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Solar Radiation Effect on Crop Production 

Carlos Campillo, Rafael Fortes and Maria del Henar Prieto 
Centro de Investigación finca la Orden-Valdesequera 

Spain 

1. Introduction 

Solar radiation is the set of electromagnetic radiation emitted by the Sun. The Sun behaves 
almost like a black body which emits energy according to Planck's law at a temperature of 
6000 K. The solar radiation ranges goes from infrared to ultraviolet. Not all the radiation 
reaches Earth's surface, because the ultraviolet wavelengths, that are the shorter 
wavelengths, are absorbed by gases in the atmosphere, primarily by ozone. 

The atmosphere acts as a filter to the bands of solar spectrum, and at its different layers as 
solar radiation passes through it to the Earth's surface, so that   only a fraction of it reaches 
the surface. The atmosphere absorbs part of the radiation reflects and scatters the rest some 
directly back to space, and some to the Earth, and then it is irradiated. All of this produce a 
thermal balance, resulting in radiant equilibrium cycle (figure 1). 

 

Fig. 1. Effects of clouds on the Earth's Energy Budget. This image is from a NASA site 
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Depending on the type of radiation, it is known that the 324 Wm-2 reaching the Earth in the 
upper atmosphere (1400 Wm-2 is the solar constant), 236 Wm-2 are reissued into space 
infrared radiation, 86 Wm-2 are reflected by the clouds and 20 Wm-2 are reflected by the 
ground as short-wave radiation. But part of the re-emitted energy is absorbed by the 
atmosphere and returned to the earth surface, causing the "greenhouse effect". 

The average energy that reaches the outside edge of the atmosphere from the sun is a fixed 
amount, called solar constant. The energy contains between the 200 and 4000 nm 
wavelengths and it is divided into ultraviolet radiation, visible light and infrared radiation. 

Ultraviolet radiation: Consists of the shorter wavelengths band (360 nm), it has a lot of 
energy and interacts with the molecular bonds. These waves are absorbed by the upper 
atmosphere, especially by the ozone layer. 

Visible Light: This radiation band corresponds to the visible area with wavelengths between 
360 nm (violet) and 760 nm (red), it has a great influence on living beings. 

Infrared radiation: Consists of wavelengths between 760 and 4000 nm, it corresponds to the 
longer wavelengths and it has little energy associated with it. Its absorption increases 
molecular agitation, causing the increase of temperature. 

 

Fig. 2. Spectrum of solar radiation above the atmosphere and sea level. prepared by Robert 
A. Rohde as part of the Global Warming Art project 

Solar radiation on the earth can be classified as:   

Direct radiation: This radiation comes directly from the sun without any change in its 
direction. This type of radiation is characterized by projecting defined shadow onto the 
objects that intersect. 
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Diffuse radiation: This radiation comes from all over the atmosphere as a result of reflection 
and scattering by clouds, particles in the atmosphere, dust, mountains, trees, buildings, the 
ground itself, and so on. Global radiation: Is the total radiation. It is the sum of the two 
radiations above. On a clear day with a clear sky, the direct radiation is predominant above 
the diffuse radiation. 

Animals with thermoregulatory abilities and mobility can seek or avoid certain features of 
current weather. In contrast, terrestrial plants are rooted in place and must accept that the 
rates of their metabolic processes are determined by the ambient conditions. 

Crop communities exert a strong influence over their local microenvironment. Nearly all 
cropping practices are geared toward, or have the effect of, modifying chemical and physical 
aspects of that environment (aerial and soils properties).  

One of the most important factors that influences plants development is the solar radiation 
intercepted by the crop. The solar radiation brings energy to the metabolic process of the 
plants. The principal process is the photosynthetic assimilation that makes synthesize 
vegetal components from water, CO2 and the light energy possible. A part of this, energy is 
used in the evaporation process inside the different organs of the plants, and also in the 
transpiration through the stomas. 

Photosynthesis is a chemical process that converts carbon dioxide into organic compounds, 
especially sugars, using the energy from sunlight. Depending on how carbon dioxide is fixed 
the plants can be grouped into three types: C3, C4, and CAM. The C3 plants are the more 
usual superior plants, which are the temperate weather crops (wheat, barley and sunflower, 
etc); the C4 category are species from arid weathers or hotter or tropical weathers (corn, sugar 
or sorghum). The C3 type are generally considered less productive than C4 (figure 3).  

 

 

Fig. 3. Typical theorized relationships between cumulated aboveground biomass and 
cumulated intercepted solar radiation for C4 and C3 species. From Gosse et al. 1986. 
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One difference lies in the fact that photorespiration is very active in C3 plants. The 
photorespiration makes plants increase the oxygen consumption when they are illuminated 
by the sun, and this is very important for agriculture in temperate zones. In a hot day with 
no wind, the CO2 concentration in the plant decreases considerably for photosynthesis 
consumption, therefore, the relationship between carbon and oxygen decreases, and the CO2 
fixation increases the photorespiration. 

2. Interception of radiation 

In the interception of light (LI) by a canopy, difference between the solar incident radiation  
and reflected radiation by the soil surface (Villalobos et al., 2002), is a determining factor in 
crop development and provides the energy needed for fundamental physiological processes 
such as photosynthesis and transpiration.  

Plants intercept direct and diffuse sunlight. The upper leaves receive both types of radiation, 
while the lower leaves intercept a small portion of direct radiation. Diffuse radiation 
therefore, becomes more significant in the lower leaves due to radiation transmitted and 
reflected from the leaves and the soil surface. Solar radiation transmitted by the leaves is 
predominantly infrared. From a practical point of view, the solar radiation spectrum is 
divided into regions, each with its own characteristic properties. Appropriate procedures 
and sensors must be chosen according to the specific objectives of the radiation 
measurements. Visible radiation, between the wavelengths of 400 and 700 nm, is the most 
important type from an ecophysiological viewpoint, as it relates to photosynthetically active 
radiation (PAR). Only 50% of the incident radiation is employed by the plant to perform 
photosynthesis (Varlet-Gancher et al, 1993). The quantity of radiation intercepted by plant 
cover is influenced by a series of factors such as leaf angle, the properties of the leaf surface 
affecting light reflection, the thickness and chlorophyll concentration, which affect the light 
transmission, the size and shape of the leaf phyllotaxis and vertical stratification, and the 
elevation of the sun and distribution of direct and diffuse solar radiation. Of the 100% total 
energy received by the leaf only 5% is converted into carbohydrates for biomass production 
later. Losses of energy are: by non-absorbed wavelengths: 60%. Reflection and transmission: 
8%.Heat dissipation: 8%. Metabolism: 19%. 

Of the global radiation incident on the plant canopy only a proportion is used to carry out 
photosynthesis: PAR (photosynthetic active radiation). The plant’s response differs with 
different wavelengths. Chlorophyll is the main pigment that absorbs the light, other 
accessory pigments are the b-carotene, red isoprenoid compound which is the precursor of 
vitamin A in animals and the xanthophyll, a yellow carotenoid. 

Essentially the entire visible light is capable of promoting photosynthesis, but the regions 
from 400 to 500 and 600 to 700 nm are the most effective (figure 4). In addition, pure 
chlorophyll has a very weak absorption, between 500 and 600 nm. The accessory pigments 
complement the absorption of light in this region, supplementing the chlorophylls. 

- 620-700 nm (red): A greater absorption bands of chlorophyll. 
- 510-620 nm (orange, yellow- green); Low photosynthetic activity. 
- 380-510 nm (purple, blue and green): Is the most energetic. Strong absorption by 

chlorophyll. 
- < 380 nm (ultraviolet). Germicides effects, even lethal < 260 nm. 
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Fig. 4. Typical PAR action spectrum, shown beside absorption spectra for chlorophyll-A, 
chlorophyll-B, and carotenoids. From Whitmarsh and Govindjee, 1999. 

3. Leaf area index 

For an efficient use of solar radiation by crop, the great part of the radiation must be 
absorbed by the photosynthetic tissues. Leaf is the principal photosynthetic functional unit, 
therefore its efficiency on the capture and use of solar energy determines the vegetable 
productivity. The area and arrangement of foliage (the canopy architecture), determine the 
interception of solar radiation (LI) by a crop and the distribution of irradiance among 
individual leaves (Loomis and Connor, 2002). Leaf area and arrangement change during the 
life of a crop and, by leaf movement, even during the course of a single day. Maximum crop 
production requires complete capture of incident solar radiation and can only be achieved 
with supporting levels of water and nutrients (Loomis and Connor, 2002). 
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Fig. 5. Typical presentation of the variation in the active (green) Leaf Area Index over the 
growing season for a maize crop. From Allen et al., 1998 

The leaf area index (LAI) is other concept for estimate the crop's ability to capture the light 
energy. LAI is often treated as a core element of ecological field and modeling studies. LAI 
is broadly defined as the amount of leaf area (m2) in a canopy per unit ground area (m2) 
Watson (1947). Because it is a dimensionless quantity, LAI can be measured, analyzed and 
modeled across a range of spatial scales, from individual tree crowns or clusters to whole 
regions or continents. As a result, LAI has become a central and basic descriptor of 
vegetation condition in a wide variety of physiological, climatological, and biogeochemical 
studies. LAI is a key vegetation characteristic needed by the global change research 
community. For example, LAI is required for scaling between leaf and canopy 
measurements of water vapour and CO2 conductance and flux, and for estimates of these 
variables across the global biosphere–atmosphere interface. Because solar radiation covers 
the entire surface of the ground, the LAI is a robust measure of leaf area per unit of solar 
radiation available. 

4. Effect of intercepted radiation and leaf area index on growth and crop 
production 

The productivity of a crop depends on the ability of plant cover to intercept the incident 
radiation, which is a function of leaf area available, the architecture of vegetation cover and 
conversion efficiency of the energy captured by the plant into biomass. Most production 
strategies are directed towards maximizing the interception of solar radiation. In the case of 
crops, this implies adapting agricultural practices in such a way as to obtain complete 
canopy cover as soon as possible. Deficiencies in water and nutrient inputs may reduce the 
rate of leaf growth, reducing yield below optimum levels due to insufficient energy capture 
(Gardner et al., 1985). 
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The efficiency of interception of PAR depends on the leaf area of the plant population 
(Varlet-Grancher et al., 1989) as well as on the leaf shape and inclination to the canopy. Gallo 
& Daughtry (1986) observed that the difference between the intercepted and absorbed PAR, 
along the maize crop cycle, was lower than 3.5%. According to this, Müller (2001) showed 
that maize leaves absorb 92% of the intercepted radiation by the canopy. The efficiency of 
interception of a canopy corresponds to the capacity of the plant population in intercepting 
the incident solar radiation, which is the main factor influencing the photosynthesis and the 
transpiration processes (Thorpe, 1978). The efficient crops tend to spend their early growth 
to expand their leaf area; they make a better use of solar radiation. Agronomic practices, 
such as fertilization boot, high stocking densities and better spatial arrangement of plants 
(eg narrow rows) are used to accelerate ground cover and increase light interception. 

Solar radiation also has an important role in the processes of evaporation and transpiration. 
Evaporation takes place mainly from the soil surface and transpiration is the evaporation 
that occurs across different plant organs, mainly leaves. Because both processes are closely 
linked, they are often considered together (evapotranspiration); water consumption account, 
linked to the crop itself, is considered "crop water needs" and is a fundamental aspect in the 
planning and designing irrigation strategies. Apart from the availability of water in the 
surface horizons, the cultivated soil evaporation is determined mainly by the fraction of 
solar radiation reaching the soil surface. This fraction decreases over the growing season, 
and at the same time the crop canopy cover grows (figure 6). The development of a crop can 
be divided into four stages (Allen et al., 1998): 

Initial Stage: The early growth of individual plants, with little plant-plant competition is 
very fast. As the LAI develops, there is a shade of lower leaves, so that descriptions of crop 
growth are based on leaf area depending on the soil surface (Gardner et al., 1985). The water 
lost during this phase is mainly due to direct soil evaporation. 

 

Fig. 6. The partitioning of evapotranspiration into evaporation and transpiration over the 
growing period for an annual field crop. From Allen et al., 1998 
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Crop Development Stage: LAI grows exponentially, changing the dominant component of 

evapotranspiration, predominating evaporation in the initial period and the plant 

transpiration at the end of the stage. As the leaf area grows, the radiation intercepted by 

leaves increases. At flowering time, leaf area development ends, with the goal of cultural 

practices to maximize crop photosynthesis intercepting virtually all of the incoming solar 

radiation. 

Mid-season stage: The late season stage runs from the start of maturity to harvest or full 

senescence. In the vegetative period radiation interception does not increase, starting from 

fruit ripening to leaf senescence. (Late season stage). 

From the point of view of optimizing the use of irrigation water, it is important to have an 

accurate estimate of the needs of the plant at any time. All of this will be determined in the 

development stage, which affect the distribution of solar energy in the process that occurs in 

the water consumption. Crop conditions (cultural practices, climate, soil, etc) that modify 

the development of vegetation cover along the life cycle change the water needs of the plant, 

which would imply a change in the watering schedule when the goal is meet in those needs. 

There are different procedures to determine the needs of the crop (ETc):  the most popular is 

that proposed by (Doorenbos & Pruitt, 1977) ETc = ETo x Kc[1] 

Where ETo is the evapotranspiration reference, (Kc) is the crop coefficient, which varies 

with the state of crop development and is adapted as the reference evapotranspiration (ETo) 

for each crop. It is related directly to the LI or the PGC, since it determines the distribution 

of energy available from plant surfaces and bare soil. 

Because the leaf surface is the main photosynthetic organ of the plant, it is sometimes 

convenient to express the growth per unit leaf area. The rate of accumulation of dry 

matter per unit leaf area and per unit time is called net assimilation rate (NAR) and is 

usually expressed in g/m2 (leaf area) day. The NAR is a measure of average 

photosynthetic efficiency of leaves in a population. This is high when the plants are small 

and most of the leaves are exposed to direct sunlight. As the plant grows and the leaf area 

index increases, the leaves begin to shade, causing a decrease in NAR. For covers with a 

high LAI, the young leaves at the top take the highest proportion of absorbed radiation, 

thus having a high rate of CO2 assimilation and also assimilate many other parts 

translocated.  In contrast, the older leaves at the bottom of the cover, which are shaded, 

have a low rate of assimilation of CO2 and provide a small assimilation to other parts of 

the plant.  

Under no-stressed environmental conditions, the amount of dry matter produced by a crop 

is linearly related to the amount of solar radiation, specifically photo synthetically active 

radiation (PAR), intercepted by the crop. The slope of the regression between biomass and 

cumulative radiation intercepted by a crop has been used to determine the radiation use 

efficiency (RUE), which is calculated as the ratio of the biological yield (Kg/ha) to the 

intercepted PAR (MJ) by the crop plants. Monteith (1977), demonstrated that cumulative 

seasonal light interception for several crops grown with adequate soil water supply was 

closely related to biomass production. He formalized and fully established the experimental 

and theoretical grounds for the relationship (RUE) between accumulated crop dry-matter 

and solar radiation, arguing that this approach is robust and theoretically appropriate to 
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describe crop growth. RUE is highly dependent on the photosynthetic performance of crop 

canopies and can be influenced by several factors, namely, extremes temperature, water, 

and nutrient status. This is indicated by the variation reported in RUE among and within 

crop species and across locations and growing environments (Subbarao et al 2005). The 

literature reported quite a large number of RUE values for different crops and locations 

(Gallagher & Biscoe, 1978; Gosse et al., 1986; Kiniry et al., 1989). Stockle & Kemanian (2009) 

at intervals showed the value of RUE in g / MJ for large groups of plants: C3 Annuals (1.2-

1.7), C4 Annuals (1.7-2.0), C3 Oil crops (1.3-1.6), Legumes (1.0-1.2) and Tuber and root (1.6-

1.9). Moreover, the radiation use efficiency (RUE) approach that relates dry mass 

accumulation to the amount of intercepted PAR (Monteith, 1994; Kiniry, 1999) is widely 

used to estimate biomass accumulation in horticultural crops, fruit trees and forest 

(Landsberg & Hingston, 1996; Kiniry et al., 1998; Mariscal et al., 2000). 

The efficiency of radiation interception is also influenced by the levels of nutrients in plants, 

mainly by nitrogen (Dewar, 1996; Scott Green et al., 2003). High crop RUE is directly 

dependent on obtaining the maximum leaf photosynthetic rate (Sinclair and Horie, 1989; 

Hammer and Wright, 1993). Nearly 70% of the soluble protein in leaf is concentrated in the 

carboxylation enzymes (i.e., Rubisco). A positive relationship between leaf nitrogen content 

per unit area (specific leaf nitrogen) and photosynthetic rates has been reported for a 

number of crops including wheat, maize, sorghum, rice, soybean, potato, sunflower, peanut, 

and sugarcane (Muchow & Sinclair, 1994; Sinclair & Shiraiwa, 1993; Sinclair & Horie, 1989; 

Hammer and Wright, 1993; Evans, 1983; Marshall and Vos, 1991; Giminez, et al 1994; Anten, 

et al, 1995; Peng, et al, 1994 and Vos & Van Der Putten, 1998 as cited in Subbarao et al 2005). 

The quantum yield of CO2 assimilation, which is one of the major determinants of the 

photosynthetic efficiency of crop canopies, reportedly decreases under N deficiency Meinzer 

and Zhu, 1998). Levels of photoinhibition also increase under N deficiency (Henley et al., 

1991). Thus, a favorable crop nitrogen status appears to be necessary for the 

realization/expression of maximum RUE in a given crop species. Several studies have 

reported a positive response of RUE to N fertilization in a number of crops (Muchow & 

Sinclair, 1994; Hall et al., 1995; Green, 1987). Nitrogen deficiency should decrease the range 

where there is a linear response between PAR and increased light and thus the range of 

maximum RUE (Sinclair, 1990; Muchow, 1988). A substantial decrease in RUE under 

nitrogen stress has been reported for maize (Muchow & Davis, 1988; Muchow, 1994), 

sorghum (Muchow, 1988), kenaf (Muchow, 1992), wheat (Green, 1987), sunflower (Hall et 

al., 1995 and Bange et al., 1997), and peanut (Wright et al., 1993). Uhart & Andrade (1995) 

showed the differences in RUE produced in a crop of corn with nitrogen and without 

nitrogen, the latter being 40% lower (Figure 7). 

The water deficit reduces the interception of solar radiation due to rolling up the leaves 
(Müller, 2001). If the water deficit is prolonged, the number and size of leaves may  
be reduced or the total leaf area may decrease, reducing as a result, the interception  
of radiation (Collinson et al., 1999). Soil water and the resulting plant water status play  
a key role in determining stomata conductance and canopy photosynthesis. Soil water deficit 
results in plant water deficits that lead to stomata closure and reduced photosynthesis, and 
results in loss of photosynthetic efficiency of the canopy and thus to a decrease in RUE 
(Monteith, 1977). Plants have developed a number of adaptive mechanisms to cope with water 
deficits to minimize the impact on their productivity (Subbarao et al 1995 and Tunner, 1997).  
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Fig. 7. Effect of water stress and nutrition in two trials in corn, adapted from Otegui (1992) 
and Uhart & Andrade (1995) 

Nearly a 70% decline in RUE due to drought stress was observed in a number of grain 
legumes (Subbarao et al 2005). Though RUE of C4 crop species is generally higher than that 
of C3 crop species, the photosynthetic advantage disappears as the water stress increases 
(Subbarao et al., 2005). When drought stress is imposed from flowering until physiological 
maturity, a 25% decline in RUE occurred in pigeonpea (Nam et al., 1998). The growth of 
many field crops can be slowed down or even stopped by a relatively moderate water stress 
(Boyer, 1970). Stress of this magnitude develops following only a few days without rain, 
resulting in stomata closure, thus limiting photosynthesis (Sheehy et al., 1975). For rice, 
wheat, maize, sorghum, and pearl millet, drought stress has been reported to decrease RUE 
(Gallagher and Biscoe, 1978; Lecoeur & Ney, 1991; Inthapan & Fukai, 1988; Muchow, 1989; 
Whitfield & Smith, 1989; Robertson and Giunta, 1994; Jamieson et al, 1995 as cited in 
Subbarao et al 2005). A variety of mechanisms that include leaf movements (that can reduce 
the radiation load on the canopy when exposed to water deficits) and osmotic adjustment, 
and root attributes (that can maintain water supply during drought spells) play a major role 
in maintaining high levels of RUE during water stress (Subbarao et al., 2005). Otegui (1992) 
compared two maize crops under irrigation and no irrigation during a particular time of 
cycle, LAI experienced a decrease in cultivation without irrigation (figure 7). 

Figure 8 shows a test conducted by the author (unpublished data), processing tomato crop 
irrigated with two doses. According to crop requirements (T100) and a deficit treatment of 
75% of crop needs throughout all crop cycle (T75), LAI measurement and the evolution of 
dry biomass (aerial biomass) deficit treatment has a lower accumulation of biomass and LAI 
throughout the crop cycle. This aspect affected the final crop production. Reductions in RUE 
due to water deficits have been reported by Hughes and Keatinge (1983) and Singh and Sri 
Rama (1989) in grain legumes. Tesfaye et al., (2006) indicated that dry matter production in 
grain legumes is highly associated with the fraction of PAR intercepted, which in turn is 
highly associated with LAI. Li et al. (2008) showed that furrow planting pattern should be 
used in combination with deficit irrigation to increase the RUE and grain yield of winter 
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wheat in North China. Miralles and Slafer (1997) indicated that post-anthesis RUE appeared 
to be closely and positively associated and with the number of grains set per unit biomass at 
anthesis in winter wheat, and Uhart & Andrade (1995) found that stresses reduced the leaf 
photosynthetic rate and could result in lowering RUE. Whitfield and Smith (1989), Chen et 
al. (2003), and Li et al. (2008) showed that crop yield was positively related to RUE in winter 
wheat. 
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Fig. 8. Effect of water stress in processing tomato crop irrigated with two doses. According 
to crop requirements (T100) and a deficit treatment 75% of crop needs (T75) 

In the modern agricultural research one of the methods in analyzing the crop production 

along the growth season is simulation by means of the crop production model (Aquacrop, 

Cropsys, CERES,…); mathematical crop simulation models can quantify the different 

processes that lead to the yield formation. Once calibrated and validated for a zone, a 

theoretical harvest with different types of soil management and certain climatic conditions is 

obtained. The predictive ability of these models can be significantly improved by adjusting 

the model input data on biomass generated at certain stages of crop development. (Baret et 

al., 1989; Chistensen & Goudriaan, 1993). Water stress and nutrition reduces LAI for a 

smaller size and greater leaf senescence. The smaller size of LAI agrees with light capture 

and thus crop growth, decreasing the efficiency of radiation. 

The measurement of the radiation intercepted by a crop for the formation of leaf area is an 

important factor in monitoring crops, water relations studies, nutrition and crop simulation 

models. A good measurement of both parameters will be important in studying the effects 

of solar radiation on crops. 

5. Intercepted radiation and leaf area index measurement methods 

5.1 Intercepted radiation measurement     

Quantifying the intercepted radiation (LI) is therefore an important consideration when 

studying the different agricultural or environmental factors on yield; it is the main source of 

data in the most widely used methods for estimating crop water needs. 
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The LI measurement methods are not necessarily destructive, since the provision of plants 
on the ground plays a key role. However, there are differences between the different 
methods in terms of the changes introduced into the covers to make measurements, direct 
methods and indirect methods.  

5.1.1 LI measurement with direct methods 

A direct method for determining the percentage of intercepted radiation (LI) is to measure 

PAR both above and below the canopy at noon on completely cloudless days (Board et al., 

1992; Purcell, 2000; Reta-Sánchez y Fowler, 2002):  

 1
 

   
 

PAR below canopy
LI

PAR above canopy
  (1) 

Commercially available lineal PAR sensors are used to take these measurements which 
are based on PAR values registered by the sensor. These measurements can be taken 
either by locating sensors perpendicular to the crop rows (Egli, 1994) or by taking 
multiple measurements parallel to them (Board et al., 1992). The latter method can be 
costly, according to the number of measurements needed to characterize the study area, 
especially in the case of low-lying crops, where it may be necessary to remove vegetation 
in order to place sensors under it, which also has the drawback of introducing alterations 
during data collection. Using the percentage of shaded soil at solar noon or the percentage 
of ground cover (PGC) to estimate LI, is an easier and more economical way to obtain the 
required data. It is generally assumed that the shaded area at soil level corresponds to the 
fraction of incident radiation which has been intercepted by the crop. This is an 
approximation that is valid as long as the percentage of light transmission through the 
leaves is small in comparison to its absorption. The precision with which PGC estimates 
LI will therefore depend on how well the shaded area is defined and on the capacity of 
the canopy to capture all of the radiation within the shaded area. In this second case, 
estimates could be improved by taking complementary measurements of radiation at a 
sufficient number of points within the shaded area to characterize the radiation traversing 
the canopy (Lang et al., 1985).  

Some of the methods used to determine PGC involve visual estimates (Olmstead et al., 2004; 

Ortega-Farias et al., 2004). Methods such as the “interception line” (Gallo y Daughtry 1986; 

Mohillo y Moran, 1991), the analysis the intersection of shadows on metric strips and paper 

drawings of the sampling areas were used to determine PGC in a non-destructive way 

(García et al., 2001). However, to apply these last three methods, cloudless days are needed, 

as a sufficient number of measurements at different orientations are needed to allow a 

reliable characterization of the area (Ewing y Horton, 1999). The precision of the visual 

estimation method varies, because it depends on the skill of the operator; results will not be 

comparable when several people are involved (Olmstead et al., 2004). Furthermore, it has 

been shown that coverage values tend to be overestimated (Olmstead et al., 2004). In the 

cases of the interception line and metric strip methods, similar problems are encountered as 

those associated with the use of PAR bars in the case of low-lying crops and it is difficult to 

take measurements below the canopy. Finally, making paper drawings is very costly when 

working under field conditions and when a relatively large area must be characterized. 
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5.1.2 LI measurement with indirect methods 

In indirect methods, different apparatus for estimating the different components of 
radiation, such as direct radiation, diffuse, land, atmospheric... are used which consider the 
net radiation balance in order to know how much available radiation reaching the surface.   

The inherent difficulties in measuring PAR throughout a canopy and advances in 
radiometric techniques have led to the development of methods for remotely sensing 
radiation capture. Radiometric methods rely on differences in the spectral reflectance of 
vegetation and soil. Vegetative indices based on reflectance in broad wavebands have 
provided good estimates of radiation capture and yield in crop plants (Gallo et al., 1985; 
Hatfield et al., 1984). Vegetation indices have also provided good estimates of fractional 
groundcover (Boissard et al., 1992; White et al., 2000). More recently, spectroradiometers 
capable of measuring narrow band radiation have been used to monitor plant stress 
(Elvidge & Chen, 1995). Radiometric satellite data are now available for the evaluation of 
large areas, and small portable radiometers are becoming less expensive as the technology 
progresses. In this respect, good results have been obtained with measurements using 
digital photographic images to determine crop cover and radiation interception in soybean 
(Purcell, 2000) and lettuce (Klassen et al., 2003), crop cover in turfgrass (Richardson et al., 
2001), and canopy and soil cover with straw mulch (Bennet et al., 2000; Beverly, 1996; 
Olmstead et al., 2004). Other important points are that the area of soil exposed to the sun can 
be differentiated from that covered by leaves while the angle of the camera is close to that of 
the sun (Purcell, 2000). With regards to differentiating between the green parts of the crop 
and the soil surface, results could vary in the case of soils of different colors as a result of 
their different behavior with respect to the reflection and absorption of radiation; this is 
particularly the case for different kinds of mulches. In this case, the validity of the method 
will largely depend on the capacity of the software to discriminate between parts of the 
crop’s green canopy. In the presence of weeds or green cover, it may be necessary to 
prescreen images. 

Digital images offer a series of additional advantages over other methods for estimating LI, 
assuming that the soil background can be distinguished from leaves, light transmission of 
leaves is small relative to light absorption, and that the angle of the camera to the horizon 
approximates the solar angle (Purcell, 2000) such as the direct treatment of images by 
computers. Moreover, a graphic record of the crop is generated in the case of studies of 
canopy evolution. This can be used for phonological monitoring (Shelton et al., 1988) to 
determine differences in color and fertility in maize (Ewing and Horton, 1999) and to study 
the incidence of pests and diseases. 

Automated methods of digital image analysis are indirect methods of LI measurement. 
Initially they were not widely used because they generally require complex and expensive 
instrumentation, as well as making mistakes with the changing colors of soil and plant 
(Hayes & Han, 1993; Van Henten & Bontsema, 1995; Beverly 1996). However, no alteration 
of vegetation cover and the automation of image analysis has allowed the elimination of 
many subjective decisions of the observer. 

Recent advances in high-resolution digital cameras and associated image manipulation 
software provide enhanced methods of visual discrimination and computer thresholding 
that are user-friendly and inexpensive. Three recent studies have demonstrated the accuracy 
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of digital imaging analysis for monitoring plant growth. Paruelo et al. (2000) described a 
method for estimating aboveground biomass in semiarid grasslands using digitized 
photographs and a DOS-based program they developed. Purcell (2000) described a method 
for measuring canopy coverage and light interception in soybean fields using a digital 
camera and standard imaging software. Richardson et al. (2001) described a digital method 
for quantifying turfgrass cover following a modified version of Purcell (2000). Klassen 2002 
used standard methods of measurement of radiation for comparison with the analysis of 
vegetation cover as with digital photography using the analysis software Adobe Photoshop 
6.0 image. Olmstead et al. (2004) analyzed vegetation cover in grapevine crop through the 
analysis of digital images, using Sigma Scan Pro 5.0 compared with estimated visualization 
measures. Other authors used the measurement by digital photography analysis for other 
uses, Adamsen et al. (1999) to measure maize senescence.  

A seemingly key advantage of using digital cameras is that they allow for continuous 
monitoring of vegetation (White et al., 2000), in the case of low-lying horticultural crops. 
These measures do not alter the disposition of the crop. Replacing standard procedures, 
such as the width of cultivation, direct quantification of the shadows or linear PAR sensors, 
are subjective and costly, and often inaccurate (Campillo et al., 2008). 

Taking advantage of the latest developments in digital technology, it is now possible to 
measure the evolution of vegetation cover through digital photography and to determine 
the PGC using image interpretation techniques (Campillo et al., 2008; Rodríguez et al., 2000).  

 

Fig. 9a. Digital images of processing tomato measure with a area method.  

Campillo et al (2008), compared LI methodology (PAR) with various methods of PGC 
measurement. They used three methodologies to measure PGC in two low-lying crops, a 
winter crop (cauliflower) and a summer crop (processing tomato) in two consecutive years 
(2005 and 2006) and (2005) in cauliflower crop. 

Area method (SA): In this method, crop row width was estimated by simulation based on 
measurements taken at three points within the marked area using a metric strip. The data 
were then used to estimate average row width and the PGC (Adams & Arkin, 1977; 
Giménez, 1985). Both row and frame width were determined in pixels using the measuring 
tool (IMAGE J 1.33). The sampling area was delimited by the width (X) and length (Y) of the 
reference frame (Fig. 9a) and the three measurements of row width were: x1, x2, x3. PGC 
was calculated using the expression:  
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Fig. 9b. Digital images of processing tomato measure with a contour method.  

Contour method (SC): In this method, the technique of drawing the crop’s shade contour on 
paper and the subsequent measurement of the area in question is simulated (Kvet & 
Marshall, 1971). Figure 9b shows the processing of the digital image. To measure the area, 
the crop’s contour was previously delimited using the IMAGE J 1.33 program. Areas with 
no vegetation cover that were within the canopy were measured and omitted from the 
surface area count. The crop surface area (S) was measured in pixels using the same 
program. This area was then related to the sampling area to estimate the PGC according to 
the following expression:  
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Fig. 9c. Digital images of processing tomato measure with a reclassification method.  
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Reclassification method (SR). With this method (Fig. 9c), the crop area (S) is determined by 

classifying the image according to the range of radiation levels shown on an RGB image of 

the crop (0 to 255 colors); this was done using a RGB max reclassification tool (GIMP 2.2). 

After the classification process, it is possible to measure the surface area occupied by green 

parts (crop) and to differentiate them from the soil or plastic. In contrast to the other two 

methods, here the crop must be subjected to homogeneous lighting conditions, because the 

presence of shadows may reduce a crop’s color and impede subsequent color 

reclassification. PGC was calculated according to formula [3]. 

PGC measurements were compared with measurements made with a LI PAR bar. 

Intercepted radiation: LI measurements were made using a 100-cm linear PAR sensor 

(LICOR Li-190; LI-COR, Lincoln, NE). They were made at solar noon, perpendicular to the 

crop row, in the same area in which the photographs had been taken. Samples taken from 

below the crop were compared with reference measurements taken above the crop row (ref). 

Percentages of LI were calculated by applying Eq. [4], in which it was necessary to know the 

percentage of radiation that was not intercepted by the crop (RP) as a quotient of the PAR 

measurements taken both above and below the canopy. According to the degree of plant 

development two situations for measurement of RP were proposed: 

1. When the crop row width was less than 100 cm , RP was calculated by applying Eq. [5] 

as the average of five measurements taken under the crop (r1, r2, r3 , r4, r5). 

Measurements were taken every 20 cm using the total length of the PAR bar (100 cm) 

and adding 50 cm to the reference measurement to include the total width of crop (150 

cm). In this situation, ref was measured using the total length of the PAR bar. 

2. When the crop row width was greater than 100 cm the maximum length of the PAR 

sensor, RP was calculated applying Eq. [6] as the average of three measurements 

taken beneath the crop on each side of the crop row (r1, r2, r3 left side and r4, r5, r6 

right side). Measurements were taken at 20-cm intervals using a half-length PAR bar 

(50 cm). 

The sensor was covered with a material that blocks light and average measurements were 

taken in the center of the row (r7, r8), also using a half-length PAR bar (50 cm). This was 

done in a way that included the total width of culture (150 cm). In this situation, ref was 

measured using a half-length PAR bar (50 cm). 
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Fig. 10. Relationship between canopy percent light interception (LI) and percentage of 
groundcover (PGC) determined by the different methods of analysis: area (A,D), contour 
(B,E), and reclassification (C,F) for the cauliflower in 2005 (A,B,C) and tomato crop in 2005 
and 2006 (D,E,F). Values with different letters differ (P < 0.05) between years. From 
(Campillo et al., 2008) 

Figure 10 show that there was a close relationship between the fraction of light intercepted 
by the canopy at solar noon and estimated PGC for all three methodologies in both years 
and crops. In all cases, there was a linear adjustment with a significant correlation coefficient 
(P < 0.01) and an r2 greater than 0.87. This indicates that any of the described methods 
would have been valid for estimating the amount of radiation intercepted by the crop. 

However, the adjustment was different according to the method used. The adjustment with 
LI was narrower when using the SR method to estimate PGC (r2 = 0.92 and 0.96) followed by 
SC (r2 = 0.91 and 0.95) and SA (r2 = 0.87 and 0.94) for 2005 and 2006, respectively in 
processing tomato and (0.97, 0.96 and 0.89). The relationship between LI and PGC was 
somewhat stronger when the SR and SC methods were used, whereas the SA method 
produced greater errors in estimation. 

Finally, the most accurate estimate of PGC for both crops was obtained with SR, because 

color discrimination made it easier to differentiate between vegetation and soil (Fig. 10c). 

Although the results obtained with SR and SC were similar, it should be borne in mind that 

the SR method was cheaper to apply because all image processing was performed by 

software without the need for human definition of the area to be measured. The use of 

processed digital images with the SR method supposed a considerable improvement with 

respect to the other two methods and also in the gathering of data directly from the crop. 

This method was economical and easy to apply. It also eliminated the subjectivity associated 

with operators having to define areas or points of measurement. Slight but significant 

differences were found between years applying the same methodology with the adjustment 

being better in 2006. 
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5.2 Leaf area index measurement  

Determination of LAI is often the most expensive in a field study, because direct 
measurement (destructive methods) is time-consuming. We can classify in the same way as 
with LI, in direct methods (which can be destructive or non destructive) and indirect, based 
on properties of vegetation cover, being non-destructive. 

5.2.1 LAI measurement with direct methods 

Direct methods for determining leaf area have so far been restricted to the use of an 

automatic area-integrating meter. Tracing, shadow graphing, and the use of a planimeter 

to measure the total leaf area attached to shoots are all time-consuming and are tedious 

approaches; furthermore, in some experiments, there is not enough time to make such 

measurements (Manivel & Weaver, 1974). All direct methods are similar in that they are 

difficult, extremely labor-intensive, require many replicates to account for spatial 

variability in the canopy, and are therefore costly in terms of time and money and also 

destructive. 

5.2.2 LAI measurement with indirect methods 

Many indirect methods for measuring LAI have been developed.  

Methods based on empirical relationships between leaf area and easily obtainable 

parameters such as the size of the leaves are available. In any case, the empirical relationship 

should always be check with direct action as they may vary during the crop cycle and some 

other varieties. Some used are S = A * L * I and S = A * LB, where S is the area, L the length 

and I the maximum width plant element, A and B are empirical elements. Also can estimate 

the leaf area through relationships with the weight. A first group of methods is based on the 

S = M /  where M is the leaf weight in grams and  is the specific weight (g/m2) (Patón et 

al., 1998). Techniques based on gap-fraction analysis assume that leaf area can be calculated 

from the canopy transmittance (the fraction of direct solar radiation which penetrates the 

canopy) (Ford, 1997). Optical methods are indirect, non-contact, and are commonly 

implemented. They are based on the measurement of light transmission through canopies 

(Jonckheere et al., 2004). These methods apply the Beer-Lambert law, taking into account the 

fact that the total amount of radiation intercepted by a canopy layer depends on the incident 

irradiance, the canopy structure, and its optical properties (Breda, 2003). Monsi & Saeki 

(1953) expanded the Beer-Lambert extinction law to apply it to plant canopies. The Beer-

Lambert law expresses the attenuation of radiation in a homogenous turbid medium. In 

such a medium, the flux is absorbed in proportion to the optical distance. The LAI is related 

to the incident solar radiation intercepted by the crop (LI) and extinction coefficient (K), 

which describes the angle of the blades in relation to the sun, through the formula proposed 

by Monsi and Saeki (1953): 

  
  1

   K LAI
LI e  (7) 

This approach could also be used to estimate LAI using Eq. [7]; however, we would need 
to know the extinction coefficient for each crop and variety (Campbell, 1986). Several 
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authors have discussed how to determine k (Hassika et al., 1997; Ledent, 1977; Smith, 
1993; Vose et al., 1995) and the accuracy of methodology to be applied (Nel & Wessman, 
1993). It is also important to consider that the extinction coefficient also depends on stand 
structure and canopy architecture (Smith et al., 1991; Turton, 1985) and that the canopy 
extinction coefficient is a function of wavelength (Jones, 1992), radiation type, and 
direction (Berbigier & Bonnefond, 1995). It is also important to maximize spatial 
integration by using large, linear and/or mobile sensors. Extinction coefficient, which 
varies with species, season and environmental conditions (Hay & Walter, 1989), take 
values in terms of leaf angles: spherical (0.5-0.7), conical (1), vertical or erectofila (0.3-0.7). 
The distributions of leaf angles have agronomic and ecological implications. Horizontal 
distribution implies a high k, allowing for increased intercepted radiation by small plants. 
the disadvantage is that when the LAI is high the light distribution is very unequal, the 
lower leaves receive little light, which tends to accelerate senescence. In the opposite, 
erectofila distribution can be advantageous to intercept radiation when the zenith angle is 
large (winter, high latitudes) and represents a more homogeneous distribution of 
radiation when the LAI is high.  

This method involves ground-based measurements of total, direct, and/or diffuse 

radiation transmittance to the forest floor and it makes use of line quantum sensors or 

radiometers (Pierce and Running, 1988), laser point quadrats (Wilson, 1963), and 

capacitance sensors (Vickery et al., 1980). These instruments have already proven their 

value in estimations of LAI for coniferous (Marshall and Waring, 1986; Pierce and 

Running, 1988) as well as broad-leafed (Chason et al., 1991) stands. In comparison with 

allometric methods, the approach provides more accurate LAI estimates (Smith et al., 

1991). However, the light measurements required to calculate LAI require cloudless skies, 

and there is generally a need to incorporate a light extinction coefficient that is both site- 

and species-specific as a result of leaf angle, leaf form, and leaf clumping, etc. (Vose et al., 

1995). Measurements can be taken either by locating the sensors perpendicular to the crop 

rows (Egli, 1994) or by taking multiple measurements parallel to them (Board et al., 1992). 

This determination can, however, be costly; it depends on the number of measurements 

needed to characterize the study area, especially in low-lying crops, where vegetation 

must be moved to place sensors under it, which implies introducing alterations during 

data collection. There are several commercial systems available to measure indirectly the 

structure of vegetation and LAI, based on the Beer-Lambert law, including analyzer plant 

canopy (plant canopy analyzer LiCor LAI-2000) (Li-Cor, 1989); (Cintra et al., 2001; 

Malone, 2002). El LiCor LAI-2000 has an optical sensor and a control box easily 

manipulated by an operator. The LAI is estimated according to a model developed by 

Miller (1967), based on gap-fraction analysis (Barclay et al., 2000). Similar instruments is 

the CI-100 (Digital plant canopy imager). It consists of a digital camera with a lens of "fish 

eye" with a 180 degrees field of view. 

The analysis of remote estimation methods, provides a temporal and spatial information. 
The new technologies, provide LAI data from digital cameras (Adamsen et al., 1999), video 
images (Beverly, 1996), multispectral digital sensors (Bellairs et al., 1996; Shanahan et al., 
2001), aerial imagery (Blackmer et al., 1996; Flowers et al., 2001) and satellite images 
(Wiegand et al., 1979; Thenkabail et al., 1992; Green et al., 1997). One of the remote methods 
most used is Normalized Difference Vegetation Index (NDVI). These spectral reflectances 
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are themselves ratios of the reflected to the incoming radiation in each spectral band 
individually, hence they take on values between 0.0 and 1.0. By design, the NDVI itself thus 
varies between -1.0 and +1.0. It should be noted that NDVI is functionally, but not linearly, 
equivalent to the simple infrared/red ratio (NIR/VIS). The advantage of NDVI over a 
simple infrared/red ratio is therefore generally limited to any possible linearity of its 
functional relationship with vegetation properties (e.g. biomass). This method is sensitive to 
background soil and weather conditions (Gilabert et al., 1997). There are different satellite 
sources where one  can get the values of NDVI with different resolutions; AVHRR 
(Advanced Very High Resolution Radiometer), MODIS (Moderate Resolution Imaging 
Spectroradiometer), SPOT. Vegetation indices are widely used for the calculation of biomass 
and LAI (Blazquez et al., 1981; Serrano et al., 2000; Wanjura and Hatfield, 1986) and D’Urso, 
et al (2010) (figure 11) 

 

 

 

 

Fig. 11. Correlation between measured LAI using LAI-2000 instrument and estimated LAI 
from NDVI; RMSE= 0.71, Italian case study (13% of ground measured data used for 
calibration). From D’Urso, et al 2010. 

Campillo et al 2010, compared in two low-lying crops, a winter crop (cauliflower) and a 
summer crop (processing tomato) in two consecutive years (2005 and 2006) measurements 
of PGC (non-destructive method) and LAI (destructive method). The objective was relations 
of two parameters and the possibility of using a PGC methodology as a LAI measurement in 
vegetable crops. 
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Fig. 12. Relationship between leaf area index (LAI) estimated through the destructive 
sampling of biomass and the percentage of shaded ground measured (PGC) by the 
reclassification method for cauliflower and processing tomato crops in 2005 and 2006.  

A polynomial relationship (r2 > 0.88) was observed between the two variables in both crops. 
PGC increased with leaf area development in a curve-linear pattern composed of an initial 
linear phase followed by a saturating phase, which approached a maximum asymptotic 
value at full groundcover. 

In cauliflower, significant differences were observed between the curves obtained for each 
year (r2 = 0.89 and 0.95 for the first and second years, respectively, Figure 12). This difference 
was the result of a significant change in the prevailing weather conditions during the crop 
cycle that affected the morphology of the leaves. Temperatures in the first year were lower 
than in the second and frequent frosts caused the curling of leaf margins, resulting in a lower 
PGC for the same LAI. The PGC–LAI curve adjustments for the tomato crop were significant 
(Figure 12). The curves coincided for both years, although with differences in the adjustment 
(0.89 and 0.93 for 2005 and 2006, respectively). In this case, a single curve would have enabled 
us to estimate the LAI by nondestructive methods using digital images. Although, in principle, 
the factors that can modify the arrangement of leaves could alter this relationship, this trial 
included treatments with different water statuses that could have induced changes in plant 
leaf angle, but this aspect did not affect the goodness of fit. It still remains to be seen how this 
equation would be influenced by morphological (plant height and leaf type) differences 
between varieties. The PGC of a crop depends on the leaf area development and on the 
distribution of the plant leaves on the space (plant architecture). PGC is therefore the 
dependent variable in the relationship between LAI and PGC. The equations obtained for 
these two crops are highly significant with a narrow adjustment; they therefore provide a 
method for estimating LAI based on known PGC values. 

From the data obtained when comparing LAI values with those of PGC, and from that 
obtained by Campillo et al. (2008) relating to PGC as a good estimator of LI, from Eq. [7], we 
obtained extinction coefficients for growing tomatoes and cauliflower with values ranging 
between 0.75 and 0.85 and 0.60 and 0.70, respectively. These data are consistent with the 
value of 0.75 obtained by Heuvelink et al. (2005) for the cultivation of tomato and of 0.55 for 
growing cauliflower proposed by Olesen & Grevsen (1997). Tei et al. (1996) obtained similar 
extinction coefficients for other horticultural crops with morphological similarities to 
cauliflower such as beets and lettuce (0.68 and 0.60, respectively). Campbell (1986) made an 

Cauliflower Processing tomato 
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overall estimate of extinction coefficients for various crops based on the angle distribution of 
their leaves; considering average values for crops with leaf angles that were mainly almost 
horizontal, the values obtained ranged between 0.50 and 0.70. 

The method of estimation of LAI was applied on four crops: Tobacco, pepper, soybean and 
eggplant. The crops chosen for evaluation sought validation of the method in species with 
very different morphological architectures, both in distribution and area occupied by the 
plant, as well as the height of it. It turned to be an exponential relationship between the 
results derived from photography method and leaf area calculated with the planimeter.  
Linear correlation coefficients obtained for the various crops were 0.89 for eggplant, 0.91 for 
pepper, soya and 0.87 to 0.88 for tobacco (Figure 13). The correlations obtained in this 
evaluation were quite heterogeneous despite the morphological disparity and architecture 
of the different species tested, yielding correlations above 0.87 in all cases. In the case of 
crops of eggplant, pepper and tobacco, the growth of the canopy crop growth and leaf area 
occurred at the same time, the highest percentage agreeing with the largest canopy leaf area 
indices. This dynamic growth was not followed in the case of soybean, where the plant 
develops its canopy in great haste once covered. The development was apical exponential 
until reaching a constant height. Therefore, the feasibility of this approach is restricted to the 
early stages of soybean development, until it reaches the highest percentage of land shaded. 
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Fig. 13. Relationship between leaf area index (LAI) estimated through the destructive 
sampling of biomass and the percentage of shaded ground measured (PGC) by the 
reclassification method for Tobacco, Eggplant, Pepper and Soybean.  
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6. Conclusions 

The productivity of a crop depends on the ability of plant cover to intercept the incident 
radiation, which is a function of the leaf area available, the architecture of vegetation cover 
and conversion efficiency of the energy captured by the plant in biomass. 

Water stress and nutrition reduce LAI to a smaller size and greater leaf senescence. The 
smaller size of LAI agrees with light capture and thus crop growth, decreasing the efficiency 
of radiation. 

The measurement of radiation intercepted by a crop for formation of leaf area is an 
important factor in monitoring crops, water relations studies, and nutrition and in crop 
simulation models 

Measurements taken from digital images exhibit practical advantages with respect to the 
PAR bar, which must be used at solar noon. In contrast, measurements obtained with a 
digital camera can be taken at any time of the day and full sunshine is not necessary. 

The data obtained by digital photography PGC allow rapid estimation of leaf area using a 
camera and free software obtaining LAI values in the simplest way than when measured 
with a planimeter carried out using destructive measurement and individual leaf analysis. 
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