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ON THE USE OF SOLAR RADIATION AND TEMPERATURE MODELS TO
ESTIMATE THE SNAP BEAN MATURITY DATE IN THE WILLAMETTE VALLEY

Earl M. Bates

National Weather Service Office
Corvallis, Oregon

I. INTRODUCTION

Because of the importance of meteorological factors on the geographical
distribution of plants and on their reproductive cycle, there has been
considerable interest in using meteorological and climatological data to
explain the growth and development of plants. This has lead to the slow
evolution of increasingly complex models which are now being used by
ecologists, horticulturists and vegetable processing companies to explain,
with varying degrees of success, how such variables as temperature affect
plant growth and maturity.

In the Willamette Valley of western Oregon, an important vegetable crop
is snap beans (PhaseoZus vulgaris L.). During the three-year period
1975-1977, the average annual value of snap beans to growers was 19.0
million dollars ($144/ton and 4.4 tons/acre) (OSU Extension Service, 1979),
and the value added by processing amounted to about 50 million dollars.

In order to insure that processors have an orderly flow ·of snap beans
into the processing plants, planting dates must be established and sched
uled so that there are successively maturing crops in harvest season.
Thus, if a method based on climatological variables is available to
estimate the date of maturity, using the desired schedule of harvest dates,
it is possible to determine dates needed to meet this harvest schedule.
The heat-unit model has had some use in the Willamette Valley for this
type of crop management. The heat-unit model, however, is generally con
sidered to be unreliable for this purpose. This is especially true for
crops harvested late in the crop year.

The purpose of this preliminary study was to use available phenological
and climatological data in evaluating some of the available models to see
if the heat unit model could be improved or a better model developed.

II. THE PHENO-CLIMATOLOGICAL MODELS

Rene A. F. deReaumur (c. 1740)1 suggested what was probably the first
and certainly the simplest pheno-climatological model of plant development.
It can be expressed by the following equation which integrates the ambient
temperature pet) between planting time t and the time of maturity t asp m

C)

1The inventor of the temperature scale which bears his name.
OOR is the melting point of ice and BOoR is the boiling point

On this scale
of water.
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follows:

t

S;'/t)dt = k ,
. 0

t
P

(la)

(2a)

where T(t) = 0 if T(t) < 0 and k is a varietal constant (degrees -
unit time).* 0

The subsequent development of the concept of a threshold temperature
necessary to sustain growth in a plant lead to the following, "heat unit"
model which has been used since the time of Boussingault (1837):

.r~(t)
t
p

where (T(t) - a1) =0 if T(t) < a1 and k1 , which is just the integrated
departure of temperature from a reference value, is a varietal constant
(degrees - unit time). The reference value a

1
is another varietal constant

which is usually called the basis.

In applied studies, it is always necessary to approximate the integrals
in Eqs. 1 and 2 (or in any other model for that matter) by summations
over some finite increment of time. Most commonly, as is done in this
study, the summations are by day. If Tm is the daily average temperature,
p the planting date and M the date of maturity, then these two models become:

k >o
(lb)

(2b)

where T = 0 if T < 0 and k has the units of degree-days: andm m 0

M
1: (T - a

1
) = k

1
>

p m.

where (T
m

- a1) = 0 if Tm < a1 and k1has the units of degree-days or

*Note: The k varietal constants, as discussed in this paper, are constants
for this particular location. If used elsewhere, these sight-specific constants
would be different.

-2-



the number of growIng degree days (UDD)?'] Furthermore, in biometeoro
logical applications, the daily mean temperature Tm is often approximated
by using the mid-range temperature (one half the sum of the maximum and
minimum).4 This is convenient and often necessary because the maximum
and minimum temperatures are all that are observed at most stations in
the national climatic grid. The nomenclature of biometeorology is sometimes
confusing because the mid-range temperature is usually called the mean
daily temperature.

In the heat-unit model, Eq. (2), the effects of all factors besides
temperature are absorbed into one constant, the basis al. Therefore, the
problem seems to be oversimplified; and there have been several attempts to
remedy this apparent defect. Nuttonson (1958) included the effects of
Ehotoperiodism by multiplying the heat-unit model by the average day length
L during the growing period, i.e.,

(3)

is called a

M
L ~ (Tm - a2) = k 2

(T - a2) =0 if Tm m

M
where L = M:P L Land

P
thermal unit (PTU). The basis a2 for this model is not necessarily
identical to the basis a in Eq. (2). Although this model seems to be
much better than the heai-unit model at various localities with widely
separate latitudes, it was also an improvementS in the case of Marquis
wheat grown during different time intervals of a given crop year
(Nuttonson, 1958).

Another crop model was developed by Caprio (1971). He found that the
heat-unit model could be improved if the amount of total daily solar
radiation (glqbal, the sum of the direct and diffuse) measured on a flat

2These are also called accumulated heat units (ARD) by some authors.

3If the summation in Eq. (2a) is done for each hour, then Tm is some hourly
temperature value (e.g., from some source as a NWS 1st order station),
or L (T - a) is the area under a thermograph trace above the basis.
In this ~ase,~ is called the number of growing degree hours (GHD).
Naturally bett~r results are reported in the literature for GHD's because
it is a better approximation to Eq. (la).

4A discussion of the effects of using a long-term daily mean temperature
which does not take into account the variability of the weather can be
found in Chen (1973).

SIn the sense that the coefficient of variation for k 2 was 7.8% compared
to 11.4% for k

1
for a test case of Marquis wheat at Moro, Oregon, sample

size 17.

-3-



6surface QT(ly ) was included in a model in the following way:

(4)

where (Tm - a
3

) =0 if T
m

< a
3

, k
3

is called a solar thermal unit (STU).

Caprio viewed the inclusion of Qt as an effective way to adjust for the
climatological inhomogeneitites which existed among geographic areas.

In response to various complaints about the apparent inadequacy of the
heat-unit model when used with Willamette Valley crops, Bates (1976) sug
gested the following simple model based solely on the daily accumulation
of total solar radiation received:

(5)

7
where k

4
is a varietal constant with units of langley.

In this study, two new models were also tested. The first is called
the radiation-temperature model. It is the following combination of
daily total-solar-radiation and the daily maximum and minimum temperatures:

M T
l: Q

T
max

P a -
5

= k
5

(6)

where a 4,a
5

are two parameters to be fitted to a particular data set (in
this preliminary study, for brevity just 32°F (DOC) and 100°F (37.8°C)
are used for a4 and as respectively.

The second is called the statistical model. It is a statistical analog
to an equation derived in Appendix A, which has the following form:

M
~ (Tm - a6 ) + a 7 (QP!L) + aiM - P) = k

6
(7 )

a

6A langley (ly) is equal to one gram-calorie per square centimeter or
4.186 joules per square centimeter.
7
The proportion of photosynthetically active radiation (PAR) in sunlight

does not vary significantly with time of day, time of year or with
atmospheric conditions (Williams, 1976).

-4-
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()
where a6 is the basis, 07' oR and k 6 are three additional varietal constants
and the variable (M - P) is the number of days to maturity. The basis a6
is not necessarily the same as the basis a of equation (2). To get the
statistical model which follows, equation 17a) is treated as a linear 1st
order regression model and grade information is included as a third independent
variable:

where:

i
+ E.

-z.
(7b)

C)

(M - P). are the number of days to harvest for the ith trial,
-z.Sl' S2' and SJ are parameters of the model (regression coefficients),

~ (T - a
6

) i' ~ Q~L~ . and G1 2 i are the values of the
m -z. ,

the independent variables at the ith trial. G1 2 i,

is the percentage of the ith crop that was Grades 1 and 2
combined, and the other variables were defined previously.

E. is the usual random error term,
-z.

i = i~ ... ~ n where n is the sample size.

a
6

is assumed to be the same as the basis a
1

of Eq. (2).

III. THE SNAP-BEAN PHENOLOGICAL RECORDS

In February of 1979, data on snap-bean crops were acquired from both the
Eugene and Salem offices of Agripac, Inc., the Salem office of Libby,
McNeill & Libby, Inc., the Albany office of Stokely-VanCamp, Inc.,
Dr. H. Mack, Oregon State University horticulturist, and Dr. J. Vomocil,
Oregon State University soil scientist. The raw data totaled 747 different
snap-bean crops which had been planted in western Oregon. There were 15
different varieties of beans. The earliest data was from the 1969 season
and the latest from the 1978 season.

The crop information was first edited according to the following specifica
tions:

-5-



to be available unless the data were from
the Vomocil data);

a. The fields had to be located in the Willamette Valley;

b. Grade information8 had
an OSU experimental plot (e.g.,

c. The percentage of the crop that was in Grades 1 and 2 combined
had to be at least 20%;

d. The harvest had to have been completed in one day.

The crop information was then st.atified py geographical areas within
the Willamette Valley (Fig. 1) which were defined as follows:

a. Area 1 (the Eugene Area) - a band across the valley from Belt
Line Road, Eugene northwards to the city of Harrisburg;

b. Area 2 (the Corvallis area) - a band across the valley from the
city of Harrisburg northwards to the city of Buena Vista:

c. Area 3 (the Salem area) - a band across the valley from the city
of Buena Vista northwards to the city of Gervais:

d. Area 4 - the northern end of the valley.

C)

Next, these crops were stratified by variety. Only for Oregon 1604 and
Asgrow 290 varieties were there enough data to get samples large enough to
attempt further analysis. Also, since the success of the heat-unit model
seems to depend on seasonally changing variables, the planting dates were
stratified by seasons which are defined for the purposes of this study as: (~

a. Early - 1 May through 14 May;

b. Middle - 15 May through 8 June;

c. Late - 9 June through the last planting date (7 July).

The breakdown by planting season was based mostly on experience with
response of this crop to the climate of this valley; however, it was also
based in part on an effort to get both reasonable sample sizes in each
category and some differentiation among the harvest periods .

. The final snap-bean sample sizes by area, variety and planting season
are shown. in Table 1. A further breakdown of the Eugene Area data by year
is shown in Table 2. Even in this case, there are insufficient data to
study adequately any interannual variations. A good pheno-climatological
model will have little variation in its constant (e.g., k1 , Eq. (2) ).
What appears to be needed for this is sample sizes of about 30 in each
category of Table 2.

8Grade 1 is sieve sizes 2 and 3, Grade 2 is sieve size 4, Grade 3 is
sieve size 5, Grade 4 is sieve size 6 and the culls are sieve sizes 1 and 7.

-6-



(
)Table 1.

"

Planting
Season*
Early

,

Middle

C)

Late

Sample sizes n for the snapbean phenological data used in this
study when stratified by area, variety, and planting season.

Salem Area Data (1978) Eugene Area Data (1973-1978)
Gr.ade(s) Variety 1604* Variety 290** Variety 1604@ Variety 290#

1 13 0 20 5

2 13 0 20 5

3 13 0 20 5

4 13 0 20 5

1 &2 19 4 20 5

3 2. 4 19 4 20 5

culls 19 04 20) 5

1 17 31 8 28

2 17 31 8 28

3 17 31 8 28

4 17 31 8 28

1 & 2 20 34 8 28

3 & 4 20 34 8 28

culls 20 34 8 28

1 0 29 0 27

2 0 29 0 27

3 0 29 0 27

4 0 29 0 27

1 & 2 0 29 0 27

3 & 4 0 29 0- 0 27

culls 0 29 0 27

*Defined in the text
**Libbey's data did not include information on Grades 1 through 4.
@/\ll data on the earOly plantings of variety 1604 are from 1976 through 1978.
The unanalyzed data on midseason plants are spread over 5 years.

;'fOne late planting of variety 290 has no grade information (VDmocil data).

(J -7-



Table 2. Number of Eugene Area plantings stratified by variety, year
and planting season.

Year 1604/Early
Variety/Planting Season
290/Middle 290/Late C)

1973

1974

1975

1976

1977

1978

o
o

o
9

3

8

2

3

7

7

7

2

2

6

9

o
7

3

Figures 2 and 3 show the number of dates of the plantings and harvests by
area, variety and planting season. The overall pattern is One of a narrow
planting period and an associated harvest period that is somewhat longer.
One problem with these data when used in a study of this type is best
illustrated by the late June plantings of Asgrow 290 in the Salem area in
1978 (Fig. 2). Here a large number of fields (10) were planted on one day,
but they were subsequently harvested over a period of a few days late in
August. This shows an apparently large influence of cultural practices on
the harvest dates - such factors are outside the scope of this study.

Figure 2 also shows the daily rainfall amounts reported at the Salem
Airport (SLE). It· should be noted that after a very rainy period during
the middle of the month of May, there was a flurry of plantings. Then
again, in August of this year, it was necessary to harvest in the rain.
This is an example of a meteorological variable which has not been included
in this study influencing cultural practices.

Table 3 shows statistics on the number of days to harvest and the
correlation between the harvest dates and the percentages of each crop in
Grades 1 and 2 combined. One approach to estimating harvest dates is to
use the average number of days to harvest. These data suggest that, with
such an approach, the root-mean-square error (RMSE) may be as high as 5
days. Any type of practical pheno-c1imato1ogica1 model for plant maturity
must be better than this.

C)

The correlation coefficients
limitation of these data sets.
maturity are to be tested, yet

in :!able 3 point out another problem or
Pheno-c1imato1ogica1 models for plant

sometimes a large fraction of the total

-8-
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variation. in the number o~ days to harvest is accounted for by quality
or grade of the crop harvested. indicating that the harvests are not
always scheduled for a standard grade. This is a non~meteorological

factor. In this stuny. only Eq. (7b). the statistical model. is capable
of including grade information as one of the variables. An objective
method for adjusting harvest date toa standard percentage by grade
would be very useful.

Table 3. The ~ean number of days to harvest. the stand~rd deviation
and the corelation between the percer1ta~e of each, cro~ in
grades 1 ~nrl. 2 cnmhi nerl ilM the. r.wnb.e+ ,of rla.;;:. .to haPt.es.t

The Willamette Valley's general location and topographic complexity is
shoWn in Fig. 1. It is a large area enclosed by the Cascade Range (pn
the average 6500-ft (2 km) high) to the east and the Co?st Range (on the
average 1600-ft (0.5 km) high) to the west. At the falls of the Willamette,
near Oregon City. and south of Eugene. the ends of the valley are closed by
the juncture of these two mountain ranges. The valley floor; where the
vegetable crops are grown, is about 3l-miles (50 km) wide and about 110~

miles (185 km) long, and it descends gradually from an elevation of apout
360 ft (110 m) to less than 130 ft (40 m) near Oregon City at the north end
of the agricultural area. The floor is nearly level·in some places, gently
rolling in others and broken by several groups of hills and scattered'butt"s.

During the summer, the winds are generally light and northerly. but there
are up-and down-slope winds and sea breezes. The sea breezes or penetrations
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of cool, marine air through the gaps in the Coast Range lower the
temperatures in the valley and make the mid-range temperatures a less
accurate approximation of the true average daily temperature.

Figure 1 also shows this study's 4 snap-bean'growing areas within the
Willamette Valley. For Area 1, the temperature data were observed at
the National Weather Service first order station at the Eugene Airport
(EUG) which has a station elevation of 359 ft (109.4m) above mean sea
level (MSL). For Area 2, the temperature data were observed at the
National Weather Service Climatological Observatory at the Hyslop
Agricultural 'Field Laboratory, Oregon State University (COV) 225 ft (68.8m)
MSL. This 'station is not shown on Fig. 1, but it is 10 miles (16.1 km)
NNE of the Corvallis Airport (CVO). For Area 3, the temperature data were
observed at the National ' Weather Service first order station at the Salem
Airport (SLE) which has a station elevation of 196 ft. (59.7 m) MSL. The
distances involved are: SLE to EUG, 56 miles (90.1 km); COV to EUG, 35.5
miles (57.1 km); and COV to SLE, 21.8 miles (35.1 km). The maximum and
minimum'thermometers are all at standard shelter heights (~1.5 m above
ground).

The solar radiation data from the Eugene Area have a period of record
(POR) of 1975 - 1977. The ,instrument is located on top of the Physics
Building of the University of Oregon, Eugene, Oregon. The 1975 - 1976
data were collected using an Eppley PSP Pyranometer, and the 1977 data
with a Schenk Star Pyranometer. The COV radiation data have a POR of 1969 
1978. The instrument is a Belfort pyrheliograph colocated with the
thermometers at COV at an instrument height of ~ 1.7 m. Strip charts from
both locations are routinely reduced to values of total daily solar
radiation QT'

Climatological observations such as these are not the same as observations
taken in the plant habitat itself, and all microclimatic variations are
necessarily ignored. However, one objective of this study is to use standard
climatological data which can easily be made available to agriculturalists.

A climatological data file was constructed for the period 1 May through
31 August for each of the years 1969 through 1978. This data file included
all maximum and minimum temperatures, the Corvallis radiation data, the
Eugene radiation data when available and the day length at Corvallis.
The maximum variation in day length within Areas 1 through 3 of the
Willamette'Valley is only about 3 minutes.

The degree-day requirements for a given variety are known to decrease
with increasing altitude (e.g., Nuttonson, 1958). This should have little
effect on this study because the altitude variation is negligible within
the valley (see also the discussion in Hennessey, 1979, and in the literature
cited therein).

In this preliminary study, only a cursory examination of the climatology
was possible. Table 4 includes the summary statistics for the differences
in the maximum, minimum and mid-range temperatures among these three
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stations. On the average, these differences are rather small; and the
use of the mid-range temperature tends to decrease the variation about
the mean. The usual argument is that, when one is dealing with accumula
tions of temperatures over several weeks, any difference between stations
within an area as small as this valley will be averaged out. Figure 4
shows the test of this hypothesis·using the snap bean samples from the
Eugene Area (see Table 1 and Fig. 3). [Note: both Fig. 4 and 5 are "box
and whisker" plots. The "box" is centered at the mean of the sample and
extends ±l standard deviation either side. The "whiskers" extend from
the ends of the box to the minimum and maximum sample values (unless the
data are so badly skewed that one of the extremes is within 1 standard
deviation of the mean).]

In Fig. 4, summary statistics on the differences in the accumulated mid
range temperatures among these three stations as percentage of the accumu
lated COV mid-range temperature are depicted by the box and whisker plot.
These mid-range temperature accumulations (i.e., k , Eq. (1» are between
the planting and harvest dates for the snap-bean d~ta from the Eugene Area
(Table 1 and Fig. 3). On the average, the mean differences are about 1 
2%, and the variance increases with increasing distance between stations.
A similar analysis (not shown) for the Salem Area data, which are all from
just one year, shows the mean differences ranging from about 1/2 to 4%,
but the standard deviations less than ±1/2%. Thus, the conventional
wisdom is confirmed, at least by these data; and the use of one temperature
reporting station from each area appears justified.

Tahle". Oescriptive statistics for diHerencp.s in maximlJm, minimum and mid-range (OF)
among the three observation sites used in this study, POR 1969 - 1978.
(The temperature differences are computed by subtracting the value at
the southern site from the value at the northern site.)

Type of COV - EUG SLE - COV SLE - EUG
Temperature
Difference ~Iean Std. Dev. Range Mean Std. Dev. Range Mean Std. Dev. Range

Maximum -1.6 ~2.3 -14,13 1.0 +1. 7 -5,9 -0.6 ~2.8 -14,22
Minimum -0.1 ~4.D -16,19 -0.6 ~3.9 -24.25 -0.8 ~3.5 -15,32
Mid-range -0.9 ~2.4 -10,10 0.2 +2.1 -11,13 -0.7 ~2.3 -10,16

There have historically been few climatological analyses of solar
radiation data in spite of its being the prime factor of climate
(Griffiths, 1975), and little time was available for such analyses during
this study. However, for all 333 days during 1975 - 1977 with simultaneous
radiation observations, the correlation between total daily radiation
observed at the University of Oregon (QT UO) and the total daily radiation
at COV (Q COV) is 0.87; and 76% of the variance is explained by the
followingTiinear regression model:
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QT,UO = 73.8 + 0.94 QT,COV (8)

C)

;

()

By analogy with the mid-range temperature results, one would also
expect little difference in radiation amounts measured at different
locations on the valley floor, at least when dealing with accumulated
values of total daily radiation (i.e., k4, Eq. (5». Fig. 5 shows a
test of this hypothesis. The average percentage difference is as high
as -11% (e.g.. , the variety l604/early planting sample) and the standard
deviation can be as large as -10%. These are unexpected results, and
this subject should be explored further, especially if pheno-climatolog
ical models using solar radiation are to be used.

v. MODELING RESULTS

All of the models for plant growth, Eqs. 1-7, require the statistical
estimation of their parameters using suitable phenological and climatolog
ical data spread over a period of several years. For example, the basis
a

1
for the heat-unit model, Eq. (2), is found by the method illustrated

in Fig. 6. For each basis al' the coefficient of variation of kl is com
puted. The appropriate basis for any set of data is then the value of a

1that minimizes the coefficient of variation of kl (i.e., that makes the
constant k1 most "constant"). This technique has been used by other
authors (e.g., Caprio, 1971). Unfortunately, in this study, the method
worked only with the Salem area data for Asgrow 290 [-46°F (7.8°C) and
-54°F (12.2°C) for the middle and late plantings respectively]. To avoid
this difficulty, the models were then run for one or two different bases
(45°F and 50°F or 7.2°C and 10°C). These are the values which have been
customarily used as bases for snap beans in the Willamette valley.

All of these various models are based on the summations of variables
or combinations of variables from a planting date P to a maturity date M.
In this study, the date of maturity is approximated by the date of harvest
and the· associated percentage of the crop in Grades 1 and 2. Only for
the statistical models, Eq. (7), are any grade information included.

Table 5 shows the mean and standard deviation of the accumulated values
of each model tested on these snap-bean samples (i.e., the mean and stan
dard deviation of k , ... ,k6). In previous studies of this type, the mean
value has always be~n used as the estimator of the k of the model being
studied. Since these k's are supposed to be constants,·the coefficient
of variation (the standard deviation dividied by the mean) is used as a
measure of how well the model performs.

Table 6 shows the coefficient of variation of each k for each model for
each snap-bean sample. Although these results do not permit the unambiguous
identification of a "best" model, the following should be noted;

a. The statistical models (Eq. (7» look promising when the correla
tion between grade and day-to-harvest is significant.

-13-.



Table 6. The coefficient of variation of snap bean samples '(Table 1) and for each model to be tested. The
models are rank's"~ in increasing order of the coefficient of variation. '

Variety/Planting Season
1604/Early 1604/Middle 290/Middle 290/Late

Area ~lodel Coefficient Ranking Coefficient Ranking Coefficient Ranking Coefficient Ranking

Reaumur
,

Salem 0.04023 3 0.03019 1 0.04638 9 0.02818 10
Bates 0.04322 4 0.03117 2 0.05303 11 0.03034 11
Nuttonson (45°F) 0.05566 5 0.03638' 3 0.03500 3 0.02366 6
Nuttonson (50°F) 0.05727 7 0.03701 4 0.03474 2 0.02332 5
Heat Unit (45°F) 0.05642 6 0.03804 6 0.03562 4 0.02530 8
Heat Unit (50°F) 0.06740 10 0.04217 9 0.03645 5 0.02456 7
Caprio (45°F) 0.06733 9 0.04149 8 0.04006 6 0.02184 2
Caprio (50°F) '0.07837 11 0.04506 ,10 0.04014 7 0.02030 1

1 Rad-Temperature 0.06575 8 0.03896 7 0.04315 8 0.02234 3
I-'..,. Statistical (none) 0.01196 1 0.09663 11 0.02975 1 0.02297 41

Statistical (45°F) 0.02117 2 0.03801 5 0.04996 10 0.02714 9

Eugene Reaumur 0.05260 1 0.06134 2 0.07121 1
Bates 0.05328 2 0.06252 3 0.07133 2
Nuttonson (45°F) 0.07110 3 0.08025 5 0.08303 4
Nuttonson (50°F) 0.07272 4 0.08322 ' 6 0.08484 5
Heat Unit (45°F) 0.07279 5 0.08590 7 0.08960 6
Heat Unit (50°F) 0.08447 8 0.10501 9 . 0.10072 9
Caprio (45°F) 0.08575 9 0.10682 10 0.09687 8
Caprio (50°F) 0.09767 11 0.02574 11 0.10610 10
Rad-Temperature 0.07873 7 0.09501 8 0".09518 7
Statistical (none) 0.07497 6 0.06571 4 0.11437* 11
Statistical (45°F) 10 0.03570 1 0.07867* 3

*Only 26 of these had grade information
•
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b. The radiation-temperature model (Eq. (6» usually out-performs
the Caprio model (Eq. (4», but it would need to be fit to the data to
be optimized.

c. Of the rema~n~ng models, the simpler ones seem to work better.
This is true even of Bates' model (Eq. (5» for which it was necessary
to use only the Corvallis solar radiation data.

d. Caprio's model appears to be the worst, but it is not known how
sensitive this model is to the use of the Corvallis QT values.

Figure 7 shows a comparison among all the older, established models.
The surprising thing is how well Reaumur's model performs. It has not
been used, at least to these authors' knowledge, since the heat-unit model
gained wide-spread acceptance more than a century ago.

VI. RECOMMENDATIONS FOR FUTURE WORK

This study has laid the foundations for future research which may have
a practical impact on Oregon agriculture. In the short term several
things ought to be done.

a. More solar radiation data should be gathered (e.g., University
of Oregon's 1978 data), especially data from the nor them half of the
valley. Then a more detailed analysis of the radiation climatology
should be made which would include a study of the relationship between
solar radiation and temperature (e.g., Ojo, 1973).

b. The climatological data base should be extended to include
April data and data from Area 4.

c. The models should be tested in a way that expressed the results
in terms of the root-mean-square error (RMSE) in days-to~harvest. A
practical criterion for model selection is not a lower coefficient of
variation of k, but rather whether or not it has a RMSE days-to-harvest
smaller than others by at least one day.

d. The models should all be tested using either independent data
or a "jack-knife" procedure to see how well they perform when trying to
predict harvest dates using climatological data.

The initial application of the results of this paper is presented as
Appendix B. This appendix shows the simplest way that climatological
data can be used with these models and recommends further testing by
interested agriculturists. If these models are to be used outside the
Willamette Valley, new varietal constants should be determined, and the
models should again be evaluated to see which one(s) work best in any
particular area.
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VII. SUMMARY AND CONLUSIONS

The preceeding sections have discussed the climatology, the pheno
climatological models and the snap-bean field records used in this study.
This study has necessarily taken a rather broad-brush approach to studying
the climatological aspects of the problem, and it has also been necessary
to use only a small number of snap-bean recoras.' However' for,
the first time, the results of several different climatological models
have been compared.

Until more definitive results from further research become available,
we recommend that either Reaumur's model (Eq. (lb» using the summation
of mid-range temperatures from the nearest climate station or Bates'
model (Eq. (5» using the summation of Corvallis total daily solar
radiation amounts be used by the snap-bean processors in this valley and
that the results of these models be compared with the old heat-unit, base
45°F model (Eq.(2b».
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Fig. 1. Topographic map of western Oregon showing the location of
the four areas within the Willamette Valley used in this
study (set off by dashed lines) and the locations (+) of the
airports at Eugene (EUG), Corvallis (CVO) and Salem (SLE).
(Adapted from a base map, courtesy of R. W. Baker.)
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APPENDIX A

In this study, the limited number of available variables are:
the number of .days .to maturity W to P), the daily aVeraged temperature
Tm as approximated by'the daily mid-range temperature, the total amount
of daily global radiation QT' and the day lengthL, It is possible to
derive Eq. (7a) starting with an equatio~ for leaf temperature TL
(Linacre, 1964) which has been modified to leave out the effects of
latent heat:

(A-I)

where:

T is the ambient tempet"ature
p is the density of the air
Q* is the net radiation
cp is the specific heat at constant pressure
l' is the resistance.

According to Bay (1971), there is always a significant linear relation
ship between net radiation Q* and the downwards flux of solar radiation
Xi-, i.e.,

C) (A-2)

Combining Eqs. A-I and A-2, ignoring any contribution of the nighttime
net radiation on a daily average leaf temperature and then crudely
taking a daily average, we have:

()

T [PYO) +[ppYCpl) Q IL
TL:i; m + PCp T

This suggests the following model for plant development:

M
l: T

L
= k

6
P

where k6 might be called the number of leaf degree days.

-25-

(A-3)

(A-4)



APPENDIX B

An application a the models is shown here. The accompanying graphs
show the accumulation of temperature in degrees F. and radiation in
langleys from May 1 to September 30 for Corvallis, Qregon. To use
either graph, one selects the appropriate "constant" for variety and
planting period.- The expected-maturity date can be found by entering
the curve with the date of planting and following up the curve with the
number of units of the "constant".
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93 An Operational EVIII"uation of 500-mb Type Regression Equations. AlexllnderE. MacDonll.!d, June 1974. CCOM-74-11407lAS)
94 Condltlonel probabIlity of Visibility Less than One-Half ~lle In RadIation Fog at fresno, California. John D. Thomas,

August 1914. (COM-74-[I55'1AS)
96 Map iypePreclpttatlon Probllbillties for the Western Region. Glenn E. ~sch'and Alexander E. MacDonald, February 1975•.

(CQM-75-I0428!AS)
97 Entern Pacific Cut-off Low 0.1 April 21-28, 1974.WIJllam J. Alder and George.'R. Miller, January 1976. CPB-250-711!AS)
98 Study on a Significant PrecipItation Episode In Western United states. Ira S. Brenner, Aprl[ 1976. (COM-75-10719!AS)
99 A Study. of F[ash Flood Susceptlbillty~-A Basin In Southern Arizona. Gerald Wil Iiams, August 1975. (COM-75-[1360/AS)

IQ2 A Set of Rules for Forecasting Temperature. In Napa and SonomB Counties. Wesley L. Tuft, October 1975. (P8~246-902/AS)

103 Application of the National Weather Service F[ash~Flood Program In the Western Region. Gerald Williams, January 1976.
(PB-253-053/AS)

104 Objective ~Idsfor Forecasting MInimum Temperatures at Reno, Nevada, During the Summer Months. Christopher O. HI I I,
J~nuary 1976. (PB-252-666/AS)

105 Forecast!ng the Mo'no Wind. Charles P. Ruscha, Jr., February 1976. (PB-254-650)
106 Use of MeS Forecast Parameters In Temperature Forecasting. John C. Plankinton, Jr., ~rch 1976. (PB-254-649)
107 Map Types as Aids In Using MOS PoPs In Western United States. Ira S. Brenner, August 1976. (PB-259-594)
J08 Other Kinds of.Wlnd Shear. Christopher D. HilI, August 1976. (PB-260-437/AS)
109 forecasting ~orth Winds In the Upper Sacramento Valley and.AdJolnlng Forests. ChrlstopherE. Fontana, Sept. '1976.

(PB-273-677/AS) .
110 Cool Inflow 'as a'Weakenlng Influence on Eastern Pacific Tropical Cyclones. William J. Denney, November 1976.

(PB-264-655/AS)
112 The, MAN/MaS Program. Alexander E. MacDonald, February 1977. (PS-265-941/AS)
113 Winter Season Minimum Temperature Formula for Bakersfield, Ca[lfornla, Using Multiple Regression. Michael J. Oard,

February 1977•. CPB-273-694/AS)
114 TropIcal Cyclone Kathleen. _James R. Fors, February 1977. (PS-273-676/AS)
116 A StUdy of Wind Gusts.on Lake Mead. Bradley Colman, April 1977. (PB-268-847)
117 The Relative Frequency of Cumulonl,mbus Clouds at the Nevada Test Site as a Function of K-yalue. R. F. QuIrIng,

April 1977. (PB-272-831)
118 MoIsture Distribution Modification by Upward Vertical Motion. Ira S. Brenner, April [977. (PB-268-740)
119 Relative Frequency'of Occur-renee of Warm Season Echo ActIvIty as a Function of Stability Indices Computed from the

Yucca Flat, Nevada, Rawlnsonde. Darryl Randerson, June 1977. (PB-271-290/AS)
121 ClImatological Pred[ctlon of CumulonImbus Clouds In the VicInity of the Yucca Flat Weather StatIon. R. F•. QuIring,

June 1977. (PB-271-704/ASl
122 A Method for Transforming Temperatu~e Distribution to Normality. MorrIs S. Webb, Jr., June [977. (PB-271-742/AS)
124 Statistical Guidance for Prediction of Eastern North PacifIc Tropical Cyclone Motion - Part I. Charles J. Neumann

and Preston W. LeftwIch, August 1977. (PB-272-66[)
125 Statlstlca[ Guidance on the Prediction of Eastern North Pacific Tropical Cyclone Motion - Part II. Preston W. Leftwich

and Charles J. Neumann, August 1977. (PB-273-155/ASl .
127 Development of a Probability Equation for Winter-Type Prec[pltatlon Patterns In Great Fal Is, Montana. Kenneth B.

Mielke, Februarv 1978. (PB-281-3B7/AS)
1'28 Hand Calculator Program to Compute Parcel Thermal Dynamics. D<!In Gu~gel, April 1978. (PB-283-080/AS)
129 FIre Whirls. DavId W. Goens, May 1978. (PB·283-866/AS)
130 F[ash-Flood Procedure. Ralph C. Hatch and Gera[d WI~llams, May 1978. (PB-286-014/AS)
131. Automl!lted Fire-Weather Forecasts. Mark A. Mollner and DavId E. Olsen, September 1978. (PB-289-916/AS)

132 Estimates of the Effects 07 T~rraln S[ocklng Cn ~~e Los Angeles WSR-74C Weuther Radar. R. G. Pappes, R. Y. Lee, an~
a. w. Fi~k~, October 1978. (?8289767/AS)

133 Spectral Techrl'lques [n QC~l'InWave Forectlstlng. John A. Jannuzzl, October 1978. (PB291317/AS)
134 Solar RlI::!I~tlon. John A., Je:1nuzzl, November [978. (PB2SI. ;5!ASl
135 Appllc~tj('Jn of c Spectrum Ana[yzer [n ForecastIng Oceen Swell In Southern S1'I1 ifornla Coastal ~Iaters. L,I',::-ence P.

Klerulff, January 1979. (P9292716/AS)
[.36 BasIc HydrologIc Principles. Thomas L. DIetrich, January 1979. (PB292241/AS)
137 LFM 24·Hou~ PredictIon of Eastern P~clflc Cyclones RefIned by SatellIte Images. John R. ZImmerman and Charles P.

Ruscha, Jr., January 1979. (P8294324/AS)
138 A Simple Analysis/Diagnosis System for Real Time EV<!lluation of Vertical ~btlon. Scott Hefllck and James R. Fors,

Februa.ry :0;;;9. (PB2942I 6/AS)
139 Aids for ForecastIng MinImum Temperature In the Wenatchee Frost District. Robert S. Robinson, April 1979.
140 Influence of C[oudlness on SummertIme Temperatures In the Easterr. Washington Fire Weather Olstrlct James Holco-~AprIl [979. • ,.~,

141 Comparison of LFM and MFM Precipitation Guidance for Nevada Dur[ng Doreen. Christopher HII [, AprIl 1979.
142 The Usefulness of Data from Mountaintop Fire Lookout Stations In Deten~I~ln9 Atmospheric StabilIty Jonathan W Corev

Aprl I 1979. • •
143 The Depth of the Marine Layer at S~r. Diego as Related to SUbsequent Cool Season PrecipitatIon Episodes In Arizona.

Ira S. Bre,ner, r.'l<!Iy 1979.
144 Arlzo""l Cool Sf'ltlson Climatological Surface Wind and Pressure G)'adlent Study. Ira S. Brenner, May 1979.
145 On th~'Use of Solar Rcdlatlon end T~mperature Models to Estimate the Sn<!lpBean MaturIty Date In the WII I tt Val ley.

Ea~1 M. Bates, August 1979 arne e
146 The Sart Experiment. MorrIs S. ~ebb, OCtober 1979,
147 Occurrence and DIstrIbution of Flash Floods In the Western RegIon. Th~~as L. DietrIch, Oecember 1979.



NOAA SCiENTIFIC AND TECHNICAL PUBLICATIONS
NOAA. thc Nalional Oceanic and Atmospheric Adlllinistrll/ioll, was cstablishcd as part of the Depart

ment of Commerce on October 3, 1970. The mission responsibilities of NOAA arc to monitor and prcdict the
state of the solid Earth. the oceans and their living resources, the atlllosphere, and the space envirooment of
the Earth, and to assess the socioeconomic impact of natural and technological changes in the environment.

The six Major Line Components of NOAA regularly producc various types of scientific and technical
information in the following kinds of publications:

PROFESSIONAL PAPERS - Important definitive
research results. major techniques. and special in
vestigations.

TECHNICAL REPORTS-Journal quality with ex
tensive dctails. mathematical developments, or data
listings.

TECHNICAL MEMORANDUMS - Reports of
preliminary, partial, or negative research or tech
nology results. interim instructions. and the like.

CONTRACT AND GRANT REPORTS-Reports
prepared h} contractors or grantees under NOAA
sponsorship.

TECHNICAL SERVICE PUBLlCATlONS-rhese
are publicati0ns containing data, observations, in
structions, etc. A partial listing: Data serials; Pre
diction and outlook periodicals; Technical manuals.
training papers, planning reports. imd information
serials: ~nd Miscellaneous technical publications.

ATLAS-Analysed data generally presented in the
form of maps showing distribution of rainfall. chem
ical and physical conditions nf oceans and atmos
phere. distribution of fishes and m~rinl: mammab-..
ionospheric conditions. etc.

)

Information on availability of NOAA publications can be obtained from:

ENVIRONMENTAL SCIENCE INFORMATION CENTER
ENVIRONMENTAL DATA SERVICE

NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION
U.S. DEPARTMENT OF COMMERCE

3300 Whitehaven Street, N.W.
Washington, D.C. 20235
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