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Abstract
Aim of study: Radiation parameters and photoperiod influence potato biomass and tuber yield significantly. Lack of instrument facilities 

in developing countries is the main hindrance to estimate global solar radiation (GSR) and radiation use efficiency (RUE). Considering these 
facts, an experiment was conducted to estimate light extinction coefficient (K) and RUE using a simple but indirect approach that can be 
implied in any location lacking sophisticated instruments. 

Area of study: Field experiments were conducted in Kalyani, West Bengal, representing the Indo-Gangetic Plains.
Material and methods: Angstrom-Prescott (A-P) equation was used to calculate GSR. The experiment was laid out in a split-plot design 

with three dates of planting (DOP), 15th Nov, 29th Nov and 13th Dec, as main plot treatment and three potato cultivars (ˈKufri Suryaˈ, ˈKufri 
Chandramukhiˈ and ˈKufri Jyotiˈ) as sub-plot treatment. Leaf area indices and K values were used to determine intercepted PAR (IPAR) as 
well as RUE. 

Main results: The cumulative IPAR from emergence to harvest ranged 246-429 MJ m-2 depending on planting time and varieties. Irres-
pective of DOPs, the highest mean RUE (4.19 g MJ-1) was calculated in ˈKufri Chandramukhiˈ, showing that it used the radiation more 
efficiently that the other two cultivars (ˈKufri Suryaˈ= 3.75 g MJ-1 and ˈKufri Jyotiˈ= 3.14 g MJ-1).

Research highlights: Statistical indices confirmed that the A-P model can be reliably used in the study region for estimation of GSR. This 
simple way to estimating RUE using bright sunshine hours data can be used in developing countries, where costly radiation instruments are 
not available.
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Introduction
Potato (Solanum tuberosum L.) is one of the most 

important vegetable crops in terms of quantities pro-
duced and human consumption (Devaux et al., 2014; 
FAO, 2017). Bowen (2003) reported that production 
of potato is exceeded only by wheat, rice and maize 
when the global food consumption is considered. The 
crop grows better in cold temperature except in frost-
free seasons (Hijmans, 2003; Haverkort & Verhagen, 

2008). At global level, India ranks third (after China 
and Russia) in potato acreage covering a land of 2.02 
million hectares and stands second (only after China) 
in tuber production, producing 46.4 million tons per 
annum (FAO, 2014). More than 85% of potato area 
is confined to Indo-Gangetic Plains (IGP), where it is 
grown from post monsoon season until winter (Novem-
ber to February) with irrigation facilities and contri-
butes more than 80% to the total tuber production of 
the country (Pandey & Kang, 2003). Climatic variables 
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like solar radiation (SR), temperature and rainfall de-
termine the distribution of potato in India. In Europe, 
Temmerman et al. (2002) studied the effect of latitude, 
seasonal mean air temperature (ranging from 13.8 to 
19.9 oC), SR (ranging from 12.0 to 21.3 MJ m-2 d-1), 
humidity, soil moisture and atmospheric CO2 concen-
trations on tuber production. Levy & Veilleux (2007) 
reported that high temperature affects the sprout de-
velopment, tuber initiation, partitioning of assimilates 
and yield while frosts affect the crop growth and even-
tually it even shorten the duration of crop. 

Among the main environmental factors that strongly 
govern all physiological processes of the plants, the 
global solar radiation (GSR) flux density, air tempe-
rature and available soil water content should be con-
sidered primarily (Coelho & Dale, 1980). Stuttle et al. 
(1996) observed that tuber yield improvements might 
be obtained by increasing the net daily photosyntheti-
cally active radiation (PAR) through higher solar irra-
diance or longer photoperiod. The visible portion (0.4 
to 0.7 µm wavelength) of the solar spectrum is extre-
mely important as it serves as the sole energy source 
for photosynthesis (McCree, 1972; Myers, 2005; Tsubo 
& Walker, 2005). Photoperiods control the tuber pro-
duction by maintaining the balance between gibbere-
llic acid and abscisic acid secretion in plant (Dwelle, 
1985). Van der Zaag & Doornbos (1987) also found 
that dry matter accumulation of crops including potato 
grown under non-limiting conditions is directly rela-
ted to the amount of intercepted radiation. Cumulative 
seasonal PAR was calculated as the product of incident 
PAR and PAR interception on a daily basis summed 
up to harvest. Thus, growth rate of agricultural crops 
can be linearly related to intercepted PAR (IPAR) when 
soil water is adequate (Gallagher & Biscoe, 1978). Due 
to the non-availability of PAR measurement facilities, 
this parameter is often calculated indirectly based on 
its relationship with SR. Analyzing the spectral distri-
bution of incoming SR at sea level, Moon (1940) ob-
served that when sun was more than 300 above hori-
zon, then 44% to 45% of incoming SR is PAR. Incident 
PAR was assumed as 45% of the total incoming SR by 
Meek et al. (1984). Monteith (1973) suggested that the 
PAR can be taken as half of the total SR in the tropics 
as well in temperate latitude. But according to many re-
searchers, PAR percentage is not always constant, but 
vary according to location, season, sky clearness, sky 
brightness and atmospheric depth for the solar beam, 
relative bright sunshine hour (BSS) duration and water 
vapour pressure, altitude, day length, etc. (Baigorria et 
al., 2004; Finch et al., 2004; Jacovides et al., 2004; 
Tsubo & Walker, 2005; Wang et al., 2007; Li et al., 
2010). Thus it is clear from the above findings that the 
relationship between PAR and SR needs to be calibra-
ted according to the local climatic conditions.

GSR is becoming increasingly appreciated because 
it is either the primary or secondary source of energy for 
each and every living organism. But in developing coun-
tries including India, there are very few meteorological 
stations which measure GSR. India Meteorological De-
partment can supply the radiation data of only one sta-
tion for whole West Bengal, although its area is 88,750 
km2. Hence, the researchers of this zone have to rely on 
different indirect approaches estimation of GSR from 
other meteorological parameters. Some researchers 
used the sunshine duration (Salima & Chavula, 2012; 
Umoh et al., 2014), others used the relative humidi-
ty and temperature (Fagbenle & Karayiannis, 1994), 
while a few used the number of rainy days, sunshine 
hours and a factor that depends on latitude and altitude 
(Skeiker, 2006; Chiemeka, 2008). According to several 
research works, SR data calculated from sunshine du-
ration achieve the highest degree of precision for agri-
cultural and hydrological studies (Akpabio & Etuk, 
2003; Trnka et al., 2005; Sahin, 2007; Li et al., 2011). 
The first ever empirical model to estimate GSR, based 
on the relationship between daily global irradiation 
and BSS, was proposed by Angstrom in the year 1924 
(Angstrom, 1924).

Leaf is the principal photosynthetic functional unit 
because the area and arrangement of foliage or canopy 
architecture, determine the interception of SR by a crop 
and the distribution of irradiance among individual 
leaves (Favarin et al., 2002; Loomis & Connor, 2002; 
Tavares Jr et al., 2002; Dammer et al., 2008). The 
efficiency of interception of PAR depends on the leaf 
area of the plant population as well as on the shape and 
inclination angle of the leaf or canopy (Kiniry et al., 
2004). Watson (1947) defined leaf area index (LAI) as 
a dimensionless variable and the total one-sided area of 
photosynthetic tissue per unit area. According to Boken 
& Chandra (2012), a high value of LAI represents a 
denser or healthier crop canopy; while a low value in-
dicates sparse or dry canopy. The light extinction co-
efficient (K) describes the capacity of the canopy of 
light interception. It is mainly crop specific but can 
differ a little on the basis of cultivated varieties and 
on the orientation of the leaves, and the planting pat-
tern and the values may vary from 0.3 to 1.5 (Zarea et 
al., 2005). Kiniry et al. (2001) delineated the fact that 
lower values of K allow a better light penetration into 
the canopy and along with high LAI results in a better 
RUE. As already discussed, under no stressed condi-
tions (i.e., with adequate water and nutrient supply), 
cumulative dry matter is linearly related to the amount 
of SR or PAR intercepted by the crop canopy and the 
slope of this regression is known as RUE (Monteith, 
1972, 1977; Purcel et al., 2002; Soltani et al., 2006). It 
has been observed that different species have their own 
growth rate depending on their specific RUE (Condori 
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et al., 2008). Manrique et al. (1991) observed higher 
potato yield at higher altitude which may be due to 
lower night temperature and lower photorespiration at 
higher elevation. As a consequence higher RUE values 
were observed with increase of altitude. Nevertheless, 
according to Kiniry et al. (1990) and Demetriades-Shah 
et al. (1992), large variation in RUE values is not sole-
ly dependent on radiation interception but also on soil 
and other climatic factors.

The objectives of the present investigation were 
to: i) validate the Angstrom equation for calculation 
of GSR for the study region; ii) estimate the extinc-
tion coefficient for three popular potato cultivars; and 
iii) evaluate PAR use efficiency of potato grown in 
Gangetic West Bengal.

Material and methods
Study site

The present study was carried out during three con-
secutive winter seasons (2012 to 2014) at the ‘C’ Block 
Farm of Bidhan Chandra Krishi Viswavidyalaya, Kalyani 
(22o59'13’’ N, 88o27'20’’ E, altitude 10.8 m), West Ben-
gal, India. The study area belongs to the IGP of Eastern 
India and is characterized by tropical sub-humid climate 
with hot and humid summer seasons. During monsoon 
seasons, the south-west monsoon circulation system ac-
commodates necessary energy and water vapour from the 
Bay of Bengal and carries the moist air to the inland of the 
continent which provides around 73% of the total annual 
rainfall (1443.5 mm) of the region (Samanta et al., 2012). 
However, winter season receives 40.5 mm rainfall which 
is only 2.83% of mean total annual rainfall. They also re-
ported that in recent past, onset of monsoon (normal date 
is 8th June for the region) has been delayed by one week 
to 10 days. Long term (1960–2015) data analysis shows 
that May is the hottest month of the year (36.0 oC ave-
rage). January is the coolest month throughout the year 
as the mean monthly temperature remains close to 11.0 
oC. During winter months, the mean monthly maximum 
temperature ranges from 25.5 to 29.1 oC and the mean 
monthly minimum temperature ranges from 11.0 to 15.0 
oC. The mean monthly average BSS always ranges be-
tween 7.1 and 8.1 hr d-1. During winter, fog is observed 
only at early morning hours. The soil of the study area is 
mainly alluvial in nature (Entisol) and silty clay in textu-
re. The percentage of the silt, clay and sand are 72.2, 21.7 
and 6.1% respectively. The soil is slightly basic (7.45) in 
nature and also well-drained. 

Field experiments and cultivation management

Field experiment was laid out in a split-plot design to 
assess the performances of potato cultivars under actual 
weather condition with irrigation supply i.e., with no wa-
ter stress to constantly monitor their canopy structure and 
light interception. In lower Gangetic West Bengal, the po-
tato planting window generally starts from post monsoon 
period i.e., mid-November and continues up to December. 
Following local farmers’ practice, potato cultivars were 
planted on three days starting in 15th Nov with 14 days in-
terval (D1= 15th Nov; D2= 29th Nov; D3=13th Dec). The net 
plot size was 22.5 m2 (5 m × 4.5 m) with three replications 
and pre-sprouted seed tubers were planted at a spacing of 
50 cm (row to row) × 15 cm (plant to plant). Main plots 
and sub-plots were divided by a 1.25 m irrigation channel 
and 0.75 m bund respectively acting as a buffer. 

We selected three Indian potato varieties, ˈKufri Sur-
yaˈ (KS), ˈKufri Chandramukhiˈ (KC) and ˈKufri Jyotiˈ 
(KJ). KC is known to be heat-susceptible and the other 
two heat-tolerant varieties (Minhas et al., 2006). In the 
first year, we started our experiment with two varie-
ties (KS and KJ) and the third one, KC, was included 
in the second year. The recommended dose of fertilizer 
(N:P:K=200:150:150) was applied through urea (46% N), 
single superphosphate (16% P2O5) and muriate of potash 
(60% K2O). The full dose of P and K were applied as basal 
dose, but urea was applied in three splits. Half of the urea 
was applied during soil preparation and the rest was equa-
lly divided and applied as top dressing during earthing 
up [at 20 days after planting (DAP)] and during second 
irrigation (at 30 DAP). Every year, data collection was 
started at 30 DAP and continued up to maturity with 15 
days interval. During sampling, proper care was taken to 
avoid edge effect

.
 

Meteorological observation and weather 
data collection

Daily maximum and minimum temperature, sunshine 
hour, relative humidity, rainfall, wind speed, rainy day, 
pan evaporation and cloud cover were recorded for the 
study period at Kalyani Meteorological Observatory, si-
tuated at AICRP on Agrometeorology, Bidhan Chandra 
Krishi Viswavidyalaya. The GSR values (W m-2 sec-1) with 
a wavelength of 0.3–3.0 µm on a horizontal surface were 
recorded from Aug 2013 to Dec 2015 using a Pyranome-
ter sensor (Kipp & Zones CMP6 model) mounted at 1.5 m 
height. During the crop growth period, diurnal variation 
of incident and transmitted PAR (TPAR) were measured 
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at weekly interval starting from 8 am to 4 pm with a 
gap of one hour. A line quantum sensor (Model No.: 
Q-301, APOGEE, Logan UT, UK) was used manually 
to capture the radiation in and above the canopy. To 
maintain parity with GSR, PAR data were also conver-
ted into its energy flux (W m-2 sec-1) using the constant 
conversion factor of 1.08. 

NASA POWER website also provides SR data along 
with other meteorological parameters for 1o × 1o (i.e., 
~110 km × ~110 km) resolution across the world. For the 
study period, the daily global solar irradiance and GSR 
values were collected from the NASA POWER website 
(NASA POWER, 2016) and compared with the observed 
GSR data. The comparison was done to find out the pos-
sibility of using the NASA POWER in the study region.

Calculation of GSR from Angstrom equation 

The facility to measure GSR using Pyranometer sen-
sors is scanty in developing countries like India. Hence, 
GSR is calculated from different empirical equations 
using temperature, BSS, rainfall, cloud cover etc. Nowa-
days satellite imageries are also widely used. But among 
the existing correlations, the following relation is the wi-
dely accepted modification of Angstrom-type regression 
equation, relating the clear sky GSR to BSS duration. 
Angstrom (1924), one of the pioneers, first proposed the 
equation, which was later modified by Prescott (1940) 
and Page (1961) to its present form which is popularly 
known as Angstrom-Prescott (A-P) correlation and pre-
sented as:

(1)

where H=incoming daily GSR (MJ m-2 d-1); H0=daily 
extra-terrestrial radiation (MJ m-2 d-1); a and b=empirical 
constants; n=bright sunshine hours per day (hr); N=as-
tronomical day length (hr). N was calculated by the fo-
llowing formula: 

                                                     (2)

where Φ=latitude in radian; δ=solar declination angle in 
radian. 

H0 was calculated using the equation defined by Mar-
tinez-Lozano et al. (1984):

(3)

where k=Julian day and ω=sunset hour angle in radians; 
δ and ω can be calculated from the following expres-
sions:

Calculation of K and RUE

Based on the measured values of LAI and PAR data (inci-
dent PAR above the canopy and incident PAR transmitted 
through the canopy) amount of K of the crop was deter-
mined using the Beer-Lambert equation, which is an ex-
ponential form of the equation (Sarmadnia & Koocheki, 
1994; Goudriaan & van Laar, 1994; Whisler et al., 1986; 
Thornley & France, 2007):

(4)

where It=transmitted PAR (TPAR), I0=incident PAR and 
K=light extinction coefficient. From this equation, we can 
calculate IPAR as:

(5)

RUE was calculated from the slope of the linear re-
gression of cumulative IPAR on cumulative dry biomass 
obtained from the sequential samplings (Kiniry et al., 
2001).

In the present study, LAI was measured during each 
biomass sampling through gravimetric technique. A cir-
cular cutter of known diameter (2.5 cm) was used to cut 
randomly chosen ten green leaves. After that the cut pie-
ces were dried in a hot air oven. By using the area-weight 
relationships, leaf area of leaf samples from 1-m2 were 
calculated. Then the LAI was obtained using standard for-
mulas (Watson, 1947; Gardner et al., 1985):

Testing the performance of Angstrom equation

Performance of the Angstrom equation for this region 
was tested by using some statistical indicators. Besides 
correlation coefficient (r), and coefficient of determina-
tion (R2): 
‒Mean bias error (MBE) is simply the average of the pre-
dicted value minus the average observed value:

(6)

H H0⁄ = a + b(n N⁄ ) 

N = 2
15 cos

−1[ − ta n(∅) ∗ ta n(𝛿𝛿)] 

H0 = 37.6[1 + 0.33 cos(0.0172𝑘𝑘)][𝜔𝜔 sin(𝜙𝜙) sin(𝛿𝛿) + sin(𝜔𝜔) cos(𝜙𝜙)cos(𝛿𝛿)]  
H0 = 37.6[1 + 0.33 cos(0.0172𝑘𝑘)][𝜔𝜔 sin(𝜙𝜙) sin(𝛿𝛿) + sin(𝜔𝜔) cos(𝜙𝜙)cos(𝛿𝛿)]  

𝛿𝛿 = 0.409 sin (0.0172k - 1.39) 
𝜔𝜔 = arc cos[− tan(𝜙𝜙) tan(𝛿𝛿)]  

 

 

 

𝛿𝛿 = 0.409 sin (0.0172k - 1.39) 
𝜔𝜔 = arc cos[− tan(𝜙𝜙) tan(𝛿𝛿)]  

 

 

 

It/I0 = 𝑒𝑒−K∗LAI

IPAR = I0(1 − e−𝐾𝐾 ∗ LAI)   
 

LAI = Leaf area (cm2)
Ground or surface area(cm2) 
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where Pi is the calculated GSR, Oi is the observed GSR 
and N is the number of observations.
‒Mean absolute error (MAE) is the average of the absolu-
te difference between predicted and observed value:

(7)

‒Standard error (SE) was calculated comparing the actual 
value and the model output value. The equation of stan-
dard error of the predicted value is:

(8)

‒Root mean squared error (RMSE) is simply the root of 
the MSE value. It is usually better to report the RMSE 
than the MSE, because the RMSE is measured in the same 
units as the data, rather than in squared units.

(9)
 

‒Mean percentage error (MPE) can be defined as the per-
centage deviation of the monthly average daily radiation 
values estimated by the model used from the measured 
values:

(10)

‒Mean absolute percentage error (MAPE):

(11)

‒ Nash Sutcliffe efficiency (NSE):

(12)

These parameters are most commonly used to compare 
the model output value with the observed value (Tadros, 
2000; Sabziparvar & Shetaee, 2007; Banerjee et al., 
2016). All these statistical tests, including ANOVA test 
for biological parameters, were done using MS-Excel. R2 
denotes the multiple coefficient of determination, which 
is a measure of how well the regression equation fits the 
sample data whereas RMSE conveys information on the 
short term performance of different equations since it ena-
bles a term-by-term comparison of the actual variations 
between the estimated and measured value. For more 
accurate estimation, lower values of RMSE should be 
obtained (Akpabio & Etuk, 2003). The values of MBE 
represent the systematic error or bias. The closer the 
MBE, RMSE and MPE are to zero, the better the model 
is. Positive values represent overestimation and negative 
values represent underestimation. If the value of R is clo-
se to unity, the model is said to be better. MPE is a test of 
long term performance of the examined regression equa-
tion and its positive and negative value represents similar 
trends like MBE. For a better model performance, a low 

value of MPE is desirable and the percentage error be-
tween -10% and +10% is considered acceptable (Menges 
et al., 2006). NSE is a simple measure to determine the 
model precision by plotting observed values against si-
mulated data in a 1:1 line. Generally, NSE ranges between 
-∞ and 1.0 and the model is more efficient when NSE is 
closer to 1.

Results
Comparison of measured and estimated GSR

The daily GSR was measured during the potato 
growing seasons (2013-14 to 2015-16) and simulta-
neously the GSR was calculated through Angstrom 
equation. The value of empirical coefficients a and b 
of the A-P correlation varied from 0.3143 to 0.4476. 
Fig. 1 shows the relationship between the measured 
and calculated incoming daily GSR (MJ m-2) for the 
horizontal soil surface during the said period. Testing 
of accuracy of the Angstrom equation in the study re-
gion was done by calculating MBE, RMSE, R2, MPE, 
NSE, etc. and has been summarized in Table 1. It has 
been observed that throughout the crop growing sea-
son, the mean monthly GSR received on earth surface 
was at its lowest magnitude in the month of December 
(11.8-15.2 MJ m-2 d-1) and reached its highest value du-
ring February and March (17.9-25.3 MJ m-2 d-1) resul-
ting a sharp increase in air temperature. Testing of the 
applicability of NASA POWER in this region revealed 
that in most of the cases the website underestimated the 
GSR data.

SE = √ 1
(N − 2)∑(Oi − O̅i)2 −

[∑(Pi − P̅i)(Pi − P̅i)]2
∑(Oi − O̅i)2

 

 

 

MPE = 1
N∑100 ∗

(Oi − Pi)
Oi

 

 

 

 

 

 MAPE = 1
N∑100 ∗ |

(Oi−Pi)
Oi

| 

 

NSE = 1 − 
∑ (Oi − Pi)2n

i=1
∑ (Oi − O̅i)2n

i=1
                                  

 

Figure 1. Comparison between measured and calculated daily 
global solar radiation (GSR) during the post monsoon and 
winter seasons of the three years studied.
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Relationship between transmitted and 
intercepted PAR

The relationship between TPAR and IPAR is fitted best 
in a polynomial form and represented by a second order 
polynomial equation. The variation of IPAR and TPAR 
followed a similar pattern for both KC and KJ varieties 
(Fig. 2). TPAR was higher up to 30 days and the peak of 
IPAR was noticed around 70 to 75 days for both the cul-
tivars. Irrespective of DOP and variety, PAR interception 
was around 45% on 30 days after planting and increased 
gradually up to 95% around 75-80 days. After that, the 
amount of IPAR decreased gradually due to crop drying.

Derivation of light extinction coefficient (K)

Irrespective of DOP and variety, crops attained its 
maximum LAI value within 60 to 75 DAP and after that it 
started to decline resulting a decrease in light interception 
as well. Slow increase of LAI at an early growing period 
and rapid increase in middle and decreasing trend at the 
end up to maturity was observed. Table 2 represents the 
maximum LAI values of tuber for different years. Maxi-
mum LAI (6.0) was achieved by the var. KJ under D1 and 
D2 closely followed by 29th Nov-planted KC attaining a 
value of 5.9. Light extinction coefficient was calculated 
by plotting LAI against the ratio of incident to TPAR 
through exponential relation and the power of the equa-
tion was taken as K value as per Beer-Lambert equation. 
Values of K for the main crops were similar to values in 
the literature and generally did not show consistent trends 
of increasing or decreasing with increasing LAI (Table 2). 
The value of K was highest for var. KJ under 3rd DOP and 

lowest for KC under D1 (Fig. 3). However, irrespective 
of DOP, mean K value (0.597) was at highest level under 
KS closely followed by KC (0.596). The highest K va-
lue (0.688) was observed in KJ under D3 followed by KC 
(0.662) cultivated under same DOP. The lowest value of K 
(0.488) belonged to KC but under 15th Nov-planted crops. 

Radiation use efficiency

By plotting the cumulative biomass against the cumu-
lative IPAR, a linear relationship was observed and the 
slope of this linear relation is RUE. Table 2 shows that 
var. KC had comparatively higher RUE than the other 
two varieties. The Nov-end-planted crops showed higher 
RUE than other DOPs. Var. KJ was a poor performer with 
respect to RUE, although it had highest LAI values throu-
ghout its growing period (Fig. 4). KC variety showed the 
highest RUE with a mean value of 4.19 g MJ-1, whereas 
RUE of KS and KJ varieties was 3.75 and 3.14 g MJ-1 res-
pectively. There were notable differences in RUE between 
the two growth stages (vegetative and tuber bulking) as 
presented in Table 2. Irrespective of variety, RUE values 
during vegetative and tuber bulking stages ranged 2.25-
3.95 g MJ-1 and 2.77-5.13 g MJ-1 respectively.

Discussion
Comparison of measured and estimated GSR

From the obtained results of empirical coefficients, it 
can be assessed that they are well within the range derived 
by previous researchers. For example, Angstrom (1924) 

Table 1. Comparison of the accuracy of calculated and NASA POWER (2016) provided global solar 
radiation (GSR) with mean monthly measured GSR over the study period. Total sample size=333

Year
GSR(1) Months

Mean
(MJ m-2 d-1) Nov Dec Jan Feb Mar

2013-14 Measured  -- 15.2 15.7 18.0 17.9 16.7
Calculated  -- 14.2 14.8 19.1 18.3 16.6
NASA POWER  -- 13.4 15.0 18.1 18.6 16.3

2014-15 Measured 16.7 16.1 14.4 20.1 25.3 18.5
Calculated 16.3 14.7 13.5 18.2 22.9 17.1
NASA POWER 15.8 14.0 13.8 17.7 21.1 16.5

2015-16 Measured 16.7 11.8 -- -- -- 14.2
Calculated 15.8 10.9 -- -- -- 13.4
NASA POWER 15.6 11.3 -- -- -- 13.4

Statistical tests
r R2 MBE MAE SE RMSE MPE MAPE NSE

Calculated 0.94 0.87 -0.87 0.63 2.09 1.64 4.61 8.27 0.83
NASA POWER 0.91 0.83 -1.05 1.65 3.50 2.10 4.65 9.36 0.74

(1)Mean monthly value. MBE: mean bias error. RMSE: root mean square error. MPE: mean percentage 
error. MAPE: mean absolute percentage error. NSE: Nash Sutcliffe efficiency.
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recommended values of 0.25 and 0.75, respectively for 
the constants a and b based on the data from Stockholm. 
Martinez-Lozano et al. (1984), after reviewing the litera-
ture for 101 locations around the world, reported that the 
values of a may vary between 0.06 and 0.4 and b between 
0.19 and 0.87. Thus, it is evident that the analysed values 
of a and b for the present study are also within the range 
described by different researchers. Irrespective of expe-
rimental year and month, Angstrom equation under-esti-
mated GSR very slightly. The low negative MPE value 
also indicated the underestimation of calculated GSR 
compared with measured value. The value of MPE was 

within acceptable range (-10% to +10%), so the Angstrom 
equation can be used in the study region for the estimation 
of GSR. High correlation (88%) and coefficient of deter-
mination (77%) values along with low RMSE and SE 
values indicated that the Angstrom equation can be used 
safely. NSE values confirm that measured GSR is plotted 
very well against the estimated data (Fig. 1). Calculation 
of GSR for different locations across the globe through 
Angstrom equation provides high accuracy as observed 
in the present study (El-Sebalii & Trabea, 2005; Bakirci, 
2009; Muzathik et al., 2011; Khorasanizadeh & Moham-
madi, 2013). Acceptable MPE and less RMSE indicated 

 

 

 
Figure 2. Comparison between incident and transmitted PAR 
throughout the growing season under D1 treatment (for treatments see 
Table 2) for (a) var. KS; (b) var. KC; (c) var. KJ

a)

b)

c)
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that performance of Angstrom equation is viable for both 
short and long term. Values of MBE, MPE and NSE re-
vealed that A-P correlation fits better compared to NASA 
POWER (Table 1). The reason may be due to the error 
occurred during the process of downscaling of SR data.

Relationship between transmitted and 
intercepted PAR

The change of values of TPAR and IPAR were well 
fitted with crop age through second order polynomial 
equation. The equations for the three varieties were ob-
served significant at 1% level and confirmed that the pa-
ttern of PAR components change over time. Irrespective 
of variety, the pattern of IPAR and TPAR variation over 
time followed similar pattern. The intercepted portion 

increased with growth of crop and increase of LAI. On 
the other hand, the transmitted portion decreased with 
growing period due to increase in crop canopy structure. 
The phenomena can be explained as at the initial stage of 
crop growth, when the LAI was low, most of the incident 
PAR was transmitted through crop canopy. Up to 33 DAP, 
the TPAR was higher than IPAR. With crop growth the 
IPAR value gradually increased with time up to 80 DAP 
for var. KS (Fig. 2). Afterwards, due to gradual drying 
of leaves, the IPAR decreased slowly, but never became 
lower than TPAR value as observed during initial phase. 
For the other two varieties, IPAR gradually increased up 
to 70 days. Irrespective of the dates of planting (DOP) and 
of the variety, cumulative IPAR from emergence to har-
vest ranged 246-429 MJ m-2. In Philippines, Demagante 
et al. (1996) reported 740, 900 and 945 MJ m-2 radiation 
interception (RI) for early, medium and late maturing po-

Table 2. Phenological stage wise radiation use efficiency (RUE), light extinction coefficient (K) and maximum leaf 
area index (LAI) value achieved by the three potato varieties under different days of planting (DOP) along with 
statistical analysis. Total sample size=27; number of replications=3.

Treatments

Maximum LAI

K
RUE (g MJ-1)

2012-13 2013-14 2014-15 Early 
vegetative

Tuber 
bulking

Whole crop 
growth period

 DOP
D1 2.85 5.54 5.29 0.522 3.09 3.22 3.31
D2 1.91 5.14 5.87 0.591 2.74 4.54 4.07
D3 2.17 4.54 4.58 0.655 2.44 3.91 3.70
SEM 0.03 0.04 0.10 0.01 0.15 0.25 0.11
CD 0.11** 0.16** 0.40* 0.03** NS NS NS
 Variety
V1 2.45 5.60 5.07 0.597 2.59 3.75 3.75
V2 2.10 4.51 5.13 0.596 2.93 4.52 4.19

V3 2.38 5.12 5.54 0.575 2.75 3.40 3.14

SEM 0.03 0.07 0.07 0.00 0.21 0.30 0.08

CD 0.10** 0.22* NS NS NS NS 0.24*

 DOP * Variety

D1V1 2.79 5.61 4.61 0.564 2.70 3.43 3.36

D1V2 2.37 4.95 5.32 0.488 3.95 3.46 3.76

D1V3 3.39 6.05 5.94 0.514 2.62 2.77 2.80

D2V1 2.13 5.81 5.67 0.613 2.82 4.04 4.24

D2V2 1.76 4.21 5.92 0.637 2.28 5.13 4.46

D2V3 1.85 5.40 6.01 0.524 3.12 4.45 3.51

D3V1 2.44 5.36 4.93 0.615 2.25 3.77 3.65

D3V2 2.18 4.35 4.15 0.662 2.56 4.97 4.35

D3V3 1.90 3.91 4.67 0.688 2.52 2.99 3.09

SEM 0.05 0.12 0.13 0.01 0.36 0.52 0.14

CD 0.17** 0.38** 0.40* 0.03** NS NS NS

K: light extinction coefficient. *Significant at 5% level, **Significant at 1% level 
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tato cultivars respectively. Whereas, in Netherlands, RI 
varied from 1180 to 1435 MJ m-2 for different varieties in 
different seasons (Haverkort et al., 1991).

Derivation of light extinction coefficient (K)

It was observed that LAI values sharply increased 
after 30 days. It might be due to the application of urea 
prior to that time. The decreasing trend after 75 days mi-
ght be due to senescence of older leaves or leaf damage 
and leaf drop. Thus it is expected that these differences 

in LAI values throughout the growing period would lead 
to wide variations in the amount of radiation intercepted 
and consequently would be reflected in the accrued to-
tal dry weight. Beadle (1993) documented that maximum 
LAI varied between 6 to 8 for deciduous forest and 2 to 
4 for annual crops. But, in general, values of LAI have 
been reported to vary between 3.5 and 6.0 depending on 
the cultivar (Wright & Stark, 1990; Battilani & Mannini, 
1993). Praharaj et al. (2007) observed highest LAI value 
(4.8) under var. ˈKufri Pukhrajˈ followed by ˈKufri As-
hokaˈ (2.82). Thus the LAI values measured throughout 
the growing period of potato were relatively close to the 

 

 

Figure 3. Estimation of light extinction coefficient of the three potato 
varieties under (a) D1 = 15th Nov; (b) D2 = 29th Nov; (c) D3 = 13th Dec
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reported values in the literature. The difference in K value 
of all three cultivars was probably due to differences in 
canopy morphology. Vijaya Kumar et al. (1993) worked 
out the K values for non-horizontal orientation of leaves 
(< 1.0) and for horizontal leaves (> 1.0). In case of var. 
KC, more upright leaves were observed and K value was 
the lowest among the three varieties. 

Radiation use efficiency (RUE)

From Table 2 it can be explained that the KC variety 
used the PAR most efficiently than the other two culti-
vars. Production of dry matter depends on the ability of 
the crop canopy through the conversion of intercepted ra-
diation energy into biomass and can be presented as RUE. 

 

 

 
 

 

 

 
 

 

 

 
 Figure 4. Regression analysis between accrued biomass values and relative 
cumulated IPAR of three potato cultivars under (a) D1 = 15th Nov; (b) D2 = 29th 
Nov; (c) D3 = 13th Dec.
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Thus RUE may be regarded as indicator of crop perfor-
mance. Jefferies & MacKerron (1989) and Nishibe et al. 
(1989) measured the RUE of potato and also concluded 
that RUE is the most vital indicator of potato growth and 
yield. Their measured RUE values were slightly lower 
than those found in this work, especially during tuber bul-
king stage. Allen & Scott (1980) observed RUE values 
in the range of 3.5 to 3.7 g MJ-1. The magnitude of RUE 
is at par with the present study, especially for KS and KJ 
varieties. However, Khurana & McLaren (1982) reported 
a range which is lower than our findings. 

From data analysis, it seems that vars. KC and KJ be-
long to different domains in terms of RUE which depends 
on the varietal characteristics. RUE values were at the 
lowest level during early vegetative stage compare to tu-
ber bulking stage, where the radiation energy converted 
into photoassimilates by the process of photosynthesis 
and stored in tuber resulted in greater RUE. High magni-
tude and intensity of GSR and higher prevailing tempera-
ture at the later half of the tuber bulking stage may ham-
per the crop biomass production and yield due to early 
drying of the crop. Crops, whose early vegetative stage is 
completed in December, used the SR efficiently to produ-
ce large amount of biomass. The photoperiod of the va-
rieties used in the present study (around 11.0 hrs d-1) was 
well matched with day-length of the study region causing 
minimum negative impact due to photoperiodism. 

Statistical analysis of biological parameters

The data collected during field experiment was 
analyzed statistically to observe the effect of different 
factors or their interactions on the biological parameters 

like LAI, K and RUE. Results revealed that, in each and 
every year, date of planting, variety and their interaction 
influenced the maximum LAI significantly (at 1% and 5% 
level of probability). Only the interaction effect between 
DOP and variety was not significant for the year 2012-13. 
Light extinction coefficient values were also significantly 
affected by all the factors. Statistical analysis of stagewise 
RUE data shows that only DOP has significant effect on 
RUE but variety and interaction effect do not show the 
significant result.

With the help of Angstrom equation, the GSR can be 
calculated on daily basis and 45% of GSR can be taken as 
incident PAR over crop surface. If the LAI is measured 
regularly and K value of grown crop variety is known, 
the IPAR can be calculated using the method followed in 
this paper. Thus the whole process can properly be used 
to determine the IPAR and RUE, when the instrumental 
facilities (line quantum sensor and data logger) are not 
available (Fig. 5). In developing countries like India, such 
method can be popularized to generate RUE data, which 
may be used further for crop modelling and crop yield 
forecasting.

In conclusion, the Angstrom equation can be used re-
liably to determine the GSR in the study region. All the 
statistical indicators confirmed a close relationship be-
tween estimated and measured values of GSR. With the 
advancement of crop growth period, the intercepted por-
tion of PAR increased up to a certain level, especially up 
to reproductive stages. Measurement of PAR interception 
pattern and LAI at different growth stages throughout 
growing season can provide average value of light ex-
tinction coefficient for a particular variety and transplan-
ting-treatment. Thus it is possible to convert BSS data 
into GSR, GSR data to incident PAR and incident PAR 

 

 

 

 

Incident PAR 
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Figure 5. Suggested protocol for determination of radiation use effi-
ciency (RUE). LAI: leaf area index. PAR: photosynthetically active 
radiation. IPAR: intercepted PAR. GSR: global solar radiation. K: light 
extinction coefficient. RUE: radiation use efficiency
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to IPAR with the help of LAI and K values. All of these 
above mentioned parameters are indispensable in the 
measurement of RUE which is found to be at the highest 
level during the last week of November in the study area. 
In respect to varietal preference, ‘Kufri Chandramukhi’ 
will be the preferred choice for the farmers as it possess 
the highest RUE throughout its growing period. It will 
enable scientists and researchers to calculate and monitor 
the radiation use efficiency without sophisticated radia-
tion instruments or PAR sensors. In the developing coun-
tries like India, where the costly instruments are not easily 
available, such protocol may be used to determine PAR 
interception pattern and PAR utilization efficiency.
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