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Abstract 

A model that calculates the length of the day for a flat surface for a given latitude and day of the year is 
described. Calculated daylengths are within 1 minute of values published in Smithsonian Meteorological Tables and 
the Astronomical Almanac for latitudes between 40 ° North and South with a maximum error of 7 minutes occurring 
at 60 ° latitude. The model allows the use of different definitions of sunrise/sunset and the incorporation of twilight. 
Comparisons with other daylength models indicate that this model is more accurate and that variation in 
accumulated hours of daylight of up to one week over the course of the growing season can be accounted for by how 
sunrise/sunset are defined. 
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1. Introduct ion 

Many ecological and agronomic models re- 
quire knowledge of daylength. Ritchie (1991), for 
example, uses daylength to model physiological /  
ontogentic phenomena  in the CERES wheat  
model. In FOREST-BGC,  Running and Cough- 
lan (1988) use the latitude of the modeled loca- 
tion and the day of the year as input to a daylength 
submodel used in calculations of  canopy transpi- 
ration, photosynthesis,  and energy balance. 
Nikolov (1992) uses Running and Coughlan's  
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daylength equation set to model solar radiation. 
In addition, if one desired to use Campbell ' s  
radiation model (1977) for daily radiation, a 
daylength model could be used to determine the 
range over which to integrate. 

Another  need for daylength is to calculate 
accumulated irradiance. An example of a model 
using this technique is the soybean model, 
Soyphen, (Hodges and French, 1985) which uses 
daylength and tempera ture  to estimate the irradi- 
ance accumulated each day. Daylength or pho- 
toperiod can affect the number  of leaves on maize 
(Bonhomme et al., 1991; Manrique and Hodges ,  
1991), the rate of development of  sunflower 
(Goyne et al., 1989), and the phyllochron (the 
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number of degree-days elapsed between succes- 
sive leaves on a culm) in wheat and barley (Cao 
and Moss, 1989). 

Schoolfield (1982) developed a daylength 
model to estimate the amount of irradiance re- 
ceived by soybean crops to forecast their harvest 
dates from satellite imagery. We have modified 
these equations to allow for different definitions 
of daylength and twilight and to enable the full 
range of values for latitude (CBM model). We 
compare daylength models to each other and to 
published values for daylength, show the effect of 
the definition of sunrise/ sunset on daylength and 
plant growth, and discuss the significance of dif- 
ferent definitions of daylength. 

2. Daylength definitions 

The length of each day varies with location 
upon the Earth and day of the year. Daylength 
also depends upon the definition one uses for the 
beginning and end of the day, and whether twi- 
light is included in daylength. Some of the differ- 
ent definitions for sunrise and sunset are (Smith- 
sonian Institution, 1939): 
l when the center of the sun is even with the 

horizon, 
l when the upper rim of the sun is even with the 

horizon, 
l when the upper rim of the sun is apparently 

even with the horizon. 
Refraction of light through the atmosphere 

causes light to illuminate a location, even when 
the sun is below the horizon. Refraction also 
causes the sun to appear to be on the horizon 
when it is actually below it. 

If one includes twilight as part of daylength, 
then the different definitions of twilight must also 
be considered (Table 1). The light during civil 
twilight is considered to be bright enough to 
perform ordinary outdoor activities without artifi- 
cial light. Civil twilight is defined as the time 
between sunrise or sunset and when the center of 
the sun is six degrees below the horizon (Smithso- 
nian Institution, 1939). Thus, the duration of civil 
twilight varies with the definition of sunrise/ 
sunset. However, if daylength is defined to in- 

Table 1 
Daylength definitions defined by the position of the sun with 
respect to the horizon 

Daylength definition P 
(with and without twilight) (degrees) 

1 Sunrise/Sunset is when the center of 0.0 
the sun is even with the horizon 

2 Sunrise/Sunset is when the top of the 0.26667 
sun is even with horizon 

3 Sunrise/Sunset is when the top of the 0.8333 a 
sun is apparently even with horizon 
(US government definition) 

4 With civil twilight 6.0 
5 With nautical twilight 12.0 
6 With astronomical twilight 18.0 

a This value is the summation of the radius of the sun (in 
degrees as seen from Earth) plus the adopted value for the 
refraction of the light through the atmosphere of 34 minutes 
(Astronomical Almanac 1992). 

elude civil twilight, then the length of the day 
(including civil twilight) is the time from when the 
center of the sun is six degrees below the horizon 
before sunrise, until the center of the sun is six 
degrees below the horizon after sunset. Note that 
this definition of daylength starts the day before 
sunrise and goes until after sunset. 

Other twilight definitions are nautical twilight, 
when the center of the sun is twelve degrees 
below the horizon, and astronomical twilight, 
when the center of the sun is eighteen degrees 
below the horizon. Again, the length of time of 
twilight varies with the definition of sunrise and 
sunset. 

In the United States, the definition of 
daylength is usually the time between the begin- 
ning of sunrise, when the upper rim of the sun is 
apparently even with the horizon, until the end of 
sunset, when the upper rim of the sun is appar- 
ently even with the horizon (Harrison, 1960). The 
model presented here can simulate any of these 
daylength or twilight definitions. This is accom- 
plished by selecting the number of degrees the 
center of the sun is at or below the horizon. 

3. Model descriptions and comparisons 

This section describes the CBM daylength 
model and models from Brock (1981), Running 
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and Coughlan in the Forest-BCG model (1988), 
and Ritchie in the CERES wheat phasic model 
(1991). 

Each model requires latitude (L)  in degrees 
and day of year ( J )  as input. The output of each 
model is hours of light for fiat, level surfaces. The 
definition for daylength in the Brock, BGC, and 
CERES models are fixed, and do not match each 
other's definitions in all cases nor do the defini- 
tions match the daylength definition for pub- 
lished values of sunrise and sunset in the Astro- 
nomical Almanac. This precludes direct compar- 
isons between these models or to the Astronomi- 
cal Almanac. The daylength definition may be 
specified in the CBM model. Thus, we first estab- 
lish the accuracy of the CBM model via compar- 
isons to published data, and then compare the 
other daylength models to the CBM model using 
the appropriate daylength definition in each case. 

3.1. CBM model 

There are several parameters which must be 
considered when modeling daylength. Since the 
beginning and ending of each day is defined by 
some relationship between the position of the 
Earth with respect to the Sun, the rotation and 
orbital revolution of the Earth must be modeled, 
and position of the flat surface on which the light 
is incident on the Earth must be known. Some of 
the mechanics which affect the accuracy of the 
model of the Earth's orbit are modeling an ellip- 
tical orbit rather than a circular one, and model- 
ing the offset of the position of the Earth from 
the center of the circular or elliptical orbit. 

To obtain the most accurate estimate for sun- 
rise and sunset, the location on the Earth for 
which the daylength is to be determined and the 
day of the year must be selected. The problem of 
deriving a formula for daylength at a point on the 
Earth at elevation zero with non-sloping ground 
can be divided into three parts (Schoolfield, 1982): 
1. Predicting the revolution angle (O) from the 

day of the year (J) .  
2. Predicting the sun's declination angle (~b), or 

the angular distance at solar noon between the 
Sun and the equator, from the earth orbit 
revolution angle. 

3. Predicting daylength (D)  (plus twilight) from 
latitude (L),  longitude, and the sun's declina- 
tion angle. 
Schoolfield's equations were modified to in- 

clude the daylength coefficient (p):  

0 = 0.2163108 + 2 tan-l[0.9671396 tan[0.00860 

× (J - 186)]],  (1) 

~b = sin-l[0.39795 cos 0], (2) 

p~- LTr ] 
24 sin 180 + sin 180 sin 4~ 

D = 24 - - -  cos - 1 L~" ' 

cos  cos 

(3) 

p is in degrees, 0 and 4~ are in radians. Also, 
northern latitudes are positive, while southern 
latitudes are negative. The arc cosine parameter  
of Eq. 3 (the contents of the square brackets) 
must fall within the range ( -  1.0, 1.0). The result 
of the sines and cosines within this parameter  can 
lead to values greater than one and less than 
negative one near the poles of the Earth. In these 
cases, the latitude in question is either in continu- 
ous light (parameter value is greater than or 
equal to one) or in continuous darkness (parame- 
ter value is less than or equal to negative one). 

Results from the CBM model are compared to 
tables for sunrise and sunset in the Astronomical 
Almanac 1992. The Sunrise and Sunset table in 
the Astronomical Almanac lists the estimated 
time of sunrise and sunset rounded to the closest 
minute for every fourth day of the year for vari- 
ous latitudes from 55°S to 66°N. This table uses 
the definition for sunr ise /sunset  of when the 
center of the sun is apparently even with the 
horizon (definition 3). The time of sunset was 
subtracted from the time of sunrise to obtain a 
value of daylength to within sixty seconds. The 
CBM model was set to use the same definition of 
daylength. Figs. la  and lb show the differences 
between the daylength calculated from the Sun- 
rise and Sunset tables and the output of the CBM 
model rounded to the nearest minute since that is 
the precision of the tables. 

Similar differences in modeled and extrapo- 
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lated daylength from tables in the Smithsonian 
Meteorological Tables for the year 1899 were 
gathered. In this book, two tables were consulted 
to determine the daylength for the first day of 
each month. Table 95 (Declination of the Sun for 
the Year 1899 at Greenwich Apparent  Noon) in 
the Smithsonian book was used to interpolate a 
value for the first of each month. The declination 
angle was then used with table 94 (Duration of 
Sunshine at Different Latitudes) to interpolate 
the value of daylength for every tenth latitude 
between 80 ° and - 8 0  °. 

In these results, the latitudes ranged from 80°N 
to 80°S. The differences between the output of 
the CBM model and the published values in the 
Smithsonian Meteorological Tables are similar to 
the differences found in the Astronomical Al- 
manac comparison. The magnitudes of the differ- 
ences were slightly greater for like latitudes. Also, 
since the latitudes spanned a greater range, the 
maximum errors at the new range boundaries 
were greater. The largest error magnitude was 
- 3 8  minutes on September 1 at 80°N followed by 
- 3 1  minutes on March 1 at 80°S. The next 
largest errors dropped in magnitude quickly. Be- 
tween 20°N and 20°S, the magnitude of error  was 
less than or equal to 2 minutes. 

These graphs show that the CBM model is 
fairly accurate. At latitudes near the equator, the 

error is 1 minute or less. Near 60°N the error is 
usually 2 minutes or less. The two equinoxes and 
solstices were chosen as dates for which the error 
is shown because the error was largest near these 
four dates (Fig. 1). 

3.2. Brock model 

Brock (1981) presents a method for calculating 
solar radiation for ecological studies where the 
definition for daylength is when the center of the 
sun is even with the horizon (definition 1). 

The declination of the Earth (in degrees) as a 
function of day of year is calculated as: 

[ 283 + J 
~b = 23.45 s i n ~ 3 6 0 ~ ) .  (4) 

The sunset /sunr ise  hour-angle in degrees, with 
northern latitudes being positive, is calculated as: 

hourAngle = c o s - l ( - t a n ( L )  tan(~b)). (5) 

Daylength in hours is then calculated as: 

hourAngle 
O = 2 15 (6) 

Since this model uses a different definition for 
daylength than the Astronomical Almanac, the 
output from the CBM model is used for compari- 
son. The CBM model was run with the same 

"5 
r -  

E 

LU  

Error of CBM Model (p=0.833) 
compared to Astronomical Almanac 

4 ,  

2 ~r / \  . ' - ~  - 

'" i I 

0 100 200 
Day of Year 

/ - - 3 0 S - - 0  --- 3ON--  60NI 
L J 

V X/k/~/\  

P 

300 

Error of CBM Model 
compared to Astronomical Almanac 

3 

~ 2  
03 

"5 1 

§-1 
1.. 

LU. 2 

- 3  

-5O -30 

• / 

. . J  

-10 10 30 
Latitude (degrees) 

\ 

\ 

50 

Day 79 (near equinox) - -  Day 175 (near solstice) 
- -  Day 263 (near equinox) - -  Day 3.59 (near solstice) 

Fig. 1. Error of CBM model. Shown here are the differences, rounded to the nearest minute, between the published daylengths for 
year 1992 (found by subtracting the published time of sunset from the time of sunrise) and the output of CBM model for daylength 
for four northern latitudes (right) and four days of the year (left). The CBM model daylength definition was set to match the 
Astronomical Almanac (p  = 0.833). The range of error is generally about 4 minutes, and is about 10 minutes near year day 98. 
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Fig. 2. Brock model comparison. The CBM model daylength 
definition was set to match that of the Brock model (p = 0). 
The difference at the equator, latitude zero degrees, is zero 
minutes. The range of error is about 20 minutes. 

daylength definition as the Brock model. The 
difference is zero minutes at the equator and 
increases with latitude North and South (Fig. 2). 
The difference is sinusoidal with respect to the 
day of year with increased differences near days 
55 and 295, and almost no difference near days 0 
and 190. 

The similarity of the daylength values pro- 
duced by the CBM and Brock model at the 
equator, but dissimilarity at other latitudes is of 
interest. Further analysis of the differences in the 
model show that the difference in daylengths is 
due solely to the different equations used for 
solar declination in the two models. Brock uses 
Cooper 's  (1968) solar declination equation. 
Cooper did not state any assumptions about the 
equation, but said that the equation is a conve- 
nient approximate relationship. Analysis of the 
equation and comparison of the results of this 
equation to CBM's solar declination equation 
suggest that Cooper 's  equation is based upon a 
circular orbit of the Earth around the Sun, rather 
than an elliptical orbit. 

even with the horizon (definition 1). The model 
calculates the amplitude of the seasonal variation 
in daylength from twelve hours for a given lati- 
tude, and adjusts that value depending on the day 
of the year. 

ampl = e 7'42 + 0 . 0 4 5 L / 3 6 0 0 ,  (7) 

D = ampl s in ( ( J  - 79)0.01721) + 12.0. (8) 

Running et al. (1987) define an "operational 
environment."  They state definition 3 for 
daylength above, and then specify that "the 
daylength for net photosynthesis of a tree is more 
exactly defined as the period of time when the 
light compensation point is exceeded." This point 
occurs when the incoming short-wave radiation 
exceeds 70 W m -2. Thus, the operational 
daylength is approximately 85% of the physical 
day length assuming clear skies. The result of this 
is similar to the use of p in the CBM model, 
except that Running et al. (1987) refine the re- 
sults of their daylength model to adjust the out- 
put to the plant's light intensity requirements. 

Examination of the BGC daylength equation 
shows that it is valid only for the northern hemi- 
sphere and cannot be used in the southern hemi- 
sphere. Differences between the BGC and CGM 
models are small at about 20 ° N latitude and 
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3.3. B G C  

The daylength calculation in the Forest-BGC 
model (Running and Coughlan, 1988) defines 
sunrise/sunset  as when the center of the sun is 

Fig. 3. BGC model comparison. The difference between the 
output of the BGC model and the output of the CBM model 
are shown for the year 1992. The CBM model daylength 
definition was set to match that of the BGC model (p = 0). 
The range of error is about 130 minutes at 60°N, The BGC 
model is not valid for the southern hemisphere. 
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increase with increasing latitude (Fig. 3). At 60 ° 
N, the range of error in the BGC daylength 
equation is about 130 minutes. 

3.4. C E R E S  model  

In Ritchie 's  phasic deve lopment  model  
(adapted from the CERES-Wheat  model; Ritchie, 
1991), the growth phases for wheat are controlled 
by an accumulation of daily temperature above 
freezing and below 26°C. The thermal time for a 
given day is the mean of the maximum and mini- 
mum temperatures times the number of hours of 
light. Thus, the plant accumulates temperature 
for the length of each day. Ritchie's daylength 
model also calculates the declination of the Earth 
as both the Brock and CBM models do. Ritchie's 
daylength model defines daylength as including 
the periods of civil twilight (definition 4). 

Solar declination (~b) is in radians. 

~b = 0.4093 sin( 0.0172( J - 82.2) ) ,  

D = 7.639 cos-1 [max [ - 0.87, 

(9) 

-sin  , sin   -0.1047)] 
- - - - ~ - ~  - - - - -  . ( 1 0 )  

cos(l--g6) cos( ) 
The output from this model is compared to the 

output of the CBM model using corresponding 
daylength definitions (Fig. 4). The difference is 
zero minutes at the equator and increases with 
latitude North and South, just as the Brock model 
does. Again, the differences between these mod- 
els is mostly due to the different equations for 
solar declination in the two models. If the same 
solar declination equations are used, then there is 
virtually no difference in calculated daylength. 

The maximization function is used to limit the 
range of values to the arc cosine function. The 
value -0 . 87  seems to be too high. This limitation 
was encountered at high latitudes during some 
days of the year. A value of - 1 . 0  will increase 

Error  of C E R E S  M o d e l  
compared to CBM model (p=6.0) 
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Fig. 4. CERES model comparison. The difference between 
the output of the Ritchie model and the output of the CBM 
model are shown for the year 1992. The CBM model daylength 
definition was set to match that of the Ritchie model (p = 6). 
The anomaly at latitude of 60*N is due to the use of a 
maximum function (see text). The range of error is generally 
about 15 minutes, and is about 170 minutes in the interval 
between day of year 148 and 201. 

the range of latitudes for which the CERES 
daylength model will provide accurate results. 

4. C u m u l a t i v e  effects  

The growth of some plants, such as field grown 
winter cereals, are a function of the accumulation 
of hours of light (Gallagher, 1979). Some models 
simulate growth effects that are functions of light 
accumulation. As described earlier, Ritchie's 
phasic development model accumulates tempera- 
ture for the length of each day. The definition of 
daylength affects the length of each day which 
results in different predictions of phasic develop- 
ment. 

To illustrate the cumulative effects of the 
choice of daylength definition, the CERES wheat 
phasic model was modified to use the CBM 
daylength equation, and the results of different 
definitions are shown in Table 2. The difference 
in time to the termination of the spikelet phase 
between using civil twilight and defining sunr ise /  
sunset as the center of the sun even with the 
horizon is one week. 
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Table 2 
The effect of the definition of daylength on maturation of 
wheat using the CERES model. This shows the number of 
days calculated by the CERES model to the termination of 
the spikelet phase after replacing the original daylength model 
with the CBM model. The CERES model's original definition 
of daylength includes civil twilight 

Daylength definition p Days 

Sunrise/Sunset  is when the center of 0 195 
the sun is even with the horizon 
Sunrise/Sunset  is when the top of 0.26667 195 
the sun is even with horizon 
Sunrise/Sunset  is when the top of the 0.8333 194 
sun is apparently even with horizon 
With civil twilight 6.0 188 

If a modeler wishes to accumulate daylengths 
as in the CERES model, then the cumulative 
error may become important. To investigate the 
accumulation of error, the CBM model was run 
using daylength definition 3, and the output of 
the model compared to daylengths calculated 
from,the Astronomical Almanac tables of Sunrise 
and Sunset. Time intervals of various lengths 
were chosen for which to accumulate the differ- 
ence between the simulated and tabulated 
daylengths for each day. The starting dates for 
the intervals were then moved through the year 
to determine the maximum accumulated differ- 
ence for each interval length (Table 3; Fig. 5). 
The lengths are from approximately one month 
up to six months. Longer interval lengths are not 
shown because the total accumulated difference 
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Fig, 5. Daily and cumulative error for latitude 30°N, The 
cumulative error line shows the accumulation of error for the 
next 96 days from any starting day. 

decreases due to a sign change in the daily error. 
For intervals of approximately twelve months, the 
accumulated difference was close to zero. The 
maximum accumulated difference is - 3 3 7  min- 
utes at 60°N latitude over an interval of 160 days. 

5. Error analysis 

As pointed out in the previous section, the 
reason for the differences between the CBM 
model and the Brock and Ritchie models is due 
almost exclusively to the equation for the declina- 
tion of the sun. If the same solar declination 

Table 3 
The maximum cumulative error in minutes for the CBM model. The interval with the largest absolute error was found for each 
listed latitude. Each column shows the maximum cumulative error for the interval length specified at the top of the column. In 
parentheses is the day of year for the beginning of the interval. See text for details 

Latitude 32 days 64 days 96 days 128 days 160 days 192 days 

50°S 55 (71) 98 (39) 156 (15) 203 (15) 219 (15) 219 (349) 
40°S 35 (71) 67 (39) 103 (7) 133 (7) 152 (7) 144 (335) 
30°S 27 (71) 54 (39) 83 (31) 104 (15) 112 (15) 119 (365) 
20°S - 17 (287) 27 (15) 40 (15) 48 (15) 50 (15) 51 (15) 
10°S 7 (1) 15 (1) 21 (7) 24 (1) 23 (351) - 20 (159) 
0 ° - 12 (343) - 13 (315) 19 (15) 22 (15) 19 (359) 9 (271) 

10°N - 16 (335) - 21 (319) - 30 (319) - 42 (341) - 44 (319) - 53 (319) 
20°N - 24 (1) - 32 (1) - 41 (1) - 48 (341) - 56 (349) - 63 (349) 
30°N - 3 0  (71) - 4 6  (39) - 7 6  (7) - 9 9  (15) - 115 (15) - 123 (365) 
40°N - 3 9  (15) - 6 3  (63) - 9 6  (7) - 134 (7) - 150 (7) - 159 (365) 
50°N - 5 4  (71) - 9 4  (39) - 146 (7) - 182 (7) - 2 0 6  (7) - 199 (365) 
60°N - 80 (71) - 152 (39) - 231 (7) - 298 (15) - 337 (7) - 343 (341) 
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equation is used for each of these models, then 
the differences in the equations become the defi- 
nition of daylength. For the Brock model, the 
daylength definition is from sunrise to sunset 
defined as when the center of the sun is even 
with the horizon. The Ritchie model's daylength 
definition is from the beginning of civil twilight 
before dawn, to the end of civil twilight after 
dusk. Both of these models are rigid. The CBM 
model, however, is flexible in that the user can 
provide his own definition for daylength. 

This leads us to the question of which is the 
best equation for solar declination. The answer is 
based upon the modeler's judgment of accuracy 
required. A very complex equation set for solar 
declination is provided in the Astronomical Al- 
manac. This equation set requires the calculation 
of the obliquity of ecliptic, ecliptic longitude, 
mean anomaly, Julian Date (including time of day 
as well as date), etc. The number of transcenden- 
tal function calls and multiplications is very large. 
These equations provide results accurate to 0.01 
degrees. 

Comparison of the CBM solar declination 
equation to this equation set shows that a far 
fewer transcendental function calls and multipli- 
cations are required. The results of the CBM 
declination equation are within plus or minus 
0.226 degrees of the Almanac equation with an 
average magnitude difference of 0.107 degrees 
throughout the year. 

The CBM solar declination equation models 
the Earth's orbit as ellipti.cal. If a simpler model 
is used (circular), then even fewer calculations 
are required. Brock's solar declination equation 
is based upon a circular orbit. Eq. 1 can be 
replaced by Eq. 11 to yield the circular orbit 
CBM solar declination equation shown as Eq. 12. 

2 ~  
365.25 ( J -  173). (11) 

The maximum difference between the Astro- 
nomical Almanac solar declination and the circu- 
lar orbit CBM solar declination is 1.07 degrees 
with an average difference in magnitude of 0.428 
degrees. The resulting differences between the 

CBM model output and the Astronomical Al- 
manac tables increase by only 18%. 

~b = sin-l(0.39795 c o s ( ~  ( J -  173) )) • 

(12) 

5. Conclusion 

The CBM model provides the most accurate 
results of the daylength models presented. The 
increased accuracy is due to a better model of 
solar declination. It is also the most robust across 
latitude. The error is within 1 minute near the 
equator, and slowly increases to 2 minutes near 
60°N latitude. For all daylength models, estimates 
are most accurate near the equator and become 
less accurate at higher latitudes. 

While the BGC daylength model requires rela- 
tively fewer complex mathematical operations, 
and will thus be faster, comparison of its output, 
relative to the CBM model output, suggests that 
the model is the least accurate of those presented 
here. 

The Brock model is more robust than BGCs, 
however it approaches the complexity of the CBM 
model. This model, like BGCs, also uses the 
definitions of sunrise and sunset when the center 
of the sun is even with the horizon. If the CBM 
model is run with a sun angle of zero (p = 0), 
then the results of the Brock model and the CBM 
model are at times indistinguishable. In fact, at 
the equator, the two models' results are identical. 
The two models differ primarily in the equation 
for solar declination. 

The CERES daylength model produces results 
which differ from the CBM model results almost 
identically as the Brock model results differ from 
the CBM model output with appropriate settings 
for the daylength definition. Ninety-nine percent 
of the difference between the Ritchie model out- 
put and the CBM model output is a result of the 
different solar declination equations. If all of 
these models use the same equation for solar 
declination, then the CBM model can be viewed 
as a transition between the Brock model and the 
Ritchie model, by changing the daylength defini- 
tion. 
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Us ing  the  C B M  day leng th  m o d e l  in p lace  of  
the  or ig ina l  day leng th  m o d e l  in R i t ch ie ' s  C E R E S  
whea t  phas ic  d e v e l o p m e n t  mode l ,  i l lus t ra tes  the  
impac t  of  day leng th  def in i t ion  on mode l s  which 
accumula t e  l ight  r e l a t ed  va lues  over  pe r i ods  of  a 
few months .  Since  the  impac t  is no t iceab le ,  the  
m o d e l e r  mus t  dec ide  which  def in i t ion  to use.  
This  dec is ion  is b a s e d  u p o n  the  effect  be ing  mod-  
eled.  To  s imula te  o n s e t / c e s s a t i o n  of  pho tosyn-  
thesis  or  on togene t i c  p h e n o m e n o n  con t ro l l ed  by 
red  or  far  r ed  p h e n o m e n o n ,  then  the  civil twil ight  
def in i t ion  should  be  used.  In  the  case  of  p l an t  
energy  ba l ance  requ i r ing  d i rec t  sunlight ,  t hen  the  
def in i t ion  one  should  use  is w h e r e  p is 0.0. In  
fact,  if h igher  levels of  d i rec t  i r r ad i ance  a re  re-  
qui red ,  a nega t ive  va lue  for  p might  be  consid-  
e red .  This  a p p r o a c h  is used  by C a m p b e l l  (1977) 
in ca lcu la t ing  energy  ba lance .  

T h e  e r ro r  analysis  shows tha t  the  C B M  m o d e l  
p rov ides  a good  e s t ima te  for  bo th  dai ly  and  accu- 
m u l a t e d  daylength .  Subs t i tu t ing  Eq. 11 for  Eq. 1 
elimi~aates the  n e e d  for the  execut ion  o f  two 
t r i gonomet r i c  funct ion  calls and  two mul t ip l ica-  
t ions and  prov ides  resul ts  with e r rors  tha t  a re  
only m o d e r a t e l y  l a rge r  in magn i tude .  

Excep t  for  the  l a t i tud ina l  anomal i e s  n o t e d  in 
the  B G C  and  C E R E S  models ,  all the  mode l s  give 
e s t ima tes  o f  day leng th  tha t  a re  a d e q u a t e  for  most  
ecologica l  purposes .  M a x i m u m  dai ly e r ro r  r anges  
f rom 7 minu te s  (CBM)  to abou t  four  hours  ( B G C )  
and  d e p e n d s  on la t i tude .  A c c u m u l a t e d  day leng th  
can di f fer  by as much  as seven days  over  a grow- 
ing season.  T h e  ecologica l  s ignif icance of  such 
e r rors  d e p e n d s  on the  pa r t i cu l a r  appl ica t ion .  
W h a t  is a d e q u a t e  for  l ong- t e rm dynamics  such as 
fores t  g rowth  may  be  en t i re ly  i n a d e q u a t e  for  
sho r t - t e rm  growth  and  physiologica l  p rocesses  
such as c rop  yields.  Overa l l ,  the  C B M  m o d e l  is 
the  mos t  robus t  of  those  s tudied ,  is accura te  
enough  for  any conven t iona l  ecologica l  pu rpose ,  
and  is the  only one  tha t  al lows user  se lec t ion  o f  
the  day lcng th  def in i t ion .  
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