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he Big Horn Basin is one of

Wyoming’s major agricultural

regions. However, production ag-
riculture is generally unsuitable at higher
elevations in the Big Horn Basin because
of cold temperatures and short growing
seasons. Lower elevation sites have higher
temperatures and more growing degree-
days. To enhance the economy and sus-
tainable agriculture of the Big Horn Basin,
research addressing new or alternative high
yielding and profitable cropping systems
would be extremely useful. When evaluat-
ing alternatives to diversify Big Horn Basin
agriculture, the first step is to identify
crops that can be grown in the area. Be-
cause of the influence of temperature, pre-
cipitation, frost-free days, and growing de-
gree-days on crop growth, data on climatic
variables in the Big Horn Basin are needed
to predict which crops might be suitable.

Estimating precipitation and other climatic
variables at unmonitored sites is a funda-
mental problem, primarily because weather
station locations are spread out in Wyo-
ming (Hevesi et al., 1992). Since weather
stations exist at discrete locations, climatic
parameters recorded at these sites are used
to estimate conditions throughout an en-
tire area. Many methods are available to
estimate climatic variables for the unmea-
sured locations (Martinez-Cob, 1995).
Tabious and Salas (1985) suggested that in
a topographically homogeneous area,
geostatistical approaches can be used to
estimate climatic variables throughout a
region (Ashraf et al., 1997).

Objectives of this study were to determine
the relationship between climatic variables
and elevation and to develop continuous
climatic data layers for the Big Horn Basin.
Continuous climatic layers can be used

within a geographic information system
(GIS) to model areas where alternative
crop production may be pursued. Using
linear regression methods, researchers can
evaluate the relationship of climatic values
and elevation, further validating areas suit-
able for production of new or alternative
agricultural crops.

Materials and Methods

The Big Horn Basin study area is approxi-
mately 1,900,000 acres (or approximately
3,000 square miles) and includes the major
Wyoming cities of Cody, Powell, Lovell,
Greybull, Worland, and Thermopolis. El-
evation of weather stations in the Big
Horn Basin study area ranged from 3,780
teet in Greybull to 6,420 feet at Sunshine
(Western Region Climate Center, 1998).
The region is bordered on the west by the
Absaroka Mountain Range and by the Big
Horn Mountains on the east. Relatively
low elevation of agricultural lands in the
basin, in comparison to the rest of the
state, results in this area having 90 to 120
frost-free days (Western Regional Climate
Center, 1998). The Big Horn Basin is
broadly classified as a desert because less
than 10 inches of precipitation per year oc-
cur in many parts of the region (Martner,
1986). Basins on the leeward side of
mountains are often dry because of de-
scending air from the adjacent mountains.
The motion of descending air inhibits con-
densation and results in low amounts of
precipitation (Martner, 1986). This area is,
however, one of the most productive agri-
cultural regions in Wyoming due to irriga-
tion supplied by Buffalo Bill Reservoir
built in 1905 (Churchill, 1984). Martner
(1986) further classified the Big Horn Ba-
sin with the following attributes: 30 to 50
days per year above 90 degrees Fahrenheit,




WYOMI
WEATHER SITE ELEVATIGN

STATION  NUMBER  (feet) ™,

Basin 5 3,847

Buffalo Bill Dam 14 5,146
Clark 3 NE 23 4,018

Cody 25 5,035

Cody 12 SE 26 5,235

Cody 21 SW 27 5,822
Deaver 29 4,087

Emblem 38 4,438

Greybull 108 3,780

Heart Mountain 46 4,776
Lovell 58 3,828

Powell Field Station 74 4,356
Shell 107 4,218

Sunshine 2 ENE 91 6,420
Ten Sleep 16 SSE 93 4,667
Thermopolis 94 4,297
Thermopolis 25 WNW 95 5,684
Worland FAA AP 104 4,159

Figure 1. Location of area used for climatic analysis in the Big Horn Basin, Wyo-
ming. Table lists station identification and elevation (Western Region Climate Cen-

ter, 1998).

the length of the growing season supports
many crops, and a frost-free season of up
to four months. Portions of the Big Horn
Basin receive less than 6 inches of precipi-
tation per year (40 percent of which occurs
in the summer months).

Eighteen weather stations in the Big Horn
Basin (Figure 1) have collected weather
data for 30 years or more (Western Re-
gional Climate Center, 1998). Climatic
variables used in this study were related to
environmental traits that are important for
crop growth. Variables selected were used
to determine if new or alternative crops
could be grown in the Big Horn Basin,
and all parameters selected have an impact
on the growth of agricultural crops.

To understand relationships between eleva-
tion and climatic variables, linear regres-
sion was performed on 31 variables re-
corded at Big Horn Basin weather stations.
Linear regression was useful in predicting
the response of the variables to elevation.
The correlations (R? values) provide a
summary of the strength of the relation-
ship between each climatic variable and el-
evation (Table 1), with values closer to 1.0
indicating the models are more accurate.

To provide information about climatic
conditions thoughout the Big Horn Basin,
geostatistical analysis was used to produce
continuous data layers representing 31 dif-
ferent variables, many of which may be im-
portant to plant growth. First, model type




Table 1. Linear model parameters* for elevation (feet) and climate variables (precipi-
tation = inches; temperature = degrees Fahrenheit; frost-free period = days) in the Big
Horn Basin. Models were developed utilizing data from 15 to 18 (N) of the weather
stations that provided the best correlation (R?) for the particular climatic variable

evaluated.
Climatic Variable N Slope Intercept R2
Annual precipitation 15 0.0032 -6.18 0.93
Summer precipitation 18 0.0022 -3.46 0.82
May minimum temperature 18 -0.0027 52.0 0.52
May mean temperature 18 -0.0036 70.0 0.86
May maximum temperature 17 -0.0042 87.1 0.86
June minimum temperature 16 -0.0030 61.2 0.73
June mean temperature 18 -0.0039 80.8 0.88
June maximum temperature 17 -0.0041 97.2 0.83
Number of days in June exceeding 90°F 17 -0.0028 17.2 0.75
July minimum temperature 17 -0.0036 68.7 0.74
July mean temperature 18 -0.0038 86.5 0.82
July maximum temperature 17 -0.0039 103.8 0.77
Number of days in July exceeding 90°F 17 -0.0063 40.1 0.75
August minimum temperature 17 -0.0029 63.7 0.64
August mean temperature 18 -0.0034 83.1 0.82
August maximum temperature 18 -0.0039 102.7 0.83
Number of days in August exceeding 90°F 17 -0.0061 377 0.77
September minimum temperature 17 -0.0024 51.6 0.48
September mean temperature 16 -0.0026 68.7 0.78
September maximum temperature 17 -0.0031 86.7 0.79
Summer mean temperature 18 -0.0037 83.5 0.86
Shortest frost-free (32°F) period 17 -0.0206 176.3 0.64
90% chance of frost-free period (32°F) 16 -0.0191 181.0 0.62
80% chance of frost-free period (32°F) 17 -0.0216 201.5 0.72
Shortest frost-free (28°F) period 16 -0.0192 193.5 0.48
90% chance of frost-free period (28°F) 15 -0.0184 203.1 0.61
80% chance of frost-free period (28°F) 15 -0.0132 192.5 0.54
Growing degree-days (base 40°F) 18 -0.2835 3194.0 0.85
Growing degree-days (base 45°F) 18 -0.2749 2747.0 0.83
Growing degree-days (base 50°F) 18 -0.2516 2246.0 0.84
Growing degree-days (base 55°F) 18 -0.2185 1740.0 0.84

*Models can be used to predict the climatic variable based on elevation:
climatic variable = [slope x elevation] + intercept
for example: annual precipitation at 5,000 feet would equal [0.0032 x 5,000] - 6.18 = 9.82 inches




was determined for each climatic variable
using geostatistics (Kravchenko et al,
1996). The model parameters were se-
lected based on the data from the 18
weather stations and were used to estimate
values for the climatic variable at unsampled
locations throughout the study area.

Results and Discussion

Elevation has a direct influence on climate
conditions. Dirks and Martner (1982) re-
ported that northwestern Wyoming has an
annual cooling rate (adiabatic lapse rate) of
5.4 degrees Fahrenheit per 1,000 feet in-
crease in elevation. In the Big Horn Basin,
adiabatic lapse rate ranges between 3.9 and
4.1 degrees Fahrenheit for maximum
monthly temperature in May through Au-
gust. Due to Wyoming’s high topographic
relief, temperatures across the state vary
widely (Knight, 1994). In addition,
Linacre (1992) found that daily tempera-
ture ranges depended on properties such
as elevation, cloud cover, and humidity.
Weather stations in the study area do not
have a record of these variables, with the
exception of elevation, because there are
only four first-order weather stations re-
cording such detailed climatic data in Wyo-
ming (Pochup, 1999, personal communi-
cation). First-order weather stations record
wind speed, humidity, cloud cover, tem-
peratures, precipitation, and evapotranspi-
ration every three hours. Other weather
stations in the state record only tempera-
ture and precipitation data.

Environmental variables in the Big Horn
Basin were plotted against elevation to de-
termine linear regression model parameters
and correlation factors (Table 1). Weisberg
(1985) suggested that in some instances,
outlying cases may be discarded and la-

beled as not representative of the process
under study because factors such as site ex-
posure, distance to windbreaks, albedo of
ground, and height above ground can
greatly affect measurements taken from re-
gional weather stations. Harrison (1994)
also stated that “...small differences in site
exposure can result in very different im-
pressions of the rate of change in tempera-
ture with elevation.” Using this rationale,
selected “outlier” sites were excluded. For
example, after examining outliers in the
climatic data from the Big Horn Basin, 19
of 31 different climatic variables required a
reduced number of weather stations for
developing linear regression models that
best described the available data.

Linear regression models were developed
using data from 15 to 18 of the weather
stations that provided the best fit (R?) for
climatic data variables (Table 1), with Site
14 the most often excluded. Estelle (1999,
personal communication) confirmed that
Site 14 at Buftfalo Bill Dam is at the bot-
tom of an east to west canyon within a
protected environment. This site does not
receive as much sunlight due to its loca-
tion; therefore, Site 14 was considered an
outlier and taken out of several linear re-
gression models because it did not follow
the same trends as sites at similar eleva-
tions. After Site 14 was removed, the cor-
relation (R?) improved for many of the cli-
matic variables.

Figure 2 illustrates the relationship be-
tween elevation and two climatic variables:
summer precipitation and summer tem-
perature. Table 1 summarizes the model
parameters (slope, intercept, and R? values)
for the linear regression analysis of each
climatic variable versus elevation. High
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Figure 2. Linear regression graphs illustrating elevation versus (a) summer precipita-
tion and (b) summer temperature in the Big Horn Basin, Wyoming.




correlation coefficients were obtained for
most climatic variables when outliers were
excluded.

Annual precipitation (5.4 to 14.8 inches)
correlated with elevation reasonably well
(R? = 0.69). However, when Sites 93, 94,
and 107 were taken out of analysis, R?in-
creased to 0.93 (Table 1). These sites are
close to the Big Horn Mountains in the
east. Climatic conditions at these sites may
be a product of a windward effect in which
water vapors in the air condense as they
start to rise up a mountain slope. Summer
precipitation (4.3 to 11.1 inches) was
highly correlated with elevation (R* =
0.82).

Minimum, mean, and maximum tempera-
tures for May, June, July, August, and Sep-
tember were evaluated as they directly af-
fect crop production. Minimum tempera-
tures (31.6 to 56.5 degrees Fahrenheit)
generally occur just before dawn of each
day, maximum daily temperatures typically
occur in late afternoon, and mean tem-
peratures are the average of maximum and
minimum temperatures (Pochup, 1999).
Minimum temperatures, excluding outliers
(Sites 14, 91, or 93), resulted in coefti-
cients of determination no greater than
0.74 (Table 1). Martner (1986) reported
little relation in minimum temperatures
and elevation due to geographic variability
in topography and wind patterns.

Mean temperatures for all months evalu-
ated (46.2 to 73.2 degrees Fahrenheit) re-
sulted in R? values above 0.80 with the ex-
ception of September. September mean
temperatures, with exclusion of Sites 14
and 94, resulted in a correlation of 0.78.
In the Big Horn Basin, the first winter
freeze usually occurs in early to mid-Sep-

tember in low lying areas. A low correla-
tion (R? = 0.48) found for September
could be attributed to different years hav-
ing warmer or cooler months at the end of
the growing season. Summer (June, July,
and August) mean temperature (58.6 to
70.3 degrees Fahrenheit) versus elevation
was highly correlated (R? = 0.86) with el-
evation.

Maximum temperatures (61 to 90.7 de-
grees Fahrenheit) were also moderately
correlated (R? = 0.62 to 0.78) to elevation
using all 18 weather stations. May, June,
July, and August correlation values in-
creased substantially (R* = 0.77 to 0.86)
once Site 14 was taken out of the analysis.
September maximum temperatures (67.8
to 78.8 degrees Fahrenheit) within the
study area are variable for the same reason
as September minimum temperatures;
however, removal of Site 94 resulted in a
correlation of 0.79.

The number of summer days with tem-
peratures exceeding 90 degrees Fahrenheit
(0 to 18 days each month) is important for
growth and production of certain crops.
Temperatures above this range can seri-
ously damage or even kill some crops. Cor-
relation between this climatic variable and
all station elevations ranged from 0.72 to
0.74; excluding Site 14 had only a minor
effect on the resulting correlation (R* =
0.75 to 0.77).

The study area’s frost-free period was de-
termined using both 32 degrees Fahren-
heit (37 to 136 days) and 28 degrees Fahr-
enheit (51 to 172 days) as freezing tem-
peratures because certain crops, such as al-
falfa, have higher frost tolerance. For each
of these temperatures, the shortest re-
corded frost-free period, using either 80 or




90 percent chance of frost-free period, was
evaluated so agriculturalists could identify
areas most suitable for a crop in terms of
length of frost-free period.

While most correlations exceeded 0.5
when climatic variables were compared to
elevation, variables pertaining to the frost-
free period were more weakly correlated
than other variables. This is probably due
to variability in the first and last freezing
dates from year to year. When outliers were
taken out of linear regression, R? values
did not increase above 0.72 (Table 1). Re-
sults indicate the frost-free period is lin-
carly related to elevation, although the re-
lationship is not as strong as with other cli-
matic variables.

Growing degree-days are an accumulation
of daily heat units over time. This is a stan-
dard formula that can be tailored to spe-

Annual Precipitation

Annual Precipitation (inches)

cific crops having optimal base tempera-
tures for growth. The growing degree-day
variable (474 to 2,167 growing degree-
days with variable base temperatures) cor-
related well with elevation, with all correla-
tions above 0.80 (Table 1).

Continuous Data Layers

Geostatistical analysis was performed using
data from all 18 weather stations for the
31 climatic variables. Geostatistics relies
upon points with known data to estimate
areas without data. All information from
the 18 weather stations was needed for
analysis of climatic variables to provide
general information for the Big Horn Ba-
sin. A greater number of sites would have
increased the accuracy of analysis.

Figures 3 through 7 illustrate continuous
data layers for precipitation, minimum and

Summer Precipitation

Summer Precipitation (inches)

5.1-6.7 i 4355
>6.7-8.3 >5.5-6.7
>8.3-9.8 125 0 125 25 miles >6.7-7.9
>9.811.4 =" "] >7.9.91

>11.4-13.0 O Cities >9.1-10.2
>13.0-15.0 >10.2-11.4

Figure 3. Precipitation patterns derived from geostatistical analysis in the Big Horn
Basin, Wyoming. See Figure 1 for city identification. Note differences in increments

used in the figures.




June Minimum
Temperature (F)

3841
>41-43
>43-45
>45-47
>47-49
>49-51

June Maximum
Temperature (F)

68-73
>73-75
>75-77
>77-79
>79-81
>81-83

August Minimum
Temperature (F)

43-46
>46-48
>48-50
>50-52
>52-54
>54-56

N

12.5 0 12.5 25 miles
e ]
@ Cities

August Maximum
Temperature (F)
7781
>81-83
>83-85
>85-87

>87-89
>89-91

Figure 4. Minimum (nighttime) and maximum (daytime) temperatures for June and
August derived from geostatistical analysis for the Big Horn Basin, Wyoming. See
Figure 1 for city identification. Note differences in increments used in the figures.

Number of days
over 90°F in June

Number of days
over 90°F in July

03 0-3
34 3-6
4-5 12 12.5 25 mil 69
5.6 5 0 .5 25 miles 912
6.7 12-15
7.8 15-19

Number of days
over 90°F in August
0-3
3-6
6-9
9-12

12-15
15-18

Figure 5. Number of days over 90°F in June, July, and August derived from
geostatistical analysis for the Big Horn Basin, Wyoming. See Figure 1 for city identi-

fication. Note differences in increments used for the figures.




Shortest frost-free 90% chance of 80% chance of
period (days) N frost-free period (days) frost-free period (days)
63-74 65-70 70-79
75-79 1 A 70-79 80-89
80-84 -%5 miles 80-89 90-94
85-89 1 Cities 90-94 95-99
90-94 95-99 100-109
95-100 100-105 110-120

Figure 6. Frost-free (32°F) period derived from geostatistical analysis for the Big
Horn Basin, Wyoming. See Figure 1 for city identification. Note differences in incre-
ments used in the figures.

Growing Growing

degree-days degree-days

(base 40°F) (base 45°F)
1250-1599 85-1099
1600-1699 1100-1249
1700-1799 1250-1399
1800-1899 1400-1549
1900-1999 1550-1699
2000-2200 1700-1850

A
125 0 12.5 25 miles
el
¥ Cities
Growing Growing
degree-days degree-days
(base 50°F) (base 55°F)
550-699 250-499
700-849 500-599
850-999 600-699
1000-1149 700-799
____ 1150-1299 800-899

L1 1300-1400 900-1000

Figure 7. Growing degree-days derived from geostatistical analysis for the Big Horn
Basin, Wyoming. See Figure 1 for city identification. Note differences in increments
used in the figures.




maximum temperatures for June and Au-
gust, number of days in the summer ex-
ceeding 90 degrees Fahrenheit, frost-free
period (above 32 degrees Fahrenheit), and
growing degree-days, respectively. These
figures represent the finished product of
the geostatistical analysis of weather station
data and climatic variables. The Big Horn
Basin consists of gently sloping topogra-
phy that results in environmental gradients
associated with elevation.

The data layers developed using geostatistics
(Figures 3 to 7) illustrate climatic trends
based upon elevation. The warmest, driest
part of the region lies just east of the cen-
ter of the Big Horn Basin and is lowest in
elevation. Similarly, the southwestern por-
tion of the study area has the greatest pre-
cipitation, generally the coldest tempera-
tures, and highest elevation. Geostatistics
enables the weather station data to be con-
verted into continuous surfaces.

Conclusion

Linear regression modeling of climatic
variables indicated that strong relationships
exist between elevation and climatic vari-
ables such as precipitation, temperature,
and growing degree-days. Correlations
computed for climatic variables reinforce
the idea that production agriculture is not

suited for higher elevation areas in the Big
Horn Basin because of cold temperatures
and a shorter growing season. Lower el-
evation sites have higher temperatures,
higher growing degree-days, and less pre-
cipitation. Geostatistical analysis performed
for the basin provides climatic maps of 31
precipitation and temperature variables.
These maps followed the same trends as
the linear regression models; higher eleva-
tions are colder and wetter, while lower el-
evations are warmer and drier. These spa-
tially-referenced maps depicting climate
trends enable an initial estimate of tem-
perature and precipitation for any location
in the Big Horn Basin. Analysis of environ-
mental traits in the study area will allow
the preliminary identification of potential
areas for new or alternative crop produc-
tion, utilizing each crop’s climatic require-
ments. These climatic layers were used to
estimate if new or alternative crops might
be suitable for growth in the Big Horn Ba-
sin of Wyoming (Young et al., 2000).
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