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The concept of heat units is used in several phenological studies like the prediction of sowing and
harvesting dates, crop yield, length of plant stages, and maturity state. However, calculation of heat units
as growing degree-days requires a summation process that is not easily performed like direct-
substitution equations. The aim of this work was to develop a simple integral model to calculate the heat
units as growing degree-days. The development involved two steps; the first step was applying a
non-iterative sinusoidal fit to the discrete temperature data to get a fitting equation of each station in
the two datasets, CLIMWAT 2 and FAOCLIM 2. The second step was to integrate each temperature
equation to calculate the heat units, either by the average temperature or by both the minimum and
maximum temperatures. The results showed that the sinusoidal model properly fits the temperature
profiles in most of the studied stations (Most of the stations got the fit with R2 > 95% and 98.4% of the
stations had <2 �C root mean squared error). Additionally, the results showed no significant differences
(in accuracy) between the developed integral model and the conventional summation methods of
calculating the heat units, while the newmodel is faster and easier in application. Finally, it is recommended
to use the new integral model with the fitted average temperature due to its accuracy and simplicity.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Temperature has a significant effect on the plant’s life cycle
from sowing to harvest. The thermal time or heat units concept
(HU) is widely used to determine the growing season’s length of
vegetables and field crops (McMaster and Wilhelm, 1997; Akinci
and Abak, 1999; Russelle et al., 1984; Elnesr et al., 2013). The HU
concept is also used to predict grain moisture, crop yield, length
of plant stages, maturity, harvesting date, and other phenological
properties (Russelle et al., 1984; Griffin and Honeycutt, 2000;
Miller et al., 2001; Nielsen and Hinkle, 1996; Swan et al., 1987;
Gilmore and Rogers, 1958; Villordon et al., 2009). The heat units
value is calculated in terms of the growing degree-days (GDD)
(McMaster and Wilhelm, 1997; Akinci and Abak, 1999) as follows:

HU ¼
Xn
i¼1

GDDi ð1Þ

GDD ¼ MAXf0; ð0:5ðTx þ TnÞ � TbÞg ð2Þ
where Tx and Tn are the maximum and minimum daily tempera-
tures respectively; Tb: is the crop’s base temperature; i: an index
for each growing day in the crop growing duration (season’s length)
n [Days]. The GDD value should always be positive, if the calcula-
tions lead to negative value it should be recorded as zero. In case
of the existence of the average temperature Ta instead of Tx and
Tn, some investigators (McMaster and Wilhelm, 1997) simplified
Eq. (2) to the form:

GDD ¼ MAXf0; ðTa � TbÞg ð3Þ
A study by the University of Dayton, 2003) on over 53,000

records of the Global Summary of the Day dataset (GSOD) found
that the absolute value of the deviation between the mean temper-
ature Ta computed from 24 hourly temperature readings and the
0.5(Tx + Tn) of the same records were 0.82 �C, which is not statisti-
cally significant.

However, the formula of the HU is a summation formula; for
each day of the n days of the growing season, it requires one eval-
uation of Eq. (2). On the method of determining the most suitable
sowing date (Elnesr et al., 2013), the method involves computing
HU for each day of the year, then to compare it to the acceptable
range of HU values, and hence specifying the suitable sowing dates.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.compag.2016.03.024&domain=pdf
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This requires 365 � n evaluations of Eq. (2) that requires long
calculation times, in addition to the need of accessing the climate
database to find Tx and Tn of each day of the year or storing a
massive amount of data in the computer’s memory.

Several attempts were made to improve the accuracy of the
GDD methods (Higley et al., 1986; Allen, 1976; Cesaraccio et al.,
2001), or to compare several methods to find the optimum one
(Roltsch et al., 1999). However, all the cited methods depend on
summation, which requires hundreds of calculation steps. Accord-
ingly, the target of this work was to find simpler equation that
evaluates HU with fewer calculations, and without significant loss
in precision, thus we thought about converting the HU summation
formula to integral form, which is faster in calculation, and almost
as precise as the summation form. The main difference between
the summation and the integral forms is the continuity of the data;
while the summation involves the discrete values with the upper
and lower bounds, whereas the integration involves continuous
values. The daily temperature data is discrete, so it should be
manipulated by the summation formulas unless we found a
method to convert it to continuous values. Several investigators
showed that the dry air temperature data can be well fitted using
sinusoidal functions in either sine or cosine forms (Mazarron
and Canas, 2008; Schawe, 1995; Parton and Logan, 1981; Fabrick,
2015). Converting the discrete data into a continuous sinusoidal
fit requires non-linear curve fitting algorithm (trial and error), how-
ever, Jacquelin (Jacquelin, 2009) developed a direct-substitution
method to fit such data easily and precisely. Our objectives were
(1) to verify the goodness of the sinusoidal fit of temperature. (2)
To develop the integral formula of the heat units’ calculation. (3)
To compare the developed formulas to the original method using
data from different climate stations worldwide.
2. Material and methods (model development)

2.1. Data sources and datasets description

In this research, we used resources from four datasets, three for
climatic information, and the fourth for crop information. The first
is the CLIMWAT 2.0 dataset, which offers observed agroclimatic
monthly data of over 5000 stations worldwide (Muñoz and
Grieser, 2006; FAO, 2006). This dataset provides long-term
monthly mean values of seven climatic parameters: maximum
and minimum temperature, relative humidity, wind speed,
sunshine hours, solar radiation, total and effective rainfall, and
the Penman–Monteith reference evapotranspiration. In this paper,
we used only the maximum and minimum temperature values.
This dataset was used for calculating the fitting equations for each
climatic station in the development and validation stage.

For verification, we used another dataset that provides daily
observations, that is the ‘Weather Underground’ dataset, which
provides historic daily observations and forecasts for more than
169,000 weather stations worldwide (140,000 stations in North
America, and 29,000 stations worldwide) (Masters, 2015). The
dataset provides more than 20 meteorological factors, but we only
used the maximum, average, and minimum temperature daily
observations. We selected 15 stations representing all continents
and meteorological conditions, the selected stations’ information
are shown in Table 1.

Finally, we used the FAOCLIM-2 database, which covers
monthly data for 28,100 stations, for up to 14 observed and
computed agroclimatic parameters (FAO, 2001). This dataset were
used to apply the model on it after verification.

Regarding the crop information, the crop thermal data were
obtained from several publications (Elnesr et al., 2013;
Splittstoesser, 1990; Alsadon, 2002; Clarke et al., 2001; Maynard
and Hochmuth, 2006). The obtained data includes the crop’s max-
imum, minimum, optimum, and base temperatures, along with the
prevailing season’s length, and the percent heat tolerance above
the optimal heat units.

2.2. The non-iterative sinusoidal fitting model

The simple form of the sinusoidal equation representing rela-
tionship between the temperature (T) and the Julian day number
(j) is as follows:

TðjÞ ¼ aþ q sinðxjþuÞ ð4Þ
where a: the mean temperature on the curve, �C; q: the amplitude
of the sine wave (half the peak-to-peak distance of the curve), �C;x
is the frequency (number of occurrences of the curve per year, usu-
ally � p/180), radians; and u: the phase (the fraction of the wave
cycle that has elapsed relative to the origin), radians (Ballou, 2005).

The sinusoidal model is nonlinear that is normally solved by
successive iterations, which is a lengthy operation that require
special software or code to perform. Jacquelin (2009) introduced
a straight-forward algorithm that requires no iteration to obtain
the fitting parameters of the sinusoidal curve, this algorithm is
easier, faster, and more precise than any other iterative algorithm.
The algorithm can be summarized in the following:

� Given the dataset pairs the Julian day j and its corresponding
temperature T (j), sorted ascending on j.

� For each i in the n members of the dataset (if we are fitting the
monthly data, n = 12; when fitting daily data, n = 365; etc.),
calculate the two supporting variables Si and Gi (where S1 = 0
and G1 = 0):

Si ¼ Si�1 þ 0:5ðTi þ Ti�1Þðji � ji�1Þ ð5Þ
Gi ¼ Gi�1 þ 0:5ðSi þ Si�1Þðji � ji�1Þ ð6Þ

� Solve the matrix system for the temporary variables A1, B1, C1,
and D1:

A1

B1

C1

D1

0
BBB@

1
CCCA ¼

RG2
i RGij

2 RGij RGi

RGij
2
i Rj4i Rj3i Rj2i

RGiji Rj3i Rj2i Rji
RGi Rj2i Rji n

0
BBBBB@

1
CCCCCA

�1
RTiGi

RTij
2
i

RTiji
RTi

0
BBB@

1
CCCA ð7Þ

� Calculate the first estimate of the variables x, a, b, and c, where
b and c are step parameters to calculate q and u:
x1 ¼

ffiffiffiffiffiffi
A1

p
ð8Þ

a1 ¼ 2B1=x2
1 ð9Þ

Notice that the subscript 1 refers to the first estimate in all the
variables except for j where it reflects the value of the first item in
the dataset

b1

c1
¼ ðB1J

2
1 þC1J1 þD1 �a1Þ

�sin
�cos

ðx1J1Þþ ðC1 þ2B1J1Þ
�cos
�sin

ðx1J1Þ

ð10Þ
For b1, take the upper-row functions (sin and cos), while for c1 take
the lower row functions (cos and sin).

q1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2
1 þ c21

q
ð11Þ

u1 ¼

tan�1ðc1=b1Þ b1 > 0
pþ tan�1ðc1=b1Þ b1 < 0
p=2 b1 ¼ 0; c1 > 0
�p=2 b1 ¼ 0; c1 < 0

8>>><
>>>:

ð12Þ



Table 1
The selected weather stations and their properties.

# City (state) Country Continent ICAO code Lat. Lon. Alt. Average temperature range

1 Sydney Australia Australia YSSY �33.95 151.18 3 33.5 > 18.9 > 6.7
2 Alexandria Egypt Africa HEAX 31.20 29.95 7 38.0 > 21.5 > 8.7
3 Wuhan China Asia ZHHH 30.62 114.13 23 33.2 > 17.2 > �1.3
4 Tallahassee (Florida) USA North America KTLH 30.40 �84.35 25 35.2 > 20.2 > �1.1
5 Istanbul Turkey Asia (North) LTBA 40.97 28.82 37 31.9 > 16.4 > 2.5
6 Los Angeles (California) USA North America KLAX 33.94 �118.41 38 31.5 > 16.9 > 6.9
7 Calcutta India Asia VEGT 26.10 91.58 47 38.5 > 24.9 > 10.0
8 Rome Italy Europe LIRA 41.80 12.55 101 30.8 > 16.3 > 1.4
9 Lisbon Portugal Europe LPPT 38.78 �9.13 123 32.2 > 16.7 > 4.8
10 Austin (Texas) USA North America KEDC 30.40 �97.57 189 35.6 > 19.4 > �1.8
11 Aswan Egypt Africa HESN 23.97 32.78 194 49.2 > 27.7 > 5.9
12 Sao Paulo Brazil South America SBGR �23.43 �46.47 230 34.4 > 21.1 > 8.5
13 Riyadh Saudi Arabia Asia OERK 24.93 46.72 612 42.1 > 26.0 > 6.2
14 Najran Saudi Arabia Asia OENG 17.62 4.43 1203 40.7 > 25.6 > 8.2
15 Pretoria South Africa Africa FAPR �25.73 28.18 1322 28.9 > 16.5 > �0.3
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Fig. 1. The studied methods to calculate heat units and their abbreviations.

Table 2
Tomato thermal properties. SRC: Elnesr et al. (2013).

Maximum tolerable temperature 35 �C
Minimum tolerable temperature 14 �C
Optimum growing temperature 10 �C
Optimum tolerable temperature 24 �C
Season’s length 100 days
Heat tolerance percent above optimal 30%
Optimum seasonal heat units 1400
Maximum tolerable heat units 1820

Table 3
Summary of the sinusoidal-fitting indexes of CLIMWAT 2.0 data.

Range Fit365 Fit730

Tmax (%) Tmin (%) Mean (%) Tmax (%) Tmin (%) Mean (%)

R2 (%)
<50 4.85 5.61 5.23 7.70 5.61 6.66
50–75 22.00 16.21 19.11 24.32 16.21 20.27
75–95 24.60 26.04 25.32 23.73 26.04 24.88
>95 48.54 52.14 50.34 44.25 52.14 48.19

RMSE
>2.0 3.16 0.06 1.61 4.68 0.31 2.49
1.0–2.0 16.43 8.68 12.55 21.45 18.12 19.78
0.5–1.0 46.35 38.55 42.45 46.27 40.91 43.59
<0.5 34.05 52.71 43.38 27.60 40.66 34.13
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� Calculate the second estimate of the variables x, b, c, and u
while a2 = a1 and q2 = q1, the rest of variables are calculated
by evaluating two more supporting variables K and h, where
the straight brackets ‘‘jj” indicate the integer value of what they
surround.
Ki ¼ jp�1ðx1Ji þu1Þj ð13Þ

hi ¼pKiþ
ð�1ÞKi tan�1 wi=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2

2�w2
i

q� �
if q2

2 >w2
i

0:5p ð�1ÞKi if q2
2 <w2

i . . .and Ti > a2
�0:5p ð�1ÞKi if q2

2 <w2
i . . .and Ti < a2

8>>><
>>>:

wherewi ¼ Ti�a2

ð14Þ

� Solve the following matrix system for x2 and u2:

x2

u2

� �
¼ Rj2 Rj

Rj n

 !�1
Rhj

Rh

� �
ð15Þ

b2 ¼ q2 cosðu2Þ
c2 ¼ q2 sinðu2Þ

ð16Þ

� Calculate the final estimate of the variables a, b, c, q, and u
while x3 =x2 by solving the system:

a3
b3

c3

0
B@

1
CA ¼

n Rai Rbi

Rai Ra2
i Raibi

Rbi Raibi Rb2
i

0
B@

1
CA

�1 RTi

RTiai

RTibi

0
B@

1
CA

where ai ¼ sinðx3JiÞ;bi ¼ cosðx3JiÞ

ð17Þ

� The final value of x =x3, a = a3, while q and u are calculated by
Eqs. (11) and (12) respectively replacing b1 by b3 and c1 by c3.

2.3. Building the model of the non-iterative fitting algorithm

An Excel spreadsheet were made to calculate the parameters of
equation (4), attached as Supplementary Table S1, the spreadsheet
easily calculates the parameters without any special adjustments
or additions to the normal excel environment (not a macro-
enabled workbook).

Since the calculation of HU may require iteration over two
years, i.e. if the sowing date is on November, and the harvest date
is on 14th of February. In this case, the Julian date will exceed 365,
(365 + 31 days in January + 14 days in February = 410). We have
one of three options: (1) to subtract 365 from the Julian day if it
exceeds 365, (2) to perform the fit on 365 days, and calculate the
HU with the Julian value as is, or: (3) to perform the fit on 730 days
(two years), and calculate the HU with the Julian value as is. As we
want to simplify the calculating method as possible, the first



Fig. 2. Effect of the temperature difference and the coefficient of determination of
the sinusoidal fit.
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option was omitted as it includes an if-condition, which requires
more than simple calculations. The last two options were com-
pared in this paper as Fit365 and Fit730 respectively. Additionally,
we computed the fitting parameters from monthly data with the
following conditions:
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Fig. 3. The monthly observed temperature data and the results of the sinusoidal model. T
average, and minimum temperature for the specified station. (For interpretation of the ref
article.)
1. Assume each of the 12 points of the monthly averages is repre-
senting the 15th day of the month.

2. Assume that January 1st and December 31st both have equal
temperature values, where this value is the average of the given
monthly values of January and December.

3. Assume July 1’s value is a peak of a 2nd degree curve with 4
points; these points are the data of May, June, July, and August.

This results in 15 data points to find the sinusoidal fitting
parameters (12 months’ points + 2 points for 1/1 and 12/31 + the
middle point of 7/1 = 15 points).

Similarly, we fitted the monthly data for 24 months (30 data
points) with the same conditions above.

2.4. The integral model of GDD

If we consider the temperature as a function of days (Julian
days), then

TsðjÞ ¼ as þ qs sinðxsjþusÞ ð18Þ
 year

he upper (red), middle (blue), and lower (green) curves and points reflect maximum,
erences to color in this figure legend, the reader is referred to the web version of this
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where the subscript s reflects the type of temperature, this will be
replaced by the subscripts x, n, or a, for maximum, minimum, and
average temperatures respectively.

The integral of this function is:Z
TsðjÞdx ¼

Z
as þ qs sinðxsjþusÞð Þdx

¼ asj� qs
xs

cos xsjþusð Þ þ const:
ð19Þ

The integral form of the two-term heat units’ equation is

HU¼
Z harvest

sowing
0:5 TxðjÞþTnðjÞð Þ�Tb ð20Þ

HU¼ axþan

2
�Tb

� �
j�0:5

qx

xx
cosðxxjþuxÞþ

qn

xn
cosðxnjþunÞ

� �� �harvest
sowing

ð21Þ

HU¼
ðaxþan

2 �TbÞðjh� jsÞ
� qx

2xx
cosðxxjhþuxÞ�cosðxxjsþuxÞ½ �

� qn
2xn

cosðxnjhþunÞ�cosðxnjsþunÞ½ �

0
BBB@

1
CCCA ð22Þ

where the h and s subscripts are for harvest and sowing days
respectively.

On the other hand, the integral form of the one-term heat units’
equation is

HU ¼
Z harvest

sowing
0:5TaðjÞ � Tb ð23Þ

HU ¼ ðaa � TbÞj� qa

xa
cosðxajþuaÞ

� �harvest
sowing

ð24Þ

HU ¼ ðaa � TbÞðjh � jsÞ �
qa

xa
cosðxajh þuaÞ � cosðxajs þuaÞð Þ ð25Þ
Table 4
The sinusoidal models for maximum, minimum, and average temperature of sample stati

Station Maximum Temperature Average Te

Name Code Model R2 (%) RMSE Model

1 Sydney YSSY 23.02 + 4.53 Sin (0.0172 J
+ 1.30)

93.6 0.905 18.72 + 5.0
+ 1.20)

2 Alexandria HEAX 25.94 + 5.78 Sin (0.0171 J
+ 4.26)

98.3 0.562 21.36 + 6.4
+ 4.23)

3 Wuhan ZHHH 21.87 + 10.58 Sin (0.0176 J
+ 4.26)

95.8 1.681 17.20 + 11
+ 4.36)

4 Tallahassee KTLH 26.56 + 8.58 Sin (0.0171 J
+ 4.48)

96.8 1.195 20.17 + 9.1
+ 4.48)

5 Istanbul LTBA 19.96 + 9.08 Sin (0.0174 J
+ 4.27)

97.9 0.998 16.60 + 8.6
+ 4.21)

6 Los
Angeles

KLAX 20.84 + 3.81 Sin (0.0176 J
+ 4.03)

84.0 1.218 16.70 + 3.5
+ 4.14)

7 Calcutta VEGT 30.69 + 3.83 Sin (0.0176 J
+ 4.57)

74.0 1.756 24.79 + 5.5
+ 4.42)

8 Rome LIRA 21.01 + 8.26 Sin (0.0173 J
+ 4.19)

97.2 1.039 16.28 + 7.5
+ 4.15)

9 Lisbon LPPT 20.61 + 6.57 Sin (0.0175 J
+ 4.18)

96.7 0.905 16.62 + 5.7
+ 4.14)

10 Austin KEDC 25.16 + 9.70 Sin (0.0172 J
+ 4.37)

97.1 1.263 19.28 + 9.8
+ 4.40)

11 Aswan HESN 34.82 + 8.63 Sin (0.0173 J
+ 4.52)

97.7% 1.017 27.63 + 8.4
+ 4.49)

12 Sao Paulo SBGR 26.38 + 3.85 Sin (0.0174 J
+ 1.42)

88.0% 1.094 21.03 + 3.7
+ 1.36)

13 Riyadh OERK 33.04 + 11.67 Sin (0.0172 J
+ 4.46)

97.4% 1.437 25.85 + 10
+ 4.42)

14 Najran OENG 33.80 + 7.49 Sin (0.0175 J
+ 4.50)

97.5% 0.919 25.50 + 7.4
+ 4.51)

15 Pretoria FAPR 22.21 + 4.03 Sin (0.0176 J
+ 1.60)

82.5% 1.427 16.32 + 4.4
+ 1.40)
2.5. The studied heat-units calculation methods

As mentioned above, there are several methods to calculate the
HU value, either by summation or by integration. If by summation,
we could either sum the daily GDD values calculated from direct
observations of temperature, or summing the fitted daily temper-
ature values that were predicted from the monthly observations
by the sinusoidal model. For Integration, and for each of the two
summation categories, the temperature values are either from Tmax

and Tmin or by Tavg only. A summary of these methods the coding of
the methods are illustrated in Fig. 1.

We verified the developed methods of HU calculations by com-
paring the values of HU calculated as example for tomato crop
(Solanum lycopersicum L.), that has the thermal properties listed
in Table 2.

2.6. Comparative statistics

Several comparisons were performed in this study between two
calculation methods or models (Willmott et al., 1985, 2012;
Willmott and Matsuura, 2005). The fitting performance of the
models was evaluated through the coefficient of determination
(R2) as it measures the bias from the 45� line.

R2 ¼ n
P

M1M2 �
P

M1 �
P

M2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
P

M2
1 �

P
M1½ �2

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
P

M2
2 �

P
M2½ �2

q
0
B@

1
CA

2

ð26Þ

where M1 and M2: the values of methods 1 and 2 respectively; i: a
counter; n: number of data points.

To evaluate the overall prediction accuracy, we used the root
mean square error statistic (RMSE), which is calculated as follows.
ons.

mperature Minimum Temperature

R2 (%) RMSE Model R2 (%) RMSE

0 Sin (0.0173 J 97.3 0.634 14.61 + 5.38 Sin (0.0174 J
+ 1.15)

98.8 0.452

5 Sin (0.0171 J 98.8 0.403 16.76 + 7.02 Sin (0.0171 J
+ 4.21)

99.3 0.560

.22 Sin (0.0174 J 98.4 1.219 12.75 + 11.88 Sin (0.0173 J
+ 4.40)

98.0 1.164

6 Sin (0.0171 J 94.5 1.320 13.52 + 9.69 Sin (0.0172 J
+ 4.47)

96.5 1.770

7 Sin (0.0174 J 98.5 0.864 13.23 + 8.24 Sin (0.0174 J
+ 4.16)

98.3 0.760

8 Sin (0.0170 J 88.9 0.889 12.32 + 3.31 Sin (0.0168 J
+ 4.10)

89.5 0.852

2 Sin (0.0175 J 97.5 1.332 18.76 + 7.40 Sin (0.0172 J
+ 4.41)

91.0 0.908

3 Sin (0.0173 J 97.3 0.858 11.66 + 6.95 Sin (0.0173 J
+ 4.08)

97.7 0.844

9 Sin (0.0173 J 94.7 0.851 13.11 + 5.10 Sin (0.0174 J
+ 3.97)

96.2 0.874

0 Sin (0.0171 J 97.0 1.139 13.74 + 9.90 Sin (0.0171 J
+ 4.38)

97.7 1.325

2 Sin (0.0172 J 98.6% 0.866 20.46 + 8.32 Sin (0.0172 J
+ 4.43)

98.2% 0.766

1 Sin (0.0172 J 95.9% 0.697 15.95 + 3.54 Sin (0.0174 J
+ 1.14)

94.3% 0.551

.73 Sin (0.0173 J 96.7% 1.420 18.69 + 9.92 Sin (0.0172 J
+ 4.46)

97.1% 1.387

4 Sin (0.0174 J 97.3% 0.879 17.59 + 7.54 Sin (0.0174 J
+ 4.49)

97.7% 0.961

6 Sin (0.0176 J 93.7% 1.098 10.42 + 5.00 Sin (0.0175 J
+ 1.25)

90.8% 0.996
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Fig. 4. Frequency distribution of R2 and RMSE with respect to 11,749 stations in FAOCLIM 2 database.
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RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1
ðM1i �M2iÞ2

r
ð27Þ

To measure how close forecasts or predictions are to the even-
tual outcomes, we used the mean absolute error (MAE), which is
calculated as follows.

MAE ¼ 1
n

Xn
i¼1

jM1i �M2ij ð28Þ

Another measure of prediction accuracy is the weighed absolute
percent error (WAPE), which shows the percent of the sum of error
to the absolute sum of the original values. The WAPE is calculated
as follows.

WAPE ¼
Pn

i¼1jM1i �M2ij
jPn

i¼1M1ij
� 100 ð29Þ
3. Results and validation

3.1. Applying the sinusoidal fit to temperature values

As we built the non-iterative sinusoidal fit model, we executed
an excel macro to read all the CLIMWAT 2.0 dataset data to find the
fitting parameters of all the loaded stations in the database (Actu-
ally, we found 3207 unique stations with full records). The sinu-
soidal model fitted very well for most of the tested weather
stations. More than 50% of the stations got the fit with R2 P 95%,
Table 3, and RMSE <1.0 �C of more than 80% of the stations. The
table shows also that there are some small differences between
the fitting parameters of the equations that are based on 365 days
(Fit365) and 730 days (Fit730), as the fitting parameters of Fit365
were better (higher R2, and lower RMSE). We analyzed the stations
that resulted in low R2 values to find the reason of this. We found
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that this mostly occur in the stations that have small range of tem-
perature over the year, i.e. the difference between the maximum
recorded daily Tx (or Tn) is small (Small amplitude of the sine
wave), so that the fitting process will be highly affected by any
natural change in temperature. Fig. 2 shows that for both Tx and
Tn the values of R2 are almost 1.0 when the yearly temperature dif-
ference (YTD) exceeds 20, while the low values of R2 occur mostly
at low values of YTD (YTD < 10). Fortunately, even when the R2 is
small, the RMSE values are still acceptable (less than 2 �C for
98.4% of the stations, Table 3). This encourages us to use the
sinusoidal equations trustfully.

To test the model worldwide trustfulness, we selected 15
stations from all continents with variable weather conditions to
see the model versus observed values, Table 1, where the observa-
tions vs. fitted values are plotted in Fig. 3, while the equations and
the fitting statistics are in Table 4. From the sample results, we
found that the R2 values of all models are very high (mostly >95%
especially for Ta) and the RMSE values are mostly <1 �C.

Finally, we applied the sinusoidal fit over 11,749 stations in the
FAOCLIM 2 database; these stations are the stations with no miss-
ing records. The results were fairly better than the CLIMWAT 2
results, Fig. 4, as 58% of the stations were fitted by R2 > 0.99,
23.58% of the stations R2 between 95% and 99%, and so on as shown
in the figure. The goodness of fit indices were good as well, both
the RMSE and MAE values were less than 1.0 �C for 76.87% and
71.15% of the stations, respectively, Fig. 4. From the same figure
and regarding the weighed absolute percent error, WAPE, we found
that about 61% of the stations got WAPE < 5% and about 83% of the
stations got WAPE < 10%, where the 5% is equivalent to 1.0 �C for
average temperature of 20 �C. The values of all of the tested
measures confirms that the sinusoidal fitting method is suitable
worldwide with minimal error. A complete list of the results of
the 11,749 stations is attached in the Supplementary Table S2.

3.2. Heat units calculation points

The five methods that we suggest to calculate heat units, Fig. 1,
were compared to the original method (SO2). The results, Fig. 5,
showed high correlation between all the methods, with R2 > 0.98
in most cases, as shown in Table 5. It is clear from both the figure
and the table that the data are uniformly distributed around
the 45� line, which shows a very close relationship. The most



Table 5
Comparison between the conventional method (SO2) of calculating Heat Units and
other methods. Numbers without parenthesis are the R2 while numbers inside
parenthesis are the RMSE values.

Station SF2 NT2 SO1 SF1 NT1

Sydney
(YSSY)

0.9883
(1.893)

0.9886
(1.915)

0.9999
(0.518)

0.9876
(2.091)

0.9879
(2.103)

Alexandria
(HEAX)

0.9950
(1.533)

0.9950
(1.566)

0.9999
(0.233)

0.9952
(1.480)

0.9951
(1.499)

Wuhan
(ZHHH)

0.9927
(4.256)

0.9891
(6.416)

1.0000
(0.470)

0.9930
(4.346)

0.9890
(6.560)

Tallahassee
(KTLH)

0.9929
(3.134)

0.9927
(3.160)

1.0000
(0.683)

0.9926
(2.870)

0.9923
(2.900)

Istanbul
(LTBA)

0.9887
(2.889)

0.9844
(3.781)

1.0000
(0.152)

0.9890
(2.859)

0.9848
(3.783)

Los Angeles
(KLAX)

0.9474
(2.853)

0.9470
(2.867)

0.9997
(0.748)

0.9463
(2.779)

0.9457
(2.799)

Calcutta
(VEGT)

0.9541
(4.146)

0.9518
(4.235)

1.0000
(0.271)

0.9514
(4.223)

0.9480
(4.361)

Rome (LIRA) 0.9955
(2.194)

0.9933
(3.144)

1.0000
(0.384)

0.9953
(2.318)

0.9931
(3.251)

Lisbon
(LPPT)

0.9886
(2.195)

0.9890
(2.127)

1.0000
(1.090)

0.9890
(2.744)

0.9892
(2.710)

Austin
(KEDC)

0.9932
(5.051)

0.9931
(5.109)

1.0000
(0.842)

0.9927
(5.556)

0.9925
(5.782)

Aswan
(HESN)

0.9916
(2.807)

0.9914
(2.916)

1.0000
(0.242)

0.9917
(2.846)

0.9917
(2.927)

Sao Paulo
(SBGR)

0.9822
(1.808)

0.9813
(1.925)

0.9997
(0.963)

0.9830
(2.017)

0.9830
(2.044)

Riyadh
(OERK)

0.9885
(4.038)

0.9886
(4.068)

1.0000
(0.402)

0.9879
(4.263)

0.9877
(4.335)

Najran
(OENG)

0.9882
(2.820)

0.9880
(2.809)

1.0000
(1.063)

0.9886
(3.245)

0.9883
(3.221)

Pretoria
(FAPR)

0.9810
(2.699)

0.9803
(2.705)

0.9999
(0.197)

0.9810
(2.675)

0.9802
(2.673)
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correlated method to SO2 was SO1, as there were very small differ-
ences between the observed Ta value and the average of the
recorded Tx and Tn. Similarly, there are very small differences
between SF1 and SF2, and between NT1 and NT2. Hence, we can
recommend using the single-variable formulas (formulas with Ta
instead of Tx and Tn). Additionally, we recommend using the
single-variable integration formula, Eq. (25), due to its simplicity
of application with almost no loss in accuracy.

3.3. Model applications

As we verified the correctness of the integral sinusoidal equa-
tion for calculating the heat units, there are a lot of applications
and fields to benefit from it.

1. It can be used in the studies at the developing countries where
daily temperature records are barely available, and only
monthly records available (McSweeney et al., 2010; Droogers
and Allen, 2002; Hargreaves and Samani, 1985).

2. It can be used the same way for daily evapotranspiration
prediction from monthly averages, as the evapotranspiration
follows the same sinusoidal trend of the temperature (Batra
et al., 2006; Colaizzi et al., 2006; Morrow et al., 2011; Zeng
et al., 1999).

3. The same concept of the model can be used to calculate growing
degree hours from growing degree days, as the temperature
follows a sinusoidal pattern within the day. This can be very
useful in estimating orchards’ growth and to predict yield
(Vigil et al., 1997; Küden et al., 1994; Day et al., 2007; Ben
Mimoun and DeJong, 1998).

4. It can be used to simplify the process of selecting the optimum
planting date which maximized yield with minimum water
consumption (Elnesr et al., 2013; Day et al., 2007; Peters and
Lubich, 2007).
5. It can be used for early warning and time treatments for insect
pests (Croft and Coop, 1998; Ives, 1973; Honek et al., 1990).

4. Conclusions

In this paper, we have proved the possibility to use the sinu-
soidal model as an acceptable alternative to the discrete daily tem-
perature data especially when fitted from monthly temperature
data. Subsequently, we integrated the sinusoidal equation to find
the heat units as growing degree-days. The results of several
alternatives and forms of the heat units’ equation were compared
to the original method, we found negligible differences between
them, and so we recommended using the easiest form which is
the integral formula that depends only on Ta. One of the best
benefits of the application of this method is that we can share only
four numbers for each station (the four parameters of the fitting
equation) instead of 365 number of daily records or instead of 12
numbers of monthly averages. This reduction in data size is
combined with the easiness of calculating the heat units by simple
substitution to an equation, instead of performing hundreds of
repeated calculations through spreadsheets of computing loops.

Acknowledgement

The work was financially supported by King Saud University,
Vice Deanship of Research Chairs.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.compag.2016.03.
024.

References

Akinci, S., Abak, K., 1999. Determination of a suitable formula for the calculation of
sum growing degree days in cucumber. Acta Hortic. 1999, 273–280. http://dx.
doi.org/10.17660/ActaHortic.492.36.

Allen, J.C., 1976. A modified sine wave method for calculating degree days. Environ.
Entomol. 5, 388–396. http://dx.doi.org/10.1093/ee/5.3.388.

Alsadon, A., 2002. The best planting dates for vegetable crops in Saudi Arabia:
evaluation of compatibility between the dates planned based on heat units and
dates suggested from the regional offices of the ministry of agriculture and
water. J. King Saud. Univ. 14, 75–97.

Ballou, G., 2005. Handbook for Sound Engineers. Focal.
Batra, N., Islam, S., Venturini, V., Bisht, G., Jiang, L.E., 2006. Estimation and

comparison of evapotranspiration from MODIS and AVHRR sensors for clear sky
days over the Southern Great Plains. Remote Sens. Environ. 103, 1–15.

Ben Mimoun, M., DeJong, T.M., 1998. Using the relation between growing degree
hours and harvest date to estimate run-times for peach: a tree growth and yield
simulation model. V International Symposium on Computer Modelling in Fruit
Research and Orchard Management, 499, pp. 107–114, <http://www.actahort.
org/books/499/499_10.htm>.

Cesaraccio, C., Spano, D., Duce, P., Snyder, R.L., 2001. An improved model for
determining degree-day values from daily temperature data. Int. J. Biometeorol.
45, 161–169. http://dx.doi.org/10.1007/s004840100104.

Clarke, D., Smith, M., El-Askari, K., 2001. CropWat for Windows: user guide.
University of Southampton, p. 43. Report No.: 4.2. <http://kasetday.agri.ubu.ac.
th/upload/ciprut/root/home/gisrs/CROPWAT4W.pdf>.

Colaizzi, P.D., Evett, S.R., Howell, T.A., Tolk, J.A., 2006. Comparison of five models to
scale daily evapotranspiration from one-time-of-day measurements. Trans.
ASABE 49, 1409–1417.

Croft, B.A., Coop, L.B., 1998. Heat units, release rate, prey density, and plant age
effects on dispersal by Neoseiulus fallacis (Acari: Phytoseiidae) after inoculation
into strawberry. J. Econ. Entomol. 91, 94–100.

Day, K., Lopez, G., DeJong, T., 2007. Using growing degree hours accumulated thirty
days after bloom to predict peach and nectarine harvest date. VIII International
Symposium on Modelling in Fruit Research and Orchard Management, vol. 803,
pp. 163–167, <http://www.actahort.org/books/803/803_20.htm>.

Droogers, P., Allen, R.G., 2002. Estimating reference evapotranspiration under
inaccurate data conditions. Irrig. Drain. Syst. 16, 33–45.

Elnesr, M.N., Alazba, A.A., Alsadon, A.A., 2013. An arithmetic method to determine
the most suitable planting dates for vegetables. Comput Electron Agric. 90, 131–
143. http://dx.doi.org/10.1016/j.compag.2012.09.010.

http://dx.doi.org/10.1016/j.compag.2016.03.024
http://dx.doi.org/10.1016/j.compag.2016.03.024
http://dx.doi.org/10.17660/ActaHortic.492.36
http://dx.doi.org/10.17660/ActaHortic.492.36
http://dx.doi.org/10.1093/ee/5.3.388
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0015
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0015
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0015
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0015
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0020
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0025
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0025
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0025
http://www.actahort.org/books/499/499_10.htm
http://www.actahort.org/books/499/499_10.htm
http://dx.doi.org/10.1007/s004840100104
http://kasetday.agri.ubu.ac.th/upload/ciprut/root/home/gisrs/CROPWAT4W.pdf
http://kasetday.agri.ubu.ac.th/upload/ciprut/root/home/gisrs/CROPWAT4W.pdf
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0045
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0045
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0045
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0050
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0050
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0050
http://www.actahort.org/books/803/803_20.htm
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0060
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0060
http://dx.doi.org/10.1016/j.compag.2012.09.010


M.N. Elnesr, A.A. Alazba / Computers and Electronics in Agriculture 124 (2016) 37–45 45
Fabrick, Z., 2015. Modeling Temperature with a Sine Wave. In: prezi.com, 13 April
2015 (cited 9 November 2015). <https://prezi.com/_p0owfjiquhs/modeling-
temperature-with-a-sine-wave/>.

FAO. FAOCLIM-2, 2001. World-wide Agroclimatic Database. Agrometeorology
Group – SDRN – FAO Rome, Italy. <http://www.fao.org/nr/water/
infores_databases_climwat.html>.

FAO. CLIMWAT 2.0, 2006. A Climatic Database. Water Resources, Development and
Management Service, FAO, Rome, Italy; 2006. <http://www.fao.org/nr/water/
infores_databases_climwat.html>.

Gilmore, E.C., Rogers, J.S., 1958. Heat units as a method of measuring maturity in
corn. Agron. J. 50, 611–615.

Griffin, T.S., Honeycutt, C.W., 2000. Using growing degree days to predict
nitrogen availability from livestock manures. Soil Sci. Soc. Am. J. 64,
1876–1882.

Hargreaves, G.H., Samani, Z.A., 1985. Reference crop evapotranspiration from
temperature. Appl. Eng. Agric. 1, 96–99.

Higley, L.G., Pedigo, L.P., Ostlie, K.R., 1986. DEGDAY: a program for calculating
degree-days, and assumptions behind the degree-day approach. Environ.
Entomol. 15, 999–1016. http://dx.doi.org/10.1093/ee/15.5.999.

Honek, A., Kocourek, F., et al., 1990. Temperature and development time in insects:
a general relationship between thermal constants. Zool Jahrb Abt Für Syst Ökol
Geogr Tiere 117, 401–439.

Ives, W.G.H., 1973. Heat units and outbreaks of the forest tent caterpillar,
Malacosoma disstria (Lepidoptera: Lasiocampidae). Can. Entomol. 105,
529–543.

Jacquelin, J., 2009. Régressions et équations intégrales. Scribd, <https://fr.
scribd.com/doc/14674814/Regressions-et-equations-integrales>.

Küden, A.B., Kaska, N., Tanriver, E., Tekin, H., Ak, B.E., 1994. Determining the chilling
requirements and growing degree hours of some pistachio nut cultivars and
regions. I Int. Symp. Pistachio, vol. 419, pp. 85–90, <http://www.actahort.
org/books/419/419_12.htm>.

Masters, J., 2015. Weather Underground (weather service). Wikipedia, the free
encyclopedia. <http://j.mp/WeatherUndergroundWiki>.

Maynard, D.N., Hochmuth, G.J., 2006. Knott’s Handbook for Vegetable Growers, fifth
ed. Wiley, Hoboken, NJ.

Mazarron, F.R., Canas, I., 2008. Exponential sinusoidal model for predicting
temperature inside underground wine cellars from a Spanish region. Energy
Build. 40, 1931–1940. http://dx.doi.org/10.1016/j.enbuild.2008.04.007.

McMaster, G.S., Wilhelm, W.W., 1997. Growing degree-days: one equation, two
interpretations. Agric. For. Meteorol. 87, 291–300. http://dx.doi.org/10.1016/
S0168-1923(97)00027-0.

McSweeney, C., Lizcano, G., New, M., Lu, X., 2010. The UNDP Climate Change
Country Profiles: improving the accessibility of observed and projected climate
information for studies of climate change in developing countries. Bull. Am.
Meteorol. Soc. 91, 157–166.

Miller, P., Lanier, W., Brandt, S., 2001. Using growing degree days to predict plant
stages. AgExtension Commun Coord Commun Serv Mont State Univ-Bozeman
Bozeman MO, <http://www.ipm.montana.edu/Training/PMT../2006/mt200103.
pdf>.
Morrow, E., Mitrovica, J.X., Fotopoulos, G., 2011. Water storage, net precipitation,
and evapotranspiration in the Mackenzie River basin from October 2002 to
September 2009 inferred from GRACE satellite gravity data. J. Hydrometeorol.
12, 467–473.

Muñoz, G., Grieser, J., 2006. Climwat 2.0 for CROPWAT. FAO UN, Rome Italy, <http://
www.juergen-grieser.de/downloads/CLIMWAT_2.pdf>.

Nielsen, D.C., Hinkle, S.E., 1996. Field evaluation of basal crop coefficients for corn
based on growing degree days, growth stage, or time. Trans. ASAE 39, 97–103.

Parton, W.J., Logan, J.A., 1981. A model for diurnal variation in soil and air
temperature. Agric. Meteorol. 23, 205–216. http://dx.doi.org/10.1016/0002-
1571(81)90105-9.

Peters, D.W., Lubich, D.J., 2007. Improved traits such as greater yield, better stalks,
better roots, resistance to insecticides, herbicides, pests, and disease, tolerance
to heat and drought, reduced time to crop maturity, better agronomic quality,
higher nutritional value, and uniformity in germination times. Google Patents;
2007. <https://www.google.com/patents/US7256334>.

Roltsch, W.J., Zalom, F.G., Strawn, A.J., Strand, J.F., Pitcairn, M.J., 1999. Evaluation of
several degree-day estimation methods in California climates. Int. J.
Biometeorol. 42, 169–176. http://dx.doi.org/10.1007/s004840050101.

Russelle, M.P., Wilhelm, W.W., Olson, R.A., Power, J.F., 1984. Growth analysis based
on degree days. Crop Sci. 24, 28–32.

Schawe, J.E.K., 1995. A comparison of different evaluation methods in modulated
temperature DSC. Thermochim. Acta 260, 1–16. http://dx.doi.org/10.1016/
0040-6031(95)90466-2.

Splittstoesser, W.E., 1990. Vegetable Growing Handbook. Springer Science &
Business Media, <http://j.mp/1Stw7DW>.

Swan, J.B., Schneider, E.C., Moncrief, J.F., Paulson, W.H., Peterson, A.E., 1987.
Estimating corn growth, yield, and grain moisture from air growing degree days
and residue cover. Agron. J. 79, 53–60.

University of Dayton, 2003. Average Daily Temperature Archive. University of
Dayton – Environmental Protection Agency, August. <http://academic.udayton.
edu/kissock/http/Weather/default.htm>.

Vigil, M.F., Anderson, R.L., Beard, W.E., 1997. Base temperature and growing-degree-
hour requirements for the emergence of canola. Crop Sci. 37, 844–849.

Villordon, A., Clark, C., Ferrin, D., LaBonte, D., 2009. Using growing degree days,
agrometeorological variables, linear regression, and data mining methods to
help improve prediction of sweetpotato harvest date in Louisiana.
HortTechnology 19, 133–144.

Willmott, C.J., Matsuura, K., 2005. Advantages of the mean absolute error (MAE)
over the root mean square error (RMSE) in assessing average model
performance. Clim. Res. 30, 79.

Willmott, C.J., Ackleson, S.G., Davis, R.E., Feddema, J.J., Klink, K.M., Legates, D.R.,
et al., 1985. Statistics for the evaluation and comparison of models, <https://
kuscholarworks.ku.edu/handle/1808/9389>.

Willmott, C.J., Robeson, S.M., Matsuura, K., 2012. A refined index of model
performance. Int. J. Climatol. 32, 2088–2094.

Zeng, N., Neelin, J.D., Lau, K.-M., Tucker, C.J., 1999. Enhancement of interdecadal
climate variability in the Sahel by vegetation interaction. Science 286, 1537–
1540.

https://prezi.com/_p0owfjiquhs/modeling-temperature-with-a-sine-wave/
https://prezi.com/_p0owfjiquhs/modeling-temperature-with-a-sine-wave/
http://www.fao.org/nr/water/infores_databases_climwat.html
http://www.fao.org/nr/water/infores_databases_climwat.html
http://www.fao.org/nr/water/infores_databases_climwat.html
http://www.fao.org/nr/water/infores_databases_climwat.html
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0085
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0085
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0090
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0090
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0090
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0095
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0095
http://dx.doi.org/10.1093/ee/15.5.999
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0105
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0105
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0105
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0110
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0110
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0110
https://fr.scribd.com/doc/14674814/Regressions-et-equations-integrales
https://fr.scribd.com/doc/14674814/Regressions-et-equations-integrales
http://www.actahort.org/books/419/419_12.htm
http://www.actahort.org/books/419/419_12.htm
http://j.mp/WeatherUndergroundWiki
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0130
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0130
http://dx.doi.org/10.1016/j.enbuild.2008.04.007
http://dx.doi.org/10.1016/S0168-1923(97)00027-0
http://dx.doi.org/10.1016/S0168-1923(97)00027-0
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0145
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0145
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0145
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0145
http://www.ipm.montana.edu/Training/PMT../2006/mt200103.pdf
http://www.ipm.montana.edu/Training/PMT../2006/mt200103.pdf
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0155
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0155
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0155
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0155
http://www.juergen-grieser.de/downloads/CLIMWAT_2.pdf
http://www.juergen-grieser.de/downloads/CLIMWAT_2.pdf
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0165
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0165
http://dx.doi.org/10.1016/0002-1571(81)90105-9
http://dx.doi.org/10.1016/0002-1571(81)90105-9
https://www.google.com/patents/US7256334
http://dx.doi.org/10.1007/s004840050101
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0185
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0185
http://dx.doi.org/10.1016/0040-6031(95)90466-2
http://dx.doi.org/10.1016/0040-6031(95)90466-2
http://j.mp/1Stw7DW
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0200
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0200
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0200
http://academic.udayton.edu/kissock/http/Weather/default.htm
http://academic.udayton.edu/kissock/http/Weather/default.htm
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0210
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0210
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0215
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0215
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0215
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0215
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0220
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0220
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0220
https://kuscholarworks.ku.edu/handle/1808/9389
https://kuscholarworks.ku.edu/handle/1808/9389
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0230
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0230
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0235
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0235
http://refhub.elsevier.com/S0168-1699(16)30093-X/h0235

	An integral model to calculate the growing degree-days and heat units,�a spreadsheet application
	1 Introduction
	2 Material and methods (model development)
	2.1 Data sources and datasets description
	2.2 The non-iterative sinusoidal fitting model
	2.3 Building the model of the non-iterative fitting algorithm
	2.4 The integral model of GDD
	2.5 The studied heat-units calculation methods
	2.6 Comparative statistics

	3 Results and validation
	3.1 Applying the sinusoidal fit to temperature values
	3.2 Heat units calculation points
	3.3 Model applications

	4 Conclusions
	Acknowledgement
	Appendix A Supplementary material
	References




