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availability and consumption being amongst the low-
est in the world. !is has compounded the already food 
insecure and malnutrition situation in the region.

In this context, the intensi#cation 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 intensi#cation 
and diversi#cation of horticultural crops in the region. 
To this effect they established the African Network 
for Horticultural Development “RADHORT” (Réseau 
Africain pour le Développement de l’Horticulture)1, 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). !e mem-
ber states of RADHORT are Burkina Faso, Cabo-Verde, 
Ivory Coast, Guinea, Guinea-Bissau, Mali, Mauritania, 
Niger, Senegal and Chad (FAO, 2016)2. !e countries of 
RADHORT are located in the Tropics.

However, they cover di7erent climate zones ranging 
from desert, semi-desert to subtropical and tropical. 

!e scope of RADHORT is the development of the 
horticultural sector with the aim of achieving intensi#-
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 e7ort for the development of the horti-
cultural sector in RADHORT countries, a description 
and an analysis are made in this article of di7erent 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. !ese 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 intensi#cation in the West 
Africa region. 

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

THE CLIMATE CHARACTERISTICS OF RADHORT 
COUNTRIES

!e 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 Köp-
pen- Geiger climate classi#cation (Köppen, 1936), the 
RADHORT countries (Burkina-Faso, Cabo Verde, Guin-
ea, Guinea Bissau, Mali, Ivory coast, Mauritania, Niger, 
Chad and Senegal), cover di7erent 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).

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

WHY GREENHOUSES IN THE TROPICS?

!e tropics are a belt of the earth surrounding the 
Equator. !ey 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 #eld 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). 

!e 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 e"cient 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 #eld. !e same 
reduction occurs for crops in unheated simple (low tech) 
greenhouses, while for crops under sophisticated (high 
tech) greenhouses, water saving against open #eld can 
exceed 60% (Nederho7 and Stangellini, 2010).
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vation in the tropics. !is 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 #a-
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 8ooding 
by heavy rain-fall, reduced water consumption, more 
e"cient use of fertilizers, less chemical pest and dis-
ease control and a more comfortable working environ-
ment. !e increase in productivity and better quality 
produce obtained with fewer and cost-e7ective inputs 
are expected to lead to an increase of revenue for the 
farmers. In fact, a cost-bene#t analysis conducted in 
Kenya (Nakuru, 0°18’11.1564’’S, 36°4’48.0900’’E, warm-
summer Mediterranean climate  –  Csb) comparing the 
pro#tability of tomato cultivation in low tech unheated 
greenhouses and in the open #eld (Wachira et al., 2014), 
demonstrated that average yields in greenhouse were 
about 10 times higher than in the open #eld.. Net prof-
its per square meter were 13 times higher for tomato 
cultivation in greenhouse than in the open #eld even 
though #xed 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 bene#t analysis in warm semi-arid region (Rohtak, 
India, 28°53’40.09”N 76°35’21.01”E, BSh) (Duhan, 2016) 
showed that growing vegetables under low cost unheated 
greenhouses is more than 10 times more pro#table as 
compared to open #eld 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 
e7ective materials.

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 di7erent 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): 
• Tmax: mean monthly maximum temperatures below 

32-34°C 
• Tmin: mean monthly minimum temperatures greater 

than 12°C 
• SR: mean minimum outside solar radiation 7.5 MJ/

m2/day. 
• 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 Tmin> 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 
speci#c 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 de#ned to 
ensure good plant growth: 
• Tmax< 27°C a good ventilation is su"cient
• 27°C <Tmax< 33°C ventilation + shading are needed
• Tmax> 33°C cooling is needed.

!e General Design Requirements

Based on the climate control requirements for 
good plant growth, the following general design crite-
ria and technical speci#cations have been elaborated for 
greenhouse cultivation in the tropics (Baudoin and von 
Zabeltitz, 2002):
• Cladding material: Plastic #lm, 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 di7using: In order to increase homogene-
ity of the solar radiation but also to increase the 
shading e7ect 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 re8ectant for heat reduction purposes. 
– Covering #lm must not 8utter in the wind, but 

has to be stretched and tightly #xed by simple 
stretching devices.

• Shade nets: !ey are usually white with Shading 
Intensity (S.I.), as required, between 20 and 40% and 
2-3 years longevity.

• Ventilation: To be e"cient, 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 di7erence 
between inside and outside greenhouse tempera-
ture.

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

• 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 8oor 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: 
!e gutter height should be about 2.5 to 3 m mini-
mum. !e higher the structure with ridge ventila-
tion, the greater the ventilation e"ciency by the 
chimney-e7ect. To the extent possible, the use of 
locally available and renewable construction mate-
rials is advisable to contain the investment cost.  
!e 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 o7 the rainwater but also for the collec-
tion and storage of rainwater, which can be recycled 
for irrigation and other purposes. 

• 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. Ierapetra 
(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. Ierapetra is the 
area with the highest concentration of protected crops 
in Greece with Mediterannean climate (dry summers 
and mild, wet winters), classi#ed as Csa by the Köppen-
Geiger system3.

!e analysis is based on the climograph of the fol-
lowing cities:
(1). Nouakchott, Mauritania (18°09’N 15°58’W, warm 

desert climate), classi#ed as BWh in the Köppen-
Geiger system vs. Ierapetra 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 bene#cial e7ect 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°31’N 13°42’W, monsoon cli-
mate, Am) and Bamako, Mali (12°39’N; 8°0’W, trop-
ical savanna, Aw) vs Ierapetra (Figure 4).

a. Climograph of Nouakchott and Praia vs Ierapetra
!e 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 
e7ect for higher ventilation rate; (ii) Ventilation needs 
to be very e"cient throughout the year with openings 
up to 30-35% of the total 8oor area. !e lateral and 

3 !e major greenhouse types adapted to Ierapetra are: Tympaki type 
(similar to Parral), Tunnel and modi#ed arched roof single layer poly-
ethylene covered greenhouses equipped with vent openings for natural 
ventilation. 
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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 #eld 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. 
!erefore, 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/m2/
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 l/m2/day.7 
 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 l/m2 (1,143 m3/m2) 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°25’W, 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 film8. 
!is may result, however, in reducing light trans-

7 According to de Villele (1974) the following simpli#ed relation can be 
used for the estimation of water needs (E) of crops under cover in Med-
iterranean areas: Ε = K 0.67 t RSo /λ (mm/day), where: K = crop coef-
#cient, t = transmissivity of the cover to solar radiation, RSo = outside 
solar radiation (MJ m-2 day-1), λ = latent heat of vaporization of water 
(=2,5 MJ/mm/m2)
8 !e polyethelene #le should possibly be an NIR re8ective in order to 
reduce the transmission of SR and thereby avoiding the overheating of 
the greenhouse

mittance by two cladding materials. (von Zabeltitz, 
2011). !e 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/m2/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 m3/m2. 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. !e 
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 
di"cult since the only source of water could be from 
collecting rainwater9, which, nevertheless, is less 
than 200 mm/ year. For covering the water needs of 
a 9-month vegetable production cycle, about 1,0 m3/
m2 of nethouse is needed. (=270*0.67*0.7*20/2.5).

c. For Conakry, Guinea (9°31’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. !erefore, 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. !erefore, 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 re8ectant polyethylene 
sheet of 50 micron. 

9 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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(Brown & Funk, 2008; Schmidhuber & Tubiello, 2007). 
!erefore, this sector is the most vulnerable, especially 
in semi dry climates (Shara# & Mir Karim, 2020). 

!e e7ect of 8uctuation on climatic parameters on 
crops, variety and phonological stage. !erefore, 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) con#rmed 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 in8ation 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 classi#ed as dry climatic region 
(Shara# & 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 (Sánchez-Mar-
tín et al., 2017). Such changes exemplify just how much 
weather during the growing season, alongside long-
term changes in climate, are having a signi#cant impact 
on regional and global crop production (Newlands & 
Zamar, 2012). !e e7ects 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 di7erent 
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 
e7ects of climate change on crop production (e.g. rain-
fed wheat). !erefore, another part of this study investi-
gates the e7ect 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. !e complexity of such 
studies has led to far fewer scienti#c references than in 
the #rst group of studies (Hammer et al., 2001; Nassiri et 
al., 2006; Gholipoor 2008; Shara# et al., 2016). 

Several researchers have evaluated the dependence 
of di7erent empirical ETref equations on various mete-
orological parameters over di7erent climates (Güçlü et 
al. 2017; Saggi and Jain 2019; Shiri et al. 2019; Ndiaye 

et al. 2020; Shara# and Mohammadi Ghaleni 2021a, 
b). Shara# and Mohammadi Ghaleni (2021b) evalu-
ated di7erent empirical equations for ETref in di7er-
ent climates of Iran. !eir results found that the sim-
plest regression model (MLR) based on minimum and 
maximum temperature data was more precise than the 
empirical equations. !ey also recommended the solar 
radiation–based Irmak equation as the best substitute 
for the PM-FAO56 model, especially in dry and semidry 
climates. Furthermore, accurate measurement of ETref 
is used as an indicator to understand the concepts of 
climate change. To better evaluate ETref in each climate, 
it is necessary to be aware of the climatic conditions, 
the quality of the weather data, and the related costs 
(Shara# 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 di7erent 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 #nally evaluation of future climatic condi-
tions for plant growth and production (Antle, 1996; 
Holden & Brereton, 2004), but, the results of studies 
have con#rmed that the PCA is suitable for analysis of 
agricultural climatic indicators on the regional scale 
and classi#cation 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 coe"cient of determination and graphical data 
distribution (Chatterchi & Hadi, 2012). !e 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. !e 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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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. ! is 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 di7 erent days between the models of the microlysim-
eters with di7 erent irrigation blades.

Water drainage was veri# ed 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 # eld capacity was reached.

! e 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. 
! ese measurements were used to calculate the variation 
in mass on a single day and comparing this to the varia-
tion on di7 erent days. Before weighing, the microlysim-
eters were cleaned to remove any aggregate material. Soil 

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 a% er 
it is ready; 7 - PVC closed cap; 8 - Internal structure; 9 - External structure; 10 - Microlysimeter with closed bottom.
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water evaporation determination using microlysimeters 
was calculated according to Eq. 1:

 (Eq. 1)

where EML is the microlysimeter evaporation (mm d-1), 
△MML is the microlysimeter mass change (kg), AML is 
the microlysimeter surface area (A100 = 0.007854 and 
A150 = 0.017671 m2), 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. ! is number of 
repetitions was considered su"  cient to represent total 
evaporation and drainage. The microlysimeters were 
randomly arranged in the experimental area, as shown 
in Fig. 4.

! e irrigation used was a sprinkler system com-
posed of eight sprinklers (Eco232 Frabrimar, Brazil) 
with 4.0 × 2.8 mm nozzles spaced 12 × 12 m apart, with 
a Christiansen Coe"  cient of Uniformity higher than 
80%, under a pressure of 30 m.c.a., with an applied 
water blade of 10.38 mm h-1. ! e 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 o7 , 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 (EVL) was 
determined. ! e external dimensions of the lysimeter 
set were 7.2 m in length and 5.3 m in width, with 1.50 
× 1.50 m and 1.20 m depth, with a total area of 2.25 m2

for each lysimeter. ! e construction, calibration, and 
validation methodology was that of Fenner et al. (2019). 
! e weighing lysimeters were connected to a data log-
ger (CR1000, Campbell Scienti# c Inc., Logan, USA) that 
was programmed to record data every 30 s and store 
the average every 15 min. ! e EVL values were obtained 
by converting the lysimeter mass variation into mm, as 
determined by Eq. 2:

 (Eq. 2)

where EVL is the soil water evaporation from the lysime-
ter (mm d-1), △ML is the lysimeter mass variation (kg), AL
is the lysimeter surface area (m2), P is the precipitation 
(mm), and I is irrigation (mm).

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

 (Eq. 3)

where EToPM is the reference evapotranspiration (mm 
d-1), Rn is the net solar radiation of the crop (MJ m-2 d-1), 
G is the soil heat 8 ux density (MJ m-2 d-1), T is the air 
temperature at 2 m above the soil (°C), U2 is the wind 
speed at 2 m above the soil (m s-1), es is the vapor satura-
tion pressure (kPa) that was estimated through the aver-
age of es (Tmax) and es (Tmin), ea is the current vapor 
pressure (kPa), es - ea is the pressure de# cit and vapor 
saturation (kPa ºC-1), ∆ is the vapor pressure curve (kPa 
ºC-1), and γ is the psychometric constant (kPa ºC-1).

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. ! e data 
obtained were analyzed by calculating the standard 
deviation, mean, median, asymmetry coe"  cient (As), 
and kurtosis coe"  cient (Ck).

Fig. 4. Sketch of microlysimeters installed in the experimental # eld 
and arrangement of the irrigation system.
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!e 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 coe"cient of determination.

3. RESULTS AND DISCUSSION

3.1 Meteorological elements

!e 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 

a7ects 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 signi#cantly in8uenc-
es soil water evaporation (Carvalho et al., 2019).

3.2 Water drainage in the microlysimeters

!e 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).

!e initial drainage was higher at the beginning of 
the evaluation and decreased with time. At 07:00, the #rst 
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 a%er 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 Tangará da Serra, Mato Grosso, Brazil.

Test 01 (Single Blade)

Date TMean (°C) TMax (°C) TMin (°C) RHMean (%) RHMax (%) RHMin (%) P (mm) GR 
(MJ m-2 d-1) Wind (m s-1)

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) GR 
(MJ m-2 d-1) Wind (m s-1)

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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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 therea% er, no 
drainage occurred in either microlysimeter size.

Walker (1983) began to discuss the possible e7 ects 
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. ! us, 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).

! e 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 

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 a% er 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 # eld capacity, there was no 
marked di7 erence in drainage between the blades.

! e 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

! e 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).

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.

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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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. ! erea% er, 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. 
! e 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. ! e 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. ! e 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. 
! is 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. ! us, 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). ! e literature does not provide 
detailed information on how drainage at the bottom of 
the microlysimeters can a7 ect 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.

! e 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). ! e 
soil water evaporation values were generally stable dur-
ing the evaluation until the # % h day a% er irrigation, 
when the measurements decreased both for the lysime-
ters and microlysimeters due to the drying of the super-
# cial layer of the soil a% er irrigation. Another factor that 
in8 uenced 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-1. ! e average soil water 
evaporation value between those dates was 3.74 mm d-1

for the lysimeters, and 4.03 and 4.31 mm d-1 for the 100 
mm diameter microlysimeters with and without drain-

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. ML100WD = 100 mm microlysimeters without drainage; ML100D = 100 mm microlysimeters with drainage; 
ML150WD = 100 mm microlysimeters without drainage; ML150D = 100 mm microlysimeters with drainage.
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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-1, respectively. ! e average evaporation of 
all microlysimeters was 4.22 mm d-1, which was 11.40% 

higher than the average observed with the lysimeters. 
! e average soil water evaporation for the microlysim-
eters without drainage was higher than those with water 
drainage. ! e values during the period for the 100 mm 
diameter microlysimeter models with and without water 

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 Tangará da Serra, Mato Grosso, Brazil.

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 Tangará da Serra, Mato Grosso, Brazil.
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The standard deviation of the treatments varied 
between 0.22 and 0.47 mm d-1, with an average of 0.27 
mm d-1 among the days evaluated. EVL varied between 
1.86 and 4.59 mm d-1, with an average of 3.74 mm 
d-1. !is variation is due to the di7erent 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-1 (71.43% of the data).

!e evaporation and lifetime of a microlysimeter 
are in8uenced 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). !ese 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 #%h day a%er 
irrigation, the evaporation values recorded in the lysim-
eters remained similar, and on the sixth day, there was 
a decrease. !e symmetrical set and the microlysimeters 
should be maintained at close to #eld 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 #rst few days may be overestimated when 
microlysimeters are installed soon a%er precipitation or 
irrigation has occurred. !us, 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 coe"cient, showing positive asymmetry for three 
days and negative asymmetry for four di7erent 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-
#cient (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.

!e 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. !e EVL varied between 
5.31 and 6.96 mm d-1, with an average of 5.98 mm d-1.

!e soil water evaporation in the ML100WD treat-
ment showed a standard deviation of 0.15 mm d-1 
between the irrigation blades. !e ML100D, ML150WD, 
and ML150D treatments presented mean deviations of 
0.15, 0.29, and 0.24 mm d-1 in relation to the irrigation 
blades, respectively. !e 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. !e 
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 di7erences 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 coe"cient (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

!e 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 (EVL) as a reference (Fig. 11). !e 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 coe"cient of determination (R2) 
values. !e 100 mm diameter microlysimeters showed 
R2 values of 0.9834 and 0.9853 for the models with and 
without water drainage, respectively, while the 150 mm 
diameter microlysimeters presented R2 values of 0.974 
and 0.9147, respectively.
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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-1). Similar results were found by Dalmago et 

al. (2010), who observed 11% (±0.3 mm d-1) more soil 
water evaporation from the microlysimeters that had 
water drainage compared to lysimeters. !e high coe"-
cient of determination observed between these measure-
ments demonstrates that the microlysimeter technique 

Table 3. Mean values and descriptive statistics for daily soil water evaporation determined in lysimeters (EVL) and microlysimeters (EML) 
subjected to four irrigation blades (15, 30, 45 and 60 mm) in Tangará da Serra, Mato Grosso, Brazil.

Date
Soil Water Evaporation (mm d-1)

SD X̄ 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 -1.27 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 5.97 0.43 5.53 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

EVL = 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; X̄ = 
Average; Md = Median; As = Asymmetry; Ck = Kurtosis.
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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. ET0 estimation 
using CFSR in #ve 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. !ey 
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.

!e R2 value calculated between 0.72-0.87 as seen 
in Table 2. !is shows that the CFSR reanalysis dataset 
has a good correlation with the observation data. R2 val-

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

3.2. Results of ET0 estimates for the spring season

!e ET0 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. !e 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 !e 
South-Eastern Anatolia region at the lowest. In gen-
eral, the performance of ET0 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 

Figure 2. Average long-term ET0 map for the winter season a) observation b) CFSR.
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Anatolia regions, respectively. !us, the best estima-
tions of ET0 for the spring season have been seen in 
the northern regions in terms of spatial variability and 
distribution. 

Spatial distribution of estimated and observed ET0 
values for the spring season were classi#ed into 6 cat-
egories between 175 and 475 mm as shown in the map 
(Figure 3). Same as winter season, the results of CFSR 

Figure 3. Average long-term ET0 map for the spring season a) observation b) CFSR.

Table 3. Performance evaluation results for the spring season.

Regions R2 RMSE 
(mm season-1)

PBias 
(%) C’ SPAEF

!e Mediterranean region 0.75 15.40 -3.69 0.77 0.67
!e Eastern Anatolia region 0.72 22.23 -5.15 0.73 0.63
!e Aegean region 0.75 20.34 -4.61 0.79 0.63
!e South-Eastern Anatolia region 0.70 15.27 -5.47 0.72 0.55
!e Central Anatolia region 0.77 14.75 -0.78 0.79 0.72
!e Black Sea region 0.82 19.30 -2.01 0.81 0.84
!e Marmara region 0.79 21.28 -2.64 0.75 0.79
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estimations for spring are better in regions having 
higher temperatures and solar radiation. PBias values 
for most stations are negative. ET0 estimation using 
CFSR in all regions was overestimated for the spring 
season. The R2 values calculated between 0.70-0.82 
as seen in Table 3. !is shows that the CFSR reanaly-
sis dataset has a good correlation with the observation 
data for spring season.

3.3. Results of ET0 estimates for the summer season 

!e ET0 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. !e performance evaluation results 
are given in Table 4. 

!e Performance Index (C’) was calculated as 0.85 
in the Black sea region at the highest, and 0.52 in the 
!e South-Eastern Anatolia region at the lowest.  In 
general, the performance of ET0 estimations using 
CFSR data for the summer season was determined to be 
acceptable (C’ > 0.55) in #ve regions but two region have 
poor estimation performance. !ese two regions Medi-
terranean and !e 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, !e Central Anatolia and the Aegean 
regions, respectively. !us, the best estimations of ET0 
for the summer season have been seen in the Northern 
regions in terms of spatial variability and distribution. 
Spatial distribution of estimated and observed ET0 val-
ues for the winter season were classi#ed 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 di7erences between the results are higher than 
in other seasons as seen in Figure 4. !e 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. !ey 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 di7erent 
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 ETo for 
the summer is still in acceptable (<± 25) ranges.

!e R2 values calculated between 0.63-0.82 as seen 
in Table 4. !is shows that the CFSR reanalysis data-
set has a good correlation with the observation data for 
summer season. Although ETo estimates are acceptable 
in terms of R2 (>0.50), the ETo 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). !e reason 
can be explained that more convective warming occurs 
in summer compared to other seasons. !is type of con-
vection may cause the formation of di7erent 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 ET0 estimates for the autumn

!e ET0 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. !e performance evalua-
tion results are given in Table 5. 

Table 4. Performance evaluation results for the summer season.

Regions R2 RMSE
(mm season-1) PBias C’ SPAEF

!e Mediterranean region 0.69 72.27 -12.10 0.53 0.61
!e Eastern Anatolia region 0.63 76.47 -11.07 0.61 0.59
!e Aegean region 0.74 41.06 -7.34 0.71 0.70
!e South-Eastern Anatolia region 0.67 69.98 -13.04 0.52 0.61
!e Central Anatolia region 0.75 38.96 -6.17 0.74 0.74
!e Black Sea region 0.82 22.38 -2.50 0.85 0.77
!e Marmara region 0.71 32.90 -2.17 0.75 0.66
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Performance Index results (C’) was calculated as 
0.86 in the Black Sea region at the highest, and 0.69 in 
!e South-Eastern Anatolia region at the lowest.  In gen-
eral, the performance of ET0 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-

mara regions, respectively. !us, the best estimations of 
ET0 for the autumn season have been seen in the coastal 
regions in terms of spatial variability and distribution.  

Spatial distribution of estimated and observed ET0 
values for the winter season were classi#ed 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. !e R2 values calculated between 

Figure 4. Average long-term ET0 map for the summer season a) observation b) CFSR.

Table 5. Performance evaluation results for the autumn season.

Regions R2 RMSE
(mm season-1)

Pbias
(%) C’ SPAEF

!e Mediterranean region 0.85 11.16 -4.54 0.84 0.80
!e Eastern Anatolia region 0.68 22.52 -8.83 0.72 0.58
!e Aegean region 0.80 15.73 -5.83 0.77 0.70
!e South-Eastern Anatolia region 0.75 28.73 -4.60 0.69 0.60
!e Central Anatolia region 0.84 21.09 -6.50 0.84 0.72
!e Black Sea region 0.89 15.45 -0.31 0.86 0.77
!e Marmara region 0.77 12.09 -2.82 0.82 0.73
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0.68-0.89 as seen in Table 5. !is 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 ETo.

While the ET0 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. !e CFSR 
reanalysis dataset tends to overestimate ETo 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 
di7erences in these regions are less than in inner regions 
due to the e7ect 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 di7erence 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-

Figure 5. Average long-term ET0 map for the autumn season a) observation b) CFSR.
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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). !e 
regional climate models also predict increasing tempera-
ture trends for future. !e 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 e7ects of 
climate change on agriculture and to #nd 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-

cesses for three important crop growth models are the 
part of the present research work. 

2. MATERIALS AND METHODS

2.1 Study area

!e study area was located under the New Alluvial 
Agro-climatic Zone of West Bengal, India. !e 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. !e 
characteristics of the region’s climate are hot summers 
and moderately cool winters. !e mean annual rainfall 
ranges from 140.0 to 160.0 cm. !e potential evapo-
transpiration (PET) varies from 110.0 to 140.0 cm and 
the water de#cit is about 40.0 cm. !e length of crop-
growing period is greater than 270 days. !e seasons of 
this zone can broadly be divided into #ve main catego-
ries: spring, summer, rainy season, autumn, and winter. 
!e autumn here is comparatively shorter than other 
parts of India, lasting only from beginning of October 
to the middle of November. !e summer season is typi-
cally hot and the maximum temperature ranges between 
38°C and 45°C, while the minimum is around 20°C. !e 
monsoon season is observed during June to September 
and more than 75% of annual rainfall is received dur-
ing the season. !e 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. !e texture of the soil was sandy loam, with 
moderately well drainage capacity. !e bulk density is 
around 1.55 g cm-3 and only 0.5 % soil organic carbon is 
observed here. !e soil of this zone has high water hold-
ing capacity and it is less acidic.

2.2 Database generated for model calibration and validation

!e crop data was generated through #eld experi-
mentation under “All India Coordinated Research Pro-
gram on Agrometeorology” (AICRPAM) of Kalyani 
center. !e most popular rice cultivar of West Bengal 
State, namely, Swarna was grown with di7erent dates of 
sowing during 2007 to 2013. Data on phenology, crop 
height, LAI, biomass and yield were recorded from the 
experiment #eld for the whole study period (2007 to 
2013). Actual observation on phenology, especially days 
to crop maturity was recorded for all the treatments. !e 
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crop height and LAI were measured for di7erent phono-
logical stages along with #nal 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. !e weather data of nearby Meteoro-
logical Observatory, situated less than 50 m away from 
experimental #eld, were used as weather inputs. Soil-
data inputs were taken from Annual Progress Report 
(APR) of FASAL Project (FASAL, 2013). !e 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). !e 
“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 di7erent options available to represent 
such processes as evapotranspiration  and soil organic 
matter accumulation, which facilitates testing di7erent 
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 CO2, solar radiation, temperature and rainfall. 
In this model water level can be maintained like #eld 
level under management option interface. !e 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). !e model provides integrated assessment of 
the e7ect 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). 
A%er 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. !e e7ect 
of soil moisture on crop growth is not considered and a 
continuously moist soil is assumed.

2.4 Future temperature scenarios

IPCC Fi%h Assessment Report (IPCC AR5 WG1) 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. 
!e average weather data of thirty years (1981 to 2010) 
of Kalyani weather station was taken as normal weather 
data. !en 1°C, 2°C and 3°C were added with both nor-
mal maximum and minimum temperature to obtain ele-
vated thermal regime. !is regime was used to observe 
the e7ect of increased temperature on crop production.

2.5 Statistical procedure

!e model performance was worked out using some 
statistical parameters, such as Coe"cient of determina-
tion (R2), 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). !e linearity between simulat-
ed and actual values is denoted by R2whereas the mean 
absolute deviation between the said values is described 
by RMSE. !e combination of lower RMSE, higher R2 
values and lower SE indicates the accuracy of simulation 
model. !e 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 =  (1)

Here, N is observation numbers, # 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 =  (2)

(c) Standard error (SE) can be calculated through com-
paring actual value (x) and predicted value (y). !e 
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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. !e absence 
of tillage e7ects in the InfoCrop model may be another 
reason for which the R2 value between observed and 
predicted yield is less in InfoCrop compared to other 
two models. In general, the InfoCrop model utilizes the 
radiation use e"ciency (RUE)-based approach for dry 
matter production and WOFOST calculates dry matter 
production as a function of gross canopy photosynthe-

sis. !e sensitivity of all the three used models to change 
in ambient temperature and radiation is not similar, 
which is re8ected 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. !e procedural accu-
racy is re8ected 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 !ermal 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). !is section shows how di7erent mod-
els can assess the impact of thermal imbalance on crop 
duration or other important growth parameter, like LAI. 
!e DSSAT output showed the simulated LAI would 
decrease with increase of temperature. !e decrease of 
LAI would be more in PI, heading and grain #lling stag-
es (Fig. 1). !e 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 10, 20 and 30C 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

!e normal weather data of the region were used to 
simulate the yield. To run the model, the normal DOS 
(4th 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. 10C rise in temperature showed 
around 235 kg ha-1 yield reduction through DSSAT and 
WOFOST models and around 380 kg ha-1 yield reduction 
through InfoCrop model. For enhancement of 1°C rise 
in temperature, the crop duration will be decreased by 4 

Table 2. Genetic coe"cients of Swarna Cultivar generated through 
iteration method in WOFOST Model.

Symbol Description Values
DLO Optimum daylength for development (Hr) 10.5

TSUM1 Temperature sum from emergence to anthesis (cel 
d) 1723 

TSUM2 Temperature sum from anthesis to maturity (cel d) 526
TDW1 Initial total crop dry weight (kg ha-1) 50.00 
CVL E"ciency of conversion into leaves (kg kg-1) 0.754

CVO E"ciency of conversion into storage organ (kg 
kg-1) 0.600

CVR E"ciency of conversion into roots (kg kg-1) 0.754 
CVS E"ciency of conversion into stems (kg kg-1) 0.754

Table 3. Genetic coe"cients of Swarna Cultivar generated through 
iteration method in InfoCrop Model.

Description Values
!ermal time for sowing to germination (0C days) 50
!ermal time for germination to 50% 8owering (0C days) 1650
!ermal time for 50% 8owering to physiological maturity 
(0C days) 430

Optimum temperature (0C) 32.0
Maximum temperature (0C) 45.0
Sensitivity to photoperiod 1.0
Relative growth rate of leaf area (0C days-1) 0.009
Speci#c leaf area (dm2mg-1) 0.0022
Index of greenness of leaves 1.0
Extinction coe"cient of leaves at 8owering 0.6
Radiation use e"ciency (g MJ-1 day-1) 2.6
Root growth rate (mm day-1) 12.0
Sensitivity of crop to 8ooding scale 1.0
Index of N #xation 1.0
Slope of storage organ number/m2 to dry matter during 
storage organ formation (storage organ/kg-1 day-1) 56000

Potential storage organ weight (mg-1 grain-1) 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
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days in DSSAT model. Sarath Chandran et al. (2021) also 
observed similar result for New Alluvial Zone of West 
Bengal. !e 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 re8ect-
ed in yield reduction. More than 21% yield reduction is 
possible for 3°C temperature enhancement compared to 
normal condition. !e 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. !e 
LAI is another determining factor for yield prediction as 
pointed out by di7erent 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 20C 
temperature rise (NT + 2°C).

Table 4. Comparison between simulated and observed yield of wet-season rice for di7erent sowing dates using DSSAT Model.

Treatments 
(Sowing date) Forecast (F) Observed (O) F-O Abs

(F-O) (F-O)^2 R2 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 
(Average)

4276.0 
(Average)

-12.0 
(Bias)

115.3 
(ME)

19035.7 
(MSE) 0.97 56.3 138

Table 5. Comparison between WOFOST simulated yield and observed yield of wet-season rice.

Treatments Forecast (F) Observed (O) F-O Abs
( F-O) (FW-O)2 R2 SE RMSE

2012 d0 4360 4469.5 -109.5 109.5 11990.25
2012 d1 4178 3663 515 515 265225
2013 d0 4541 4707.5 -166.5 166.5 27722.25
2013 d1 4287.5 4162.5 125 125 15625

4341.62
(Average)

4250.62
(Average)

91
(Bias)

229
(ME)

80140.63
(MSE) 0.95 58.2 283.09

d0 = Early transplanting (15th June transplanted).
d1 = Late transplanting (15th July transplanted).

Table 6. Measured and InfoCrop simulated yield of wet-season rice for di7erent years.

Treatments 
(Days of sowing) Forecast (F) Observed (O) F-O Abs

(F-O) (F-O)^2 R2 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
(Average)

4353.3
(Average)

-24.0
(Bias)

75.7
(ME)

6731.3
(MSE) 0.94 95.1 82
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