is not responsive to changes in photoperiod. This period is 880
also referred to as the basic vegetative phase of the plant.

Critical photoperiod or the longest day length (in hours) at which the development occurs at a maximum

(P20) rate. At values higher than P20 development rate is slowed, hence there is delay owing to longer day 140
lengths.
Photoperiodism Extent to which phasic development leading to panicle initiation is delayed (expressed as GDD in °C) for 200
coefficient (P2R) each hour increase in photoperiod above P20.
Grain filling Duration Time Perlo.d in GDD (°C) from begmr;mg of grain filling (3—4 days after flowering) to physiological
. maturity with a base temperature of 9 °C. 11.8
coefficient (P5)
Growth aspects
Spikelet number Potential spikelet number coeflicient as estimated from the number of spikelets per g of main culm dry 54
coeficient (G1) (less lead blades and sheaths and spikes) at anthesis
Single grain weight (G2) Single grain weight (g) under ideal growing conditions, i.e. non-limiting light, water, nutrients, and in the 0.024

absence of pests and diseases

Tillering coeflicient (G3)

Temperature tolerance
coefficient (G4)

Tillering coefficient (scaler value) relative to IR64 cultivar under ideal conditions. A higher tillering
cultivar would have a coeflicient greater than 1.0.

Temperature tolerance coefficient. Usually 1.0 for varieties growth in normal environments. G4 for
japonica-type rice growing in a warmer environment would be 1.0 or greater. Likewise, the G4 value for 0.9
indica-type rice in very cool environments or season would be less than 1.0
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Table 2. Genetic coefficients of Swarna Cultivar generated through
iteration method in WOFOST Model.

Symbol Description Values
DLO Optimum daylength for development (Hr) 10.5
TSUMI gmperature sum from emergence to anthesis (cel 1723
TSUM2 Temperature sum from anthesis to maturity (cel d) 526
TDW1 Initial total crop dry weight (kg ha') 50.00
CVL Efficiency of conversion into leaves (kg kg!) 0.754
Vo 1ligic)lency of conversion into storage organ (kg 0.600
CVR Efficiency of conversion into roots (kg kg) 0.754
CVsS Efficiency of conversion into stems (kg kg!) 0.754

Table 3. Genetic coeflicients of Swarna Cultivar generated through
iteration method in InfoCrop Model.

Description Values
Thermal time for sowing to germination (°C days) 50
Thermal time for germination to 50% flowering (°C days) 1650
Thermal time for 50% flowering to physiological maturity

(°C days) 430
Optimum temperature (°C) 32.0
Maximum temperature (°C) 45.0
Sensitivity to photoperiod 1.0
Relative growth rate of leaf area (°C days™) 0.009
Specific leaf area (dm?mg™?) 0.0022
Index of greenness of leaves 1.0
Extinction coefficient of leaves at flowering 0.6
Radiation use efficiency (g MJ! day) 2.6
Root growth rate (mm day™) 12.0
Sensitivity of crop to flooding scale 1.0
Index of N fixation 1.0
Slope of storage organ number/m? to dry matter during

storage organ formation (storage organ/kg! day) 26000
Potential storage organ weight (mg™! grain!) 26
Nitrogen content of storage organ (fraction) 0.012
Sensitivity of storage organ setting to low temperature 1.0
Sensitivity of storage organ setting to high temperature 1.0

ciency and many others (Dhakar et al., 2018). Jain et al.,
2018 compared the DSSAT with InfoCrop model and
opined that production potential under DSSAT model is
very high as compared to InfoCrop model. The absence
of tillage effects in the InfoCrop model may be another
reason for which the R? value between observed and
predicted yield is less in InfoCrop compared to other
two models. In general, the InfoCrop model utilizes the
radiation use efficiency (RUE)-based approach for dry
matter production and WOFOST calculates dry matter
production as a function of gross canopy photosynthe-

sis. The sensitivity of all the three used models to change
in ambient temperature and radiation is not similar,
which is reflected in the simulated results. Tapio et al,,
2016 emphasized development of robust procedures for
parameterizing the models, which is observed in all the
models used in the present study. The procedural accu-
racy is reflected through very low RMSE value. Only
3.2%, 6.6% and 1.8% RMSE values (in respect to average
actual yield) were observed for DSSAT, WOFOST and
InfoCrop models, respectively. Up to 15% grain RMSE
is well accepted (Tovihoudji et al, 2019) and the present
predicted result is well within acceptable limit.

3.2 Thermal sensitivity of crop growth models

It is well known fact that the crop duration is highly
dependent on prevailing temperature and with the tem-
perature enhancement the crop duration decreases (Fati-
ma et al., 2020). This section shows how different mod-
els can assess the impact of thermal imbalance on crop
duration or other important growth parameter, like LAL
The DSSAT output showed the simulated LAI would
decrease with increase of temperature. The decrease of
LAI would be more in PI, heading and grain filling stag-
es (Fig. 1). The lower LAI throughout the crop growth
stages and shorter duration may be the main cause of
yield reduction of wet-season rice under elevated ther-
mal condition. Figure 2 shows the decrease in crop
duration for 1%, 2° and 3°C temperature enhancement
over normal. DSSAT model predicted highest decrease
in crop duration (10 days for NT + 3°C). On the contra-
ry for 3°C enhancement, InfoCrop predicted only 5 days
reduction in crop duration.

3.3 Production of wet-season rice under elevated thermal
condition

The normal weather data of the region were used to
simulate the yield. To run the model, the normal DOS
(4™ week of May) were considered, and the common
management practices were taken into account. Although
higher temperature in the future climatic scenario alters
the sowing window of most of the crops (Perego et al.,
2014), the wet-season rice sowing in Gangetic West Ben-
gal mainly depends on monsoon rainfall. Hence, for
simulating the rice yield for the future, same sowing time
has been considered. 1°C rise in temperature showed
around 235 kg ha'! yield reduction through DSSAT and
WOFOST models and around 380 kg ha'! yield reduction
through InfoCrop model. For enhancement of 1°C rise
in temperature, the crop duration will be decreased by 4
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Table 4. Comparison between simulated and observed yield of wet-season rice for different sowing dates using DSSAT Model.

Saon Banerjee et al.

Treatments Abs
. _O)A 2
(Sowing date) Forecast (F) Observed (O) F-O (F-0) (F-O)A2 R SE RMSE
26.05.2010 4502 4750 -248 248 61504
22.06.2010 4107 3940 167 167 27889
24.05.2011 4156 4084 72 72 5184
23.06.2011 4014 3943 71 71 5041
17.05.2012 4610 4730 -120 120 14400
01.06.2012 4195 4209 -14 14 196
4264.0 4276.0 -12.0 115.3 19035.7
(Average) (Average) (Bias) (ME) (MSE) 0.97 26:3 138
Table 5. Comparison between WOFOST simulated yield and observed yield of wet-season rice.
Abs ) )
Treatments Forecast (F) Observed (O) F-O (F-0) (FW-0) R SE RMSE
2012 d, 4360 4469.5 -109.5 109.5 11990.25
2012 d, 4178 3663 515 515 265225
2013 d, 4541 4707.5 -166.5 166.5 27722.25
2013 d, 4287.5 4162.5 125 125 15625
4341.62 4250.62 91 229 80140.63
(Average) (Average) (Bias) (ME) (MSE) 095 >8.2 283.09
d, = Early transplanting (15% June transplanted).
d, = Late transplanting (15" July transplanted).
Table 6. Measured and InfoCrop simulated yield of wet-season rice for different years.
Treatments Abs
- _ A 2
(Days of sowing) Forecast (F) Observed (O) F-O (F-0) (F-O)A2 R SE RMSE
26.05.2009 4480 4375 105 105 11025
09.06.2009 4710 4660 50 50 2500
22.06.2009 4084 4105 -21 21 441
26.05.2010 4637 4750 -113 113 12769
09.06.2010 4212 4290 -78 78 6084
22.06.2010 3853 3940 -87 87 7569
4329.3 4353.3 -24.0 75.7 6731.3
(Average) (Average) (Bias) (ME) (MSE) 0.94 951 82

days in DSSAT model. Sarath Chandran et al. (2021) also
observed similar result for New Alluvial Zone of West
Bengal. The reduction in crop duration has resulted less
biomass accumulation and eventually lesser yield. More-
over, the higher photorespiration due to higher tempera-
ture is one of the major causes of yield reduction under
elevated thermal condition. As discussed earlier, for
enhancement of 3°C rise in temperature, the crop dura-
tion may decrease in the tune of 10 days which is reflect-
ed in yield reduction. More than 21% yield reduction is
possible for 3°C temperature enhancement compared to
normal condition. The InfoCrop predicted the highest

yield reduction compared to other two models. Lowering
of LAI mainly caused such reduction in InfoCrop, as the
model proved less sensitive in case of crop duration. The
LAI is another determining factor for yield prediction as
pointed out by different scientists. For example, Pagani
et al. (2019) used the assimilation of RS-derived LAI as
an input parameter to improve the forecasting capabil-
ity. All the three models’ output under elevated thermal
condition is shown in Table 7. At least 5% yield reduction
would be observed for 1°C rise of normal temperature
(NT + 1°C) and 10% yield would be decreased for 2°C
temperature rise (NT + 2°C).
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Fig. 1. Change of LAI at different crop growth stages under normal
temperature and elevated thermal condition.

Table 7. Rice yield under elevated thermal condition.

Fig. 2. Reduction in maturity period due to temperature increase
(1°C, 2°C and 3°C) over normal temperature (NT).

Yield % yield reduction
Models

NT* NT+1°C NT+2°C NT+3°C NT+1°C NT+2°C NT+3°C
DSSAT 4145.0 3909.3 3625.3 - 5.7 12.5 -
WOFOST 4238.6 4006.5 3784.2 - 5.5 10.7 -
InfoCrop 4380.0 3997.6 - 3455.2 8.7 - 21.1

*Simulate yield under normal temperature (NT) condition

4. CONCLUSIONS

Due to temperature enhancement, the crop dura-
tion will be shortened by 2 to 10 days as simulated by
different crop growth models. Due to early maturity of
rice, farmers can grow short duration leafy vegetables
(like spinach, coriander, etc., which takes only 40 days)
and then sow the winter vegetables in mid-November.
This may be regarded as the positive impact of climate
change. There will be enhanced photorespiration and
LAT will be reduced if temperature increases. These are
the main reasons for reduction of simulated yield under
elevated thermal condition. While developing new varie-
ties, the plant breeders must look into these physiologi-
cal factors to evolve climate resilient variety. All the
three models under study predicted lower yield when
higher temperature scenario was considered compared
to normal weather situation of the study region. For
one degree temperature rise, 5 to 8 percent yield will be
reduced, whereas for two-degree temperature rise the
reduction will be more than 10 percent. The adaptation
options, such as added irrigation and fertilizer, choice
of varieties, proper sowing window, etc., must be taken
care of to reduce the negative impact of elevated thermal
condition. DSSAT and InfoCrop models perform better

for predicting the yield of wet-season rice in the Lower
Gangetic Plains of West Bengal, India. The DSSAT mod-
el, being the most robust one, is recommended to assess
the climate change impact and adaptation studies for
most of the major crops.
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