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DESCRIPTION OF PARAMETERS

START OF THE GROWING SEASON (Measured as days after Jan. 1)

Defined by one of two criterions:

a) The first of three consecutive days during the transition between the cool
period and the warm period when the mean temperature is 47° F or higher,
or

b) The first of two consecutive days during the transition between the cool
period and the warm period when the mean temperature is 50° F or higher.

END OF THE GROWING SEASON (Measured as days after Jan. 1)

Defined by one of two criterions:

a) The first of three consecutive days during the transition from the warm
period to the cool period when the mean temperature is 49° F or lower, or

b) The first of two consecutive days during the transition from the warm
period to the cool period when the mean temperature is 46° F or lower.

LENGTH OF THE GROWING SEASON (Measured in days)

The difference between the end of the growing season and the start of the growing
season for a given year.

LAST FREEZE (Measured as days after Jan. 1)

The last day during the transition between the cool period and the warm period
when the minimum temperature is 31° F or lower.

FIRST FREEZE (Measured as days after Jan. 1)

The first day during the transition between the warm period and the cool period
when the minimum temperature is 31° F or lower.

FREEZE FREE PERIOD (Measured in days)
The difference between the first freeze and the last freeze for a given year.

END OF SNOW COVER (Measured as days after Jan. 1)

The last day of ten or more consecutive days during the transition between the
cool period and the warm period when there is at least 1 inch of snow on the
ground.

il



8) SNOW COVER PERIOD (Measured in days)

The total number of consecutive days from the end of snow cover date back to the
start of that snow cover. It must be at least ten days in length to be considered
significant.

9) TOTAL COOL PERIOD PRECIPITATION (Measured in inches)

The total precipitation from November 1 of the previous year through April 30 of
the current year. (e.g. Total cool period precipitation for 1957 includes
precipitation from November 1, 1956 through April 30, 1957)

10) TOTAL WARM PERIOD PRECIPITATION (Measured in inches)

The total precipitation from May 1 through October 31 of the current year. (e.g.
Total warm period precipitation for 1957 includes precipitation from May 1, 1957
through October 31, 1957)

11) COOL PERIOD MAXIMUMS (Measured in °F)

The average maximum temperature for the cool period as defined above in the
total cool period precipitation description.

12) COOL PERIOD MEANS (Measured in °F)

The average mean temperature for the cool period as defined above.

13) COOL PERIOD MINIMUMS (Measured in °F)

The average minimum temperature for the cool period as defined above.

14) WARM PERIOD MAXIMUMS (Measured in °F)

The average maximum temperature for the warm period as defined above in the
total warm period precipitation description.

15) WARM PERIOD MEANS (Measured in °F)

The average mean temperature for the warm period as defined above.

16) WARM PERIOD MINIMUMS (Measured in °F)

The average minimum temperature for the warm period as defined above.
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I. Abstract. This paper examines the long-term climate near six NIGEC sponsored CO,
flux towers in the AmeriFlux Network. It compares the long-term climate to the climate
during the more recent CO, flux study period at the sites. Tendencies in sixteen climate
parameters that affect CO, exchange are studied to determine any changes over the
longer period. Statistics are then used to analyze the long-term data in order to find where
the recent CO, flux study period climate data ranks in terms of normalcy. This is done in
order to gauge how representative this recent climate data is compared to the long-term
data. Each parameter for each year at each station is classified as either normal,
anomalous, very anomalous, or extreme. These classifications are then quantified to
produce a normalcy index rating for each year at each station. This normalcy index rating
is used to compare years within individual stations and between stations. The information
is used to assess the overall relationship between the stations studied. Potential synoptic
trends and CO; exchange trends are discussed based on the overall climate trends at the
stations studied.

II. INTRODUCTION

Debates over the environment and the consequences of environmental change
have been increasing in recent years. Industry and environmentalists have clashed in their
views and priorities concerning the role of environmental issues. With this, it becomes
important to establish some understanding of the role of the changing environment. With
the Energy and Water Development Appropriations Act of 1990, the National Institute
for Global Environmental Change (NIGEC) was started by the Department of Energy
(DOE). The purpose of NIGEC is to plan and execute regional programs of research in
global environmental change. NIGEC supports research to understand the mechanisms
responsible for global change and it focuses on identifying the most important forcing
factors. The research is intended to guide the United States in its response to natural and
anthropogenic global environmental change (13).

The top priorities in NIGEC research concern exchange of carbon by U.S.

ecosystems, the ecological effects of climate change, and the regional impacts and



consequences of climate change. The exchange of carbon by U.S. ecosystems is studied
through the AmeriFlux CO, Network. AmeriFlux is a network of sites across North
America that has provided the first set of detailed observations of ecosystem level
exchanges of CO,, water, energy, and momentum on multiple temporal scales (13). These
data have provided an abundance of information concerning the interdependence between
ecosystems and their environments. In recent years, NIGEC has put some research focus
on studying the response of CO; exchange by ecosystems to climate change. It has
sponsored thirteen AmeriFlux sites in the U.S. and has started to investigate this
relationship. Through its research, NIGEC has been able to identify significant
interannual variability in carbon storage by ecosystems due to climate variability.
Therefore, it implies that changes in the convective layer can evoke changes in the
boundary layer. Since it is possible that trends in climatic parameters can lead to trends in
CO, exchange at the ecosystem level, it becomes important to investigate the behavior of
the long-term climate at these stations. In this study, National Climatic Data Center
(NCDC) weather stations near six of the thirteen NIGEC sponsored AmeriFlux sites are
used to investigate the long-term changes in climatic parameters that may affect CO,
exchange by ecosystems. It is assumed that these NCDC stations represent the AmeriFlux

stations in terms of overall climate.



I1I. BACKGROUND RESEARCH

NIGEC research into the relationship between climate variability and carbon
dioxide exchange variability has yielded some important findings. The various findings
have shown that interannual variability in certain climatic parameters is related to
interannual variability in carbon dioxide exchange at the ecosystem level. Variability in
parameters like temperature, precipitation, snow cover, growing season start and end
dates, and first and last freezes are shown to be related to carbon exchange variability.

In terms of CO, respiration, Goulden et al find that shifts are associated with
anomalies in soil temperature, deep snow in winter, and drought in summer (6). More
specifically, they find that climatic changes that promote soil thaw are likely to cause a
net efflux of CO, from a site (7). In terms of CO; sequestration, or uptake, Barford et al
find that weather and seasonal climate (variations in growing season-length or
cloudiness) regulate seasonal and interannual fluctuations of carbon uptake (2). Schimel
et al find that CO, uptake varies by about 100% from year to year as a result of climate
variability (16). In terms of overall carbon exchange, Tian et al have found that there is a
substantial year-to-year variation in net carbon exchange due to climate variability and
that since the 1960’s, terrestrial ecosystems in the U.S. have acted as a sink of
atmospheric CO, as a result of wetter weather and higher CO, concentrations in the
atmosphere (19).

In general, an increase in temperature is apparently associated with a net flux of
CO, away from a site. Houghton et al find that higher temperatures cause a release of

CO; in the long term (9), and Saleska et al find that warming may cause a net carbon loss



from some terrestrial ecosystems (14). However, this net flux of CO, away from a site
may not be due to warming directly. Saleska et al find that changes in soil moisture
caused by warming may be as important in driving ecosystem response as the direct
effects of soil temperature (14). Also, Davidson et al find that plant primary production
declines with increasing mean annual temperature, and it is this decline, not an increase
in soil-carbon decomposition rate that explains decreasing soil-carbon content with
increasing temperature (4).

The relationship between temperature and soil moisture is noted by Saleska et al
with their ‘drought stress hypothesis.’ It posits that the effect of moisture in reducing
plant photosynthetic inputs is larger than the temperature effect predicted to increase soil
respiration. They also relate decreased CO; uptake with decreased soil moisture (14).
Davidson et al support this soil moisture relationship with CO; flux as they find that soil
water content can influence respiration of soil (3). Shaver et al find that if increased
evapotranspiration decreases soil moisture, and species changes result in better stomatal
control of water loss, the result will be increased sensible heat flux to the atmosphere
(17). This increased sensible heat flux to the atmosphere combined with the net loss of
carbon from ecosystems due to warming could result in a positive feedback enhancing
anthropogenic global warming (14). However, any increases in precipitation and in
atmospheric CO, could moderate this effect with an increase in ecosystem sequestration
of carbon (19).

In terms of the transition seasons, Savage and Davidson find that springtime
variation accounts for 1/3 to 2/3 of interannual variation in soil respiration (15). Saleska

et al find that heating causes photosynthetic uptake to start earlier in the spring and that



earlier snow melt may change the timing of the shift between net respiration and net
uptake of CO, in the spring (14). Related to this, Hollinger et al find that significant
ecosystem uptake of carbon begins with thawing of the soil in early April and that it is
abruptly reduced with the first frost in autumn (8). Saleska et al find that the period of
time from the end of the growing season to snow cover, when the ecosystem is a net
source of carbon to the atmosphere, could last longer under warmer conditions (14). This
last finding could result in a positive warming feedback as more COs is in the atmosphere
and the soil is drier due to less snow cover in early winter. Reck states that the growing
season length accounts for 80% of the variance in net CO, uptake, indicating that each
additional day in the growing season contributes to about 6 gCm=? day~' (13). This
combined with the other findings show that the transition seasons can be very significant
in determining the behavior of carbon exchanges between the atmosphere and different
ecosystems.

One place to investigate these findings and extend them to the longer record is at
the NIGEC sponsored AmeriFlux sites. Shifts in some of these parameters could lead to
major changes in the carbon exchange at the sites. Therefore, the relationship between the
short flux record and the longer climate record needs to be studied. The current period of
CO, flux measurements at the sites may not be climatically representative of the longer
time period and it is important to see whether or not this is true. An anomalous period

climatically could result in an anomalous period of CO, flux measurements.



IV. PROCEDURE AND SITE DESCRIPTIONS

Climatic parameters that affect CO; fluxes are studied over the long term and
compared to the more recent CO; flux study periods at specific NIGEC sponsored
AmeriFlux sites. These climatic parameters are derived based on NIGEC research
concerning the interaction between CO; flux from ecosystems and climate. Sixteen
climatic parameters are derived for six out of the thirteen NIGEC sponsored sites. These
data are taken from the National Climatic Data Center (NCDC) website for six stations
that are geographically similar to the NIGEC sponsored AmeriFlux sites. Each NCDC
station is assumed to represent the climate of one of the AmeriFlux sites.

For each station, the long term tendencies of each parameter are analyzed. Also,
statistics are produced for each parameter to analyze the means of the long term data
(Table 4.1) and to analyze the deviation from the means for the recent data during the
period of CO, flux studies at each station. Student t-tests for paired data are administered
for each parameter to determine the t-probability for the recent data compared to the long
term data. A probability level of less than 0.1 is considered significant. All recent data
that scores less than 0.1 passes the test and is considered significantly different from the
long term data. The deviations from the means are then classified into a rating system in
terms of their relative normalcy. Each parameter for each year of the CO, study at each
station is classified as either normal, anomalous, very anomalous, or extreme, depending
on the relative normalcy of the data. Normal data is defined as data within one standard
deviation of the mean of the parameter analyzed. Anomalous data are data outside one

standard deviation of the mean but inside the tenth and ninetieth percentiles. Very



anomalous data is data outside the tenth and the ninetieth percentiles but inside two
standard deviations of the mean. Finally, extreme data are data outside two standard
deviations of the mean. These classifications are then quantified to determine a normalcy
index rating for each study year at each station (Table 6.1). Normal data for a parameter
at a given station receives a 1.00 while anomalous data receives a 0.67, very anomalous
data receives a 0.33, and extreme data receives a 0.00. An average is then taken for each

year at each station to determine the normalcy index rating.

Table 4.1 Mean values for each parameter for each station over the study period

Birch Hill Chapel | Cheboygen, | Manhattan, | Martinsville, W'HOW.
Dam, | i 'Ne M KS IN Reservoir,
MA ’ WI
Start of the
growing Day 101 | Day 20 5)'?())/ E’):%y D5a8y ?13}]/
season
End of the
. Da Da Da Da
growing Day 273 | Day 306 27%’ 29%/ 2833/ 2623/
season
thL:g?;Cv?r:g 172 285 166 242 231 155
season Days Days Days Days Days Days
Day Day Day Day
Last freeze | Day 141 | Day 101 132 109 112 143
. Day Day Day Day
First freeze | Day 263 | Day 301 287 289 284 263
Freeze free 122 200 155 181 172 119
period Days Days Days Days Days Days
Endof | ., o | Day Day Day Day
snow cover | D2 76 84 44 32 103
Snow cover 8o | 108 25 23 138
period Days Days Days Days Days
Cool period | 20.7 in. 214 in. 11.1in. 9.5in. 19.3in. 8.5in.
precipitation | (526mm) | (544mm) | (282mm) (241mm) (490mm) (216mm)
V\éf_‘iro”; 21.2in. | 24.2in. 17.7 in. 24.5in. 22.7in. 217 in.
period (538mm) | (615mm) (450mm) (622mm) (577mm) (551mm)
precipitation
Cool period | 41.7° F 58.9°F 36.6°F 50.9°F 477°F 326°F
max. temp. | (5.41°C) | (14.9°C) (2.56° C) (10.5° C) (8.72° C) (0.33° C)
Cool period | 30.9° F 46.9° F 28.4°F 39.6°F 37.8°F 224°F
mean temp. | (-0.6°C) | (8.28°C) (-2.0° C) (4.22° C) (3.22° C) (-5.33° C)
Cool period | 19.7° F 345°F 19.8° F 27.8°F 27.5°F 11.7°F




min. temp | (-6.8°C) | (1.39°C) | (-6.78°C) | (-2.33°C) | (-2.5°C) | (-11.3°C)
eifi’xgrmax 732°F | 825°F 69.5° F 82.9°F 78.6°F 69.1° F
P omp. | (22.9°C) | (28.1°C) | (208°C) | (28.3°C) | (25.9°C) | (206°C)
F\:\é?igg 601°F | 70.9°F 59.5° F 71.0°F 66.7° F 57.7°F
moan tomp. | (15:6°C) | (216°C) | (153°C) | (21.7°C) | (193°C) | (14.3°C)
e\r’i\(’%mm 46.6°F | 58.9°F 49.0°F 58.6° F 54.2°F 45.8°F
P tomp. | (811°C) | (149°C) | (9.44°C) | (14.8°C) | (123°C) | (7.67°C)

The parameters analyzed for the six stations are derived from temperature,
precipitation, and snow on the ground. Parameters studied include the start, end, and
length of the growing season which are based on mean temperature. The start of the
growing season is defined as the first day of three consecutive days during the transition
between the cool period and the warm period when the mean temperature at the station is
47° F or higher or as the first day of two consecutive days during the transition between
the cool period and the warm period when the mean temperature at the station is 50° F or
higher. If either criterion is met, the day is considered the start of the growing season and
is represented as days after January 1. The end of the growing season is defined as the
first day of three consecutive days during the transition between the warm period and the
cool period when the mean temperature at the station is 49° F or lower or as the first day
of two consecutive days during the transition between the warm period and the cool
period when the mean temperature at the station is 46° F or lower. If either criterion is
met, the day is considered the end of the growing season and is represented as days after
January 1. The length of the growing season is defined as the difference between the end
of the growing season and the beginning of the growing season for a given year and is

measured in days.



Other parameters studied include the last freeze, the first freeze, and the freeze
free period. The last freeze is defined as the last day during the transition between the
cool period and the warm period when the minimum temperature at the station is 31° F or
lower. It is represented as days after January 1. The first freeze is defined as the first day
during the transition between the warm period and the cool period when the minimum
temperature at the station is 31° F or lower and it is also represented as days after January
1. The freeze free period is defined as the difference between the first freeze and the last
freeze for a given year and is measured in days.

Parameters studied also include the end of snow cover date and the snow cover
period. The end of snow cover date is defined as the last day when there is at least one
inch of snow on the ground at the site after ten or more consecutive days of at least one
inch of snow on the ground. If no consecutive periods of ten days or more exist then there
is no significant snow cover for the station for that year. This end of snow cover date is
represented as days after January 1. The snow cover period is defined as the number of
consecutive days from the end of snow cover date until the beginning of that particular
snow cover period. It must be at least ten days long to be considered significant and it is
represented in days.

Precipitation parameters are also included in the data. The calendar year is broken
into two six month periods. The cool period is from November 1 of the previous year
through April 30 of the study year. The warm period is from May 1 through October 31
of the study year. Total precipitation for the cool and warm periods is calculated for each
study year. For example, the 1949 cool period includes total precipitation from November

1, 1948 through April 30, 1949 and the 1949 warm period includes total precipitation



from May 1, 1949 through October 31, 1949. Total precipitation for both periods is
measured in inches.

Finally, temperature data for the cool and warm periods is also included as
climatic parameters. The calendar year is split into cool and warm periods identical to
those for precipitation. The overall average maximums, means, and minimums for each
period are calculated for each study year. Temperatures are measured in degrees
Fahrenheit.

These parameters are analyzed for all NCDC stations which are assumed to
represent the six NIGEC sponsored AmeriFlux sites used in this study. The AmeriFlux

sites are described briefly along with their respective NCDC stations.

Harvard Forest, MA

The Harvard Forest flux tower is situated at 42° 32’ N and 72° 10’ W at a mean
elevation of 340m above sea level. The terrain is hilly with gentle slopes and the
vegetation type is a temperate deciduous forest. This site is represented by the climate
data from Birch Hill Dam, MA. Birch Hill Dam is situated at 42° 38’ N and 72° 07" W
at an elevation of 263m above sea level. This station was at an elevation of 262m above
sea level from 1948 until 1985 and has been at its current elevation since that time* (21,

22).
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Duke Forest, NC

The Duke Forest flux tower is situated at 35° 58” N and 79° 06° W and has a
hardwood deciduous forest type of vegetation. This site is represented by the climate data
at Chapel Hill, NC. Chapel Hill is situated at 35° 55 N and 79° 05° W at an elevation of
152m above sea level. Since 1948, Chapel Hill has ranged in location from 152m to

153m above sea level and between 79° 04 W and 79° 06 W* (21, 22).

University of Michigan Biological Station, MI

The University of Michigan Biological Station flux tower is situated at 45° 33° N
and 84° 42’ W at an elevation of 234m above sea level. It is near Lake Michigan and the
terrain is hilly with a gentle slope and the vegetation is mostly deciduous forest with
some coniferous. This site is represented by the climate data at Cheboygen, MI.
Cheboygen is situated at 45° 39’ N and 84° 28” W at an elevation of 179m above sea
level and it is near Lake Huron. The station has ranged from 179m to 180m in elevation

throughout the study period* (21, 22).

Konza Prairie, KS

The Konza Prairie flux tower is situated at 39° 04’ N and 96° 33 W at a mean
elevation of 324m above sea level. The vegetation type is C4 tall grass prairie. This site is

represented by the climate data at Manhattan, KS. Manhattan is situated at 39° 12° N

11



and 96° 35’ W at an elevation of 325m above sea level. The station has ranged in location
between 39° 11° and 39° 13 N and between 96° 34’ and 96° 36 W since the start of the
study period. It has also ranged in elevation between 317m and 326m since the start of

the study period* (21, 22).

Morgan Monroe State Forest, IN

The Morgan Monroe State Forest flux tower is situated at 39° 19’ N and 86° 24’
W at an elevation of 275m above sea level. The vegetation type is mixed hardwood
deciduous forest. This site is represented by the climate data at Martinsville, IN.
Martinsville is situated at 39° 24’ N and 86° 27° W at an elevation of 186m above sea
level. The station has ranged in location between 39° 24° and 39° 26’ N and between 86°
25’ and 86° 27° W since the start of the study period. It has also ranged in elevation from

183m to 186m since the start of the study period* (21, 22).

Willow Creek, WI

The Willow Creek flux tower is situated at 45° 48° N and 90° 04’ W at an
elevation of 520m above sea level. The terrain is essentially flat and the vegetation type is
a temperate/boreal forest. This site is represented by the climate data at Willow
Reservoir, WI. Willow Reservoir is situated at 45° 43° N and 89° 51° W at an elevation
of 476m above sea level. The station has remained essentially stationary for the study

period (21, 22).

12



* Shift is likely due to the datum shift resulting from the conversion of geographic coordinates from the

NAD 27 system to the NAD 83 system during the study period (23)
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V.STATION ANALYSES AND RESULTS

Birch Hill Dam, MA- (representing Harvard Forest, MA)

The Birch Hill Dam data set includes climate records starting from November 1,
1948 through October 31, 2002, totaling 54 years of data for each parameter. The data
consists of sixteen climatic parameters derived from records of temperature, precipitation,
and snowfall on the ground at the site. Tendencies in these parameters are analyzed to
determine changes over the period. Additionally, correlations amongst the parameters are
attempted to investigate links between them. Finally, the data for the recent years during
the NIGEC sponsored AmeriFlux CO, flux project at Harvard Forest, MA (1991-2002) is
compared to the entire length of the study period to determine the statistical significance
of these recent data (Table 5.1). An index is then used to quantify and compare years
within the CO; flux study period to determine relative normality and abnormality of the

data (Table 6.1).

Table 5.1 Value and Normalcy Index Classification for each parameter for each year

1991 1992 1993 1994 1995 1996
Start of the Day 95 Day 112 Day 110 Day 106 Day 111
growing (N) (N) (N) N | N)
season 40™% 83" % 75"% 59"% 79"%
End of the Day 273 Day 268 Day 263 Day 276 Day 268
growing (N) (N) (A) N | (N)
season 59"% 36" % 127% 64" % 36" %
Length of 178 Days 156 Days 153 Days 170 Days 157 Days
the growing (N) (A) (A) (N) | e (A)
season 66"% 17"% 11"% 44"% 19"%
Last Day 116 Day 147 Day 120 Day 131 Day 129 Day 137
freeze (VA®) (N) (VA) (N) (N) (N)
2"% 65" % 4% 25" % 20"% 45™%
First Day 265 Day 268 Day 263 Day 276 Day 254 Day 269
freeze (N) (N) (N) (&) (N (N)
57"% 69"% 49"% 89"% 22"% 76" %

14



Freeze free 149 Days 121 Days 143 Days 145 Days 125 Days 132 Days
period (Vt'r?‘) (,t\rl1) (Aé) ('taﬁ) (’t\rl1) (lt\rl1)
94"'% 54"% 83"% 87" % 58"% 70"%
End of Day 35 Day 3 Day 94 Day 86 Day 92
Snow cover (VA) (E®) (N) ) (N)
4"% 2"% 79"% 64"% 78"%
Snow cover 25 Days 31 Days 120 Days 97 Days 28 Days
period ) o Ve M | T o
6 % 15™% 94"% 60"'% 127%
22.0in. 20.6in. 22.31in. 25.6in. 29.11in.
Cool period (559mm) (523mm) (566mm) (650mm) | (739mm)
precipitation (N) (N) (N) (A) (E®)
th th d th th
58"% 45"% 63"% 89"% 100™%
Warm 34.3 in. 21.5in. 18.2in. 22.9in. 27.0in. 29.31in.
X (871mm) (546mm) (462mm) (582mm) (686mm) (744mm)
period
precipitation (E) (w (,t\rl1) (N (ﬁ) (Vﬁ)
98"% 59"% 26"% 72"% 85% 93"%
471°F 42.2° F 41.8°F 41.7°F 40.2° F
Cool period | (8.39° C) (5.67° C) (5.44° C) (8.39°Cc) | (4.56° C)
max. temp. (E®) (N) (N (N) (N)
th th th d
100" % 68" % 62"% 57"% 23"%
35.0°F 30.5°F 30.5°F 29.3°F 28.5°F
Cool period | (1.67° C) (-0.83° C) (-0.83° C) -1.5°¢) ( (-1.94° C)
mean temp. (VA) (N) (N) (N) (A)
th th th d th
98"% 47"% 45"% 23"% 11"%
22.3°F 18.2° F 18.5°F 16.3° F 16.2° F
Cool period | (-5.39° C) (-7.67° C) (-7.5° C) (-8.72°c) | (-8.78° C)
min. temp. (A) (N) (N) (A) (VA)
81°% 34"% 36"% 11"% 9%
Warm 74.8°F 71.9°F 74.6°F 74.5°F 75.8°F 73.0°F
. (23.8° C) (22.2° C) (23.7° C) (23.6° C) (24.3° C) (22.8° C)
period max.
temp (&) (N (N) (N) (VA) (N
) 80"'% 22"% 78"'% 76"'% 96 % 52"%
Warm 60.9° F 58.3°F 61.0° F 61.9°F 61.5°F 60.2° F
. (16.1° C) (14.6° C) (16.1° C) (16.6° C) (16.4° C) (15.7° C)
period
meantomp. | N | LA o B, | o
) 72"% 9% 74"% 89"% 87'% 57"%
Warm 46.9° F 44.0°F 46.7° F 48.4° F 46.8° F 46.9° F
. . (8.28° C) (6.67° C) (8.17° C) (9.11° C) (8.22° C) (8.28° C)
period min.
tomp N) (VA®) (N) (A) N) (N)
) 67"'% 2"% 59"% 87'% 63"% 65"%
1997 1998 1999 2000 2001 2002
Start of the Day 120 Day 87 Day 112 Day 94 Day 113 Day 103
growing (VA) (A) (N) (N) (N) (N)
season 96"% 137% 83"% 34"% 86 % 47"%
nd of the ay ay ay ay ay ay
End of th Day 266 Day 278 Day 278 Day 273 Day 273 Day 282
growing (N) (N) (N) (N) (N) (&)
season 21%% 70"% 70"% 59"% 59"% 87'%
Length of 146 Days 191Days 166 Days 179 Days 160 Days 179 Days
the growing (VA) (VA) (N) (N) (N) (N)
th d th th th th
season 4"% 92"% 34"% 69" % 26"% 69" %
Last Day 147 Day 134 Day 134 Day 137 Day 134 Day 134
freeze (N) (N) (N) (N) (N) (N)
65 % 34"% 34"% 45"% 34"% 34"%
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First Day 265 Day 267 Day 280 Day 272 Day 281 Day 281
freeze (,\rl1) (,\!1) (V'hA\) (N (VAh®) (VAh®)
57"% 63"% 95", 82", 100"% 100"%
Freeze free 118 Days 133 Days 146 Days 135 Days 147 Days 147 Days
- (N) (N) (A) (N) (VA) (VA)
period 44", 739, 89"% 76"% 92™, 92",
End of Day 95 Day 43 Day 77 Day 60 Day 101 Day 39
(N) (VA) (N) (N) (VA) (VA)
show cover 85"% oMoy, 43", 19, 96"% 61%
Snow cover 26 Days 27 Days 10 Days 46 Days 117 Days 32 Days
period (VA) (VA) (E®) (N) (VA) (A)
8", 9™, 2", 23", 92", 17"%
28.6in. 25.6 in. 19.7 in. 23.71in. 21.3in. 16.4 in.
Cool period (726mm) (650mm) (500mm) (602mm) (541mm) (417mm)
precipitation (VA) (A) (N (N) (N) (A)
th th t th th
98", 87"% 42", 81%'% 57"% 17"%
Warm 15.9in. 22.2in. 27.2in. 28.5in. 19.7 in. 21.1in.
eriod (404mm) (564mm) (691mm) (724mm) (500mm) (536mm)
pertoc. (N) (N) (A) (VA) (N) (N)
precipitation | 4 g, 67"% 89"% 91°%, 41°9%, 561%,
432°F 454°F 46.2°F 453°F 437°F 458°F
Cool period | (6.22° C) (7.44° C) (7.89° C) (7.39° C) (6.5° C) (7.67° C)
max. temp. (N) (VA) (E) (VA) (N) (VA)
83", 94", 98", 92", 87"% 96™M%
323°F 338°F 33.6°F 333°F 30.0°F 35.0°F
Cool period | (0.17°C) (1.0° C) (0.89° C) (0.72°C) | (-1.11°C) (1.67° C)
mean temp. (N) (VA) (A) (A) (N) (VA®)
74", 91%% 89", 83", 40"% 100"%
209°F 216°F 20.3°F 21.4°F 16.5° F 23.8°F
Cool period | (-6.17° C) (-5.78° C) (-6.5° C) (-5.89°C) | (-8.61°C) (-4.56° C)
min. temp. (N (N) (N) (N) (A) (VA)
th th th th th
72", 79"%, 57"% 77"% 15"%, 96"M%
Warm 72.2°F 75.1°F 76.0°F 72.8°F 74.4°F 73.2°F
; (22.3° C) (23.9°C) (24.4° C) (22.7°C) | (23.6°C) (22.9° C)
period max
temp ' (N) (A) (VA®) (N) (N (N)
: 30M% 87"% 100"% 46" 72", 54",
Warm 58.6°F 62.0°F 62.1°F 59.1°F 60.6° F 60.5° F
, (14.8° C) (16.7° C) (16.7° C) (15.1°C) | (15.9°C) (15.8° C)
period
(A) (VA) (VA) (N) (N) (N)
mean temp. 19ty 915, 930, 26, 67"% 615
Warm 445°F 485°F 479°F 452°F 46.4°F 471°F
: . (6.94° C) (9.17° C) (8.83° C) (7.33°C) (8.0° C) (8.39°C)
period min
temp ' (VA) (A) (N) (N) (N) (N)
: 6% 89™M9% 81%% 20™M% 50™M% 72",

(N) = normal,

(A) = anomalous

(VA) = very anomalous

(E) = extreme

® denotes the record for the period
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Tendencies

Tendencies are analyzed for all sixteen parameters as well as for running averages
of mean temperature and precipitation for both the cool period and the warm period. The
running averages consist of 10, 20, and 30 year analyses.

The running averages for the cool period mean temperature and total precipitation
are analyzed (Fig. 1a, 2a, and 3a). All cool period mean temperature running averages
exhibit decreasing slopes from the start of the period until about the mid1970’s with
increasing slopes from that point until the end of the period. This compensation creates
little evidence of overall change over the period. The overall changes are -0.61° F (-0.34°
C), -0.40° F (-0.22° C), and -0.36° F (-0.2° C) for the 10, 20, and 30 year running
averages, respectively. For all averages, total cool period precipitation has steadily
increased throughout the period. The overall changes are +4.6 inches (117mm), +4.0
inches (102mm), and +2.8 inches (71.1mm) for the 10, 20, and 30 year running averages,
respectively.

The running averages for warm period mean temperature and total precipitation
are also analyzed (Fig. 4a, 5a, and 6a). All warm period mean temperatures show overall
decreasing tendencies over the period. However, the 10 and the 20 year running averages
exhibit slight increases since about 1980. The overall changes are -1.4° F (-0.78° C), -
1.5°F (-0.83° C), and -0.86° F (-0.48° C) for the 10, 20, and 30 year running averages,
respectively. For all averages, total warm period precipitation has steadily increased as in

the case of total cool period precipitation. The overall changes are +8.0 inches (203mm),
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+6.9 inches (175mm), and +4.7 inches (119mm) for the 10, 20, 30 year running averages,
respectively.

The cool period maximum, mean, and minimum temperatures as well as total cool
period precipitation are analyzed over the period (Fig. 7a). The cool period maximum
temperatures demonstrate an overall change of around +1.8° F (+1.0° C) (Fig. 7a).
Although these maximums decrease from the start of the period until the mid1970’s the
increase from that point until the end of the period is more than enough to compensate
and create an overall increase. In fact, maximum temperatures during the twelve year
CO; flux study period average 2.14° F (1.19° C) warmer than the average maximums for
the whole period. Also, this difference between the means of the two periods is greater
than one standard deviation of the mean for the whole period. These maximums passed
the student t-test for significance with a 0.09 t-probability of occurrence and are
therefore, significantly different. For the study period, cool period maximums are
available for every year except 1995 (Table 5.1). Of the available eleven years of data,
six years exhibit normal data while the other five years show at least anomalous data.
From 1991 through 1997, the data is for the most part normal with the exception of 1991
which is the record warmest cool period maximums experienced for the period. However,
from 1998 through 2002, all data is very anomalous or extreme with the exception of
2001 which is normal. For cool period maximums, the earlier portion of the study period
is relatively normal while the more recent portion is very anomalous. In fact, all years
from 1997 through 2002 are ranked in the top ten for the warmest for the period.

In terms of cool period mean temperatures, a similar decrease occurs from the

start of the period until about the mid1970’s with an increase since then (Fig. 7a).
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However, the overall change for the mean temperatures of the period is -0.78° F (-0.43°
C). Still, despite this overall decrease, average mean temperatures for the CO, flux study
period are 1.05° F (0.58° C) warmer than the averages for the whole period. These means
failed the student t-test for significance with a 0.69 t-probability of occurrence. But as
with the cool period maximums, eleven years of data for cool period mean temperatures
are available for the study period. Similarly to the maximums, the means show relatively
normal data in the earlier portion of the study period and relatively anomalous data for
the later portion of the study period (Table 5.1). In the data, five years are considered
normal while six years are considered at least anomalous. This includes the record
warmest and the second warmest cool period means for the period in 2002 and 1991,
respectively. Along with the first and second warmest data there are three other years that
are ranked in the top ten for warmth (1998, 1999, and 2000). Also, 1996 is the sixth
coolest for the period.

In terms of cool period minimum temperatures, there has been an overall decrease
since the start of the period (Fig. 7a). The change over the period is about -3.3° F (-1.83°
C) with a small difference (< 1/100th® F) between average minimums during the CO,
study period and the overall period. So, there has been a drastic decrease in cool period
minimum temperatures overall, however, the recent period shows little difference from
the whole period. Despite the small difference, these minimums passed the student t-test
for significance with a 0.02 t-probability of occurrence. Unlike with the other cool period
temperatures, minimum temperatures show no preference for normalcy in the earlier

portion of the study period (Table 5.1). Overall, six years are considered normal while
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five years are considered at least anomalous. Also, three years (1994, 1996, and 2001) are
ranked in the top ten for the coolest data while 2002 is the third warmest for the period.

In terms of total cool period precipitation, there is a decrease until the mid 1960°s
with an increase since then and an overall change of +3.7 inches (94.0mm) over the
whole period (Fig. 8a). This is roughly the equivalent of one average month of
precipitation for the area. Also, the average total cool period precipitation is 2.5 inches
(63.5mm) higher during the CO; study period than during the whole period. These recent
cool period precipitation years were close but failed slightly in the student t-test for
significance with a 0.11 t-probability of occurrence. For cool period precipitation, six
years are considered normal while five years are considered at least anomalous (Table
5.1). In this case, the middle portion of the study period is the most anomalous while the
earlier and later portions are more normal. The study period consists of four years ranked
in the top ten for the wettest including the wettest and the second wettest in 1996 and
1997, respectively. The study period also includes the ninth driest in 2002.

Cool period maximum temperatures have increased while cool period minimum
temperatures have decreased creating an overall decrease in cool period mean
temperatures while cool period precipitation has increased over the period. The
maximums and minimums passed the student t-tests for significance and so are
considered significantly different from the longer period. The diurnal temperature range
during the cool period months has then increased over the period which would lead one
to speculate that cloud cover has decreased and therefore precipitation has decreased as
well. However, in this case, the opposite scenario exists. One possible explanation is that

precipitation events are becoming less frequent yet more intense creating more
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opportunities for large diurnal temperature ranges yet still allowing an increase in total
precipitation. Temperatures are slightly more anomalous toward the later portion of the
study period while precipitation is more anomalous in the middle of the period. In terms
of both cool period parameters, the beginning of the study period is relatively normal
then becomes cooler and wetter toward the middle followed by warmer and drier toward
the end.

Warm period maximum, mean, and minimum temperatures as well as warm
period total precipitation are also analyzed over the period (Fig. 9a). Warm period
maximum temperatures demonstrate a decrease until about 1980 with an increase since
and an overall change of -0.67° F (-0.37° C) over the period. Warm period mean
temperatures show the same pattern of decreasing until 1980 and increasing since with a
similar overall change of -0.70° F (-0.39° C) for the period. Warm period minimum
temperatures have demonstrated an overall decrease throughout the period with an
overall change of -1.1° F (-0.61° C). Despite the decrease for all warm period
temperatures over the period, the averages for the CO, study period are warmer than for
the whole period by 0.85° F (0.47° C), 0.46° F (0.26° C), and 0.03° F (0.02° C) for the
maximum, mean, and minimum temperatures, respectively. So, warm period
temperatures are slightly warmer than average during the recent period when compared to
the whole showing that the recent increase since about 1980 has roughly compensated for
the overall decrease since the beginning of the period. All three warm period
temperatures failed their student t-tests for significance with t-probabilities of 0.80, 0.96,

0.54 for the maximums, means, and minimums, respectively. According to this test,
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warm period temperatures during the recent period are similar to those of the longer
period.

The warm period maximum, mean, and minimum temperatures each have twelve
years of data for the study period (Table 5.1). Of the twelve years, eight are considered
normal for warm period maximums. Of the other four years, three are ranked in the top
ten for the warmest (1995, 1998, and 1999) in the period including the warmest for the
period in 1999. Warm period mean temperatures include six normal years and six years
that are at least anomalous. This includes four years ranked in the top ten warmest (1994,
1995, 1998, and 1999) and two years ranked in the top ten coolest (1992 and 1997). For
swarm period minimum temperatures, eight out of the twelve years in the study period
are considered normal. The other four years consist of two years ranked in the top ten
warmest (1994 and 1998) and two years ranked in the top ten coolest (1992 and 1997)
with 1992 holding the record for the coolest year in the period. For all warm period
temperatures, 2000 through 2002 is considered normal.

In terms of total warm period precipitation, there has been a steady and overall
increase over the period with a change of +7.3 inches (185mm) (Fig. 10a). The average
warm period precipitation total during the CO; study period is 2.8 inches (71.1mm)
higher than the average for the whole period. This increase in warm period total
precipitation is the equivalent of about two average summer months of precipitation for
the area. This is approximately a 30% increase in summer precipitation over the period.
Despite this, warm period precipitation failed the student t-test for significance with a
0.17 t-probability of occurrence. In terms of the study period, seven out of the twelve

study years are considered normal (Table 5.1). All of the remaining five years are ranked
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in the top ten wettest years for the whole period. This includes 1991, 1995, 1996, 1999,
and 2000. Tropical systems late in the warm period are responsible for some of these
abnormally wet years. This is true for 1991, 1996, and 1999.

For at least the last twenty years, there has been an increase in warm period
temperatures and in total warm period precipitation. The temperature changes are much
less significant than the precipitation change, however. One scenario that may be
occurring is one in which warmer temperatures are allowing more evaporation and
therefore more convective activity. This could create increases in precipitation while
keeping temperatures more moderate with the increased cloud cover resulting from the
extra convection.

The start, end, and length of the growing season are also analyzed over the period
(Fig. 11a, 12a, and 13a). The growing season tendencies are much more variable than
those of temperature and precipitation. The start of the growing season has changed by -
1.1 days since the start of the period (Fig. 11a). This means that the start of the growing
season has shifted by about one day earlier. However, the average day during the CO,
flux study period is 4.7 days later than that of the whole period. This means that during
the recent period, the start occurs about one half of a week later than the average for the
whole despite a trend toward slightly earlier starts over the period. Along with this, the
start of the growing season during the recent period failed the student t-test for
significance with a 0.59 t-probability of occurrence. These recent start dates are
considered similar to those of the longer period. Only two out of the eleven available

study year data are not considered normal for the start of the growing season (Table 5.1).
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In 1997, the third latest start occurs on April 30 of that year and in 1998, the seventh
earliest start occurs on March 28 of that year.

The end of the growing season shows a tendency toward earlier dates until about
the mid1970’s and a tendency toward later dates since then (Fig. 12a). The overall change
is about -4.9 days, or almost five days earlier over the period. The difference between the
average date during the recent period compared to the whole period is small (<8/100ths
of a day). Along with this, the end of the growing season failed the student t-test for
significance with a 0.47 t-probability of occurrence. Similar to the start of the growing
season, the end consists of only two out of the eleven available years that are considered
at least anomalous (Table 5.1). In 1993, the sixth earliest ending occurs on September 20
of that year and in 2002, the sixth latest ending occurs on October 9 of that year.

The combination of these start and end dates of the growing season create a
tendency toward shorter lengths of the growing season by 3.8 days (Fig.13a). Also, the
average length during the CO, flux study is 4.8 days shorter than the average length for
the whole period. In accordance to the start and the end of the growing season, the length
also fails the student t-test for significance with a 0.46 t-probability of occurrence. In this
case, however, five of the available eleven years of data are considered at least
anomalous (Table 5.1). Four out of the five years are ranked in the top ten shortest
periods (1992, 1993, 1996, and 1997) while 1998 is the fifth longest growing season for
the period.

The last freeze, first freeze, and freeze free period between the two have also been
analyzed over the period (Fig. 14a, 15a, and 16a). The last freeze in the spring shows a

tendency toward later dates until about 1980 and toward earlier dates since then (Fig.
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14a). The overall change is -7.6 days, for a shift of more than a week toward earlier last
freezes. The average for the CO? study period is also 7.9 days earlier than the average for
the whole. Despite this change, only two of the available twelve years of data are
considered at least anomalous (Table 5.1) and this data fails the significance test with a
0.16 t-probability of occurrence. In 1991, the last freeze occurs on April 26 of that year
and is the earliest for the period. Then in 1993, the second earliest last freeze occurs on
April 30 of that year.

In terms of the first freeze in the fall, an overall tendency toward later dates is
observed with a change of +8.1 days over the period (Fig. 15a). The difference between
the averages of the recent period when compared to the overall average is 7.0 days later.
This is validated since these data passed the significance test with a 0.09 t-probability of
occurrence. In this case, only four out of the twelve available years of data are considered
at least anomalous (Table 5.1). However, this does include the latest three first freezes as
well as the sixth latest first freeze. In fact, in 1999 a forty five year old record is tied
when the first freeze occurs on October 7. Then in 2001, this record is broken again and
the new record is tied the following year in 2002 when the first freeze does not occur
until October 8 in both years.

These tendencies create an overall change in the freeze free period of +15.7 days
(Fig. 16a). This means that the period of time between freezes has increased by more than
two weeks. Also, the average time between freezes during the recent study period is 14.9
days longer than the average of the whole period. This is a large change in the freeze free
period with almost equal influence from both the last freeze and the first freeze dates. The

combination yields a freeze free period that passes the significance test with a 0.03 t-
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probability of occurrence. These recent data are significantly different from that of the
longer period. Unlike with the first and last freezes, the freeze free period consists of six
out of twelve available years of data which are considered to be at least anomalous (Table
5.1). All six years are ranked in the top ten for the longest freeze free periods and include
1991, 1993, 1994, 1999, 2001, and 2002.

This data shows that the freeze free period and the growing season length are not
well linked. This is especially true in autumn, where first freezes are occurring later but
the growing seasons are ending earlier. Cold air may be moving in earlier but may not
cold enough to freeze until later. Perhaps the volatility of the atmosphere has increased
causing more powerful fronts that keep weather patterns in motion. These powerful fronts
may bring in colder air earlier in the season but air movement may keep the area from
experiencing sufficiently calm conditions to produce the radiative cooling needed to
allow the minimum temperatures to drop below freezing at night. The same can be said
about the spring season in terms of the recent period where freezes end earlier yet cold air
continues later in the season.

The ending dates of the snow cover periods as well as the length of these snow
cover periods are also analyzed (Fig. 17a and 18a). Both parameters show significant
change over the period. The last day with snow on the ground has changed by -18.0 days
and the average end of snow cover date for the recent period is 9.9 days earlier than the
average for the whole period (Fig. 17a). Despite the drastic change, these data fail the
significance test with a 0.30 t-probability of occurrence. In terms of the available study
years, five of the eleven years are considered to be at least anomalous (Table 5.1). These

consist of four out of the top five earliest endings of the snow cover period including the
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top three earliest in 1992, 1991, and 2002, respectively. Also, the third latest ending
occurred in 2001 when the snow was on the ground until April 11 of that year.

The period of snow cover on the ground has changed by -40.0 days and the
average snow cover period during the recent study period is 28.9 days shorter than the
average for the whole period (Fig, 18a). This large change is validated by the significance
test in which the recent period passes with a 0.02 t-probability of occurrence. For the
eleven available study years, the snow cover period is considered to be at least anomalous
for nine of them (Table 5.1). Of these nine years, seven are ranked in the top ten shortest
periods while two are ranked in the top ten longest periods. These two longer periods
occurred in 1993 and 2001 and the only two normal periods occurred in 1994 and 2000.
All other years are very short including the record for the period in 1999 with only 10
days of significant snow cover which is the minimum allowed. The study period is
variable in terms of snow cover period with definite preference toward shorter periods
when compared to the whole period.

Based on this data, snow is melting off much earlier and the length of time that
the snow is on the ground has decreased significantly. However, this does not mean that
winter precipitation has decreased since it has been shown that quite the opposite is true.
Winter precipitation is increasing while snow on the ground is melting off earlier leading
to the assumption that more precipitation events, at least in late winter and early spring,
are in the form of rain rather than snow. It is also interesting to note that there is a
tendency toward extremes in the case of snow on the ground. The recent years have
exhibited either feast or famine for the most part with most data falling in the at least

anomalous category.
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Correlations amongst parameters

Many correlations amongst parameters were attempted, however, few significant
correlations were found. Despite this, there are a few comparisons of interest. First, the
length of the growing season is compared with the start and the end of the growing
season (Fig. 19a). It shows that the start of the growing season has a higher correlation to
the length than does the end of the growing season (0.79 for the start compared to 0.45
for the end). The same type of comparison is done for the first and last freeze compared
to the freeze free period (Fig. 20a). It shows that the last freeze in the spring has a higher
correlation to the freeze free period than does the first freeze in autumn (.86 for the last
compared to .71 for the first). Due to their higher variability, the start of the growing
season and the last freeze date control the length of the growing and freeze free seasons
more readily than the end of the growing season and the first freeze date. Therefore, the
timing of the onset of spring is more important than the onset of autumn in determining
the length of the growing and freeze free periods.

Other correlations were attempted but did not produce any definitive links
between parameters. It is intuitive to assume that earlier melting of snow in the spring
leads to earlier last freezes and earlier starts to the growing season since the air can more
easily warm without the snow on the ground. These comparisons do lead to the expected
trends, however, and the correlations are poor. A comparison between the lengths of the
growing season and freeze free periods does not produce a strong correlation as expected

based on the previous results where it is shown that the growing season has truncated
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while the freeze free period has expanded over the period (Fig. 21a). Any attempts to
correlate temperature to precipitation within seasons in addition to temperature or

precipitation to growing season, freezing data, or snow produce poor results as well.

Chapel Hill, NC- (representing Duke Forest, NC)

The Chapel Hill data set includes climate records starting from November 1, 1948
through October 31, 2002, totaling 54 years of data for each parameter. The data consists
of fourteen climatic parameters derived from records of temperature and precipitation at
the site. Tendencies in these parameters are analyzed to determine changes over the
period. Additionally, correlations amongst the parameters are attempted to investigate
links between them. Finally, the data for the recent years during the NIGEC sponsored
AmeriFlux CO, flux project at Duke Forest, NC (1997-2002) is compared to the entire
length of the study period to determine the statistical significance of these recent data
(Table 5.2). An index is then used to quantify and compare years within the CO; flux

study period to determine relative normality and abnormality of the data (Table 6.1).

Table 5.2 Value and Normalcy Index Classification for each parameter for each year

1997 1998 1999 2000 2001 2002
Start of the Day -3 Day 4 Day 13 Day 0 Day 31 Day 28
growing (VA®) (N) (N) (A) (N) (N)
season 3"% 27"% 51°% 15"% 76"% 69"%
End of the Day 310 Day 308 Day 297 Day 283 Day 301 Day 303
growing (N) (N) (N) E) (N) (N)
season 71%% 53"% 18"% 4"% 31%% 35"%
Length of | 313 Days | 304 Days | 284 Days | 283 Days | 270 Days | 275 Days
the growing (VA) (N) (N) (NJ (N) (N)
season 94"% 78"% 44"% "o 27"% 35"%
Last Day 100 Day 82 Day 76 Day 75 Day 110 Day 98
freeze (’t\rl1) (ﬁ) %A) (\t{1A) (w (wm)
46"'% 127% 6% 4"% 76" % 40™%
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Day321 | Day311 | Day308 | Day320 | Day302 | Day 323

First
(VA) (N) (N) (VA) (N (E®)
freeze 08", 87"% 71%%, 96"% 52", 100"%
Freeze free 221 Days | 229 Days | 232 Days | 245 Days | 192 Days | 225 Days
N I I P P T B Y
86"% 93, 94", 100"% 37", 91%'%,
22.31n. 25.0in. 20.1in. 17.8in. 13.6 in.
Cool period | (566mm) | (635mm) | (511mm) | (452mm) (345mm)
precipitation (N) (N) (N) (N) (VA)
61%% 75M%, 415'%, 25N, 8",
Warm 18.6 in. 17.7in. 38.91in. 22.91n. 23.7in. 26.7 in.
period (472mm) (450mm) (988mm) | (582mm) | (602mm) | (678mm)
precipitation %A) (\t{wA) (E(t?) (’t\rl1) (lr:l (lr:l
9™, 6% 100"% 46"% 52", 72"
58.4°F 61.1°F 60.8° F 571°F 63.1°F
Cool period | (14.7° C) (16.2°C) | (16.0°C) | (13.9°C) | (17.3°C)
max. temp. Ny | T (N) (N) (N) (VA)
47"% 81%% 76"% 27"% 98",
476°F 49.0°F 486°F 456°F 50.5° F
Cool period | (8.67°C) | (9.44°C) | (9.22°C) | (7.56°C) | (10.3°C)
mean temp. (N) (N) (N) (N) (VA)
65"% 84", 76"% 29", 94",
36.3°F 36.4°F 36.0°F 33.7°F 376°F
Cool period | (2.39°C) | (2.44°C) | (2.22°C) | (0.94°C) | (3.11°C)
min. temp. (N) (N) (N) (N) (VA)
75"% 76"% 69"% 39", 92",
N 81.4°F 84.5°F 815°F 82.1°F 81.5°F 83.6°F
; (27.4°C) | (29.2°C) | (27.5°C) | (27.8°C) | (27.5°C) | (28.7°C)
period max. N A N N N N
temp. (th) (th) (st) (st) (th) (th)
24", 88", 31%'% 51%'% 27"% 75"%
Warm 705°F 73.3°F 711°F 713°F 704°F 73.0°F
period (23.4°C) | (22.9°C) | (21.7°C) | (21.8°C) | (21.3°C) | (22.8°C)
mean tem (N) (VA) (N) (N (N) (VA)
P-1 36t 96"% 54", 62", 34", 92",
Warm 59.1°F 61.5°F 60.3°F 60.0° F 58.9°F 61.8°F
period min (15.1°C) | (16.4°C) | (15.7°C) | (15.6°C) | (14.9°C) | (16.6°C)
e I N I I Y A I
51%% 90"% 7819, 70"% 44", 96™M%

(N) = normal
(A) = anomalous
(VA) = very anomalous

(E) = extreme

® denotes the record for the period

Tendencies

Tendencies are analyzed for all fourteen parameters and for 10, 20, and 30 year

running averages of mean temperature and precipitation for the cool and warm periods.
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Running averages for cool period mean temperature and total precipitation are
analyzed (Fig. 1b, 2b, and 3b). The 10 year running average yields a decrease in cool
period mean temperature until around 1980 with an increase since that time. The 20 and
30 year running averages yield a decrease until the early 1970’s with an increase since
that time. The overall changes for the period are small as a result of the increases and
decreases. The changes are + 0.56° F (+0.31° C), +0.40° F (+0.22° C), and + 0.41° F
(+0.23° C) for the 10, 20, and 30 year running averages, respectively. For total cool
period precipitation, the 10 and 20 year averages yield decreases until the early 1970’s
with increases since that time, while the 30 year average yields a decrease until about
1980 with an increase since. The overall changes, as a result, are +0.4 inches (10.2mm),
+1.2 inches (30.5mm), and +0.3 inches (7.62mm) for the 10, 20, ands 30 year running
averages, respectively. The changes in precipitation are small because of almost equal
increases and decreases over the period.

Running averages for warm period mean temperature and total precipitation are
also analyzed (Fig. 4b, 5b, and 6b). The 10 year running average for warm period mean
temperature yields a decrease until about 1980 with an increase since that time while the
20 and 30 year averages yield a decrease until the mid 1970’s with an increase since. The
overall changes are very small, as a result, at just +0.06° F (+0.03° C), -0.35° F (-0.19°
C), and +0.12° F (+0.07° C) for the 10, 20, and 30 year running averages, respectively.
Total warm period precipitation has steadily increased over the period for all running
averages by +1.7 inches (43.2mm), +1.5 inches (38.1mm), and +1.1 inches (27.9mm) for

the 10, 20, and 30 year running averages, respectively.
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Cool period maximum, mean, and minimum temperatures along with total cool
period precipitation are analyzed for the period (Fig. 7b). Cool period temperatures reveal
a decrease until the late 1970’s with a slight increase since that time. The overall changes
are decreases in temperature by -0.90° F (-0.50° C), -0.75° F (-0.42° C), and -0.60° F (-
0.33° C) for the maximum, mean, and minimum cool period temperatures, respectively.
However, the averages for temperatures during the recent study period are warmer than
the averages for the whole period. The temperatures during the study period are warmer
by +1.19° F (+0.66° C), +1.33° F (+0.74° C), and +1.49° F (+0.83° C) for the maximum,
means, and minimums, respectively. The temperatures during the six year study period
are abnormally warm enough to create an increasing tendency. Despite any differences,
all three recent temperatures for the cool period failed the significance tests with 0.20,
0.26, and 0.35 t-probabilities of occurrence for the maximums, means, and minimums,
respectively. For cool period temperatures, data is missing for 1998. For the five
available years of data, only 2002 is considered at least anomalous for all three
temperatures (Table 5.2). This year yields the second warmest maximums, the fourth
warmest means, and the fifth warmest minimums for the period, respectively.

Total cool period precipitation, on the other hand, has decreased slightly overall
during the period by -0.5 inches (12.7mm) (Fig. 8b). The average precipitation during the
study period is 1.6 inches (40.6mm) less than the average for the whole period. The
recent period has been slightly drier than the whole period and the overall tendency
demonstrates at least a slight decrease. The small difference between the recent period
and the longer period is validated by the significance test in which this parameter failed

with a 0.31 t-probability of occurrence. There are five years available from the study
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period with 1998 missing. Of the five years available, only 2002 is considered abnormal
(Table 5.2). This year is the fourth driest for the period.

The cool periods have been warming slightly for the last twenty five years and
have been drying slightly since the beginning of the period. During the study period, the
cool periods have been warmer and drier than average, as a whole.

Warm period maximum, mean, and minimum temperatures along with total warm
period precipitation are also analyzed over the period (Fig. 9b). Warm period maximums
and means yield an overall slight decrease while the minimums yield a decrease until the
late 1970’s with an increase since for an overall slight increase. The changes over the
period are -0.87° F (-0.48° C), -0.29° F (-0.16° C), and +0.24° F (+0.13° C) for the
maximums, means, and minimums, respectively. The average temperatures during the
study period are slightly warmer than the average for the whole period for means and
minimums while they are nearly unchanged for maximums. Averages over the study
period are different than averages for the whole period by -0.03° F (-0.02° C), +0.69° F
(+0.38° C), and +1.41° F (+0.78° C) for the maximums, means, and minimums,
respectively. Of these temperatures, only the recent maximums passed the significance
test. These temperatures scored t-probabilities of 0.05, 0.26, and 0.59 for the maximums,
means, and minimums, respectively. Of the six study years, only 1998 is considered at
least anomalous for all three temperatures (Table 5.2). This includes the seventh warmest
maximums, the third warmest means, and the sixth warmest minimums for the period.
Also, in 2002, the third warmest minimums occur which create the fifth warmest means

while the maximums are considered normal.
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Total warm period precipitation has increased overall for the period by +2.5
inches (63.5mm) and the average precipitation for the six year study period is 0.6 inches
(15.2mm) higher than the average for the whole period (Fig. 10b). The study period on
average is very similar to the whole period in terms of warm period precipitation but the
tendency over the whole period is increasing. This small difference is validated by this
parameter’s failure in the significance test with a 0.61 t-probability of occurrence. With
this data, three out of the six available study years are considered at least anomalous
(Table 5.2). This includes the wettest warm period in 1999 and the third and fifth driest
warm periods in 1998 and 1997, respectively.

The warm periods have changed very little in the way of temperatures but have
become slightly wetter since the start of the period. The study period is slightly warmer in
terms of minimum temperatures and slightly wetter. Possibly the increase in precipitation
is associated with an increase in cloudiness that may be keeping minimum temperatures
higher while slightly decreasing maximum temperatures. Also, tropical systems such as
Hurricane Floyd in 1999 are a large influence on warm period precipitation.

The start, end, and length of the growing season are also analyzed over the period
(Fig. 11b, 12b, and 13b). The start of the growing season yields a tendency toward later
dates until the late 1970°s with a tendency toward earlier dates since that time (Fig. 11b).
The overall change is toward later dates by +4.5 days. However, the average start date
during the study period is 8.2 days earlier than that of the whole period. The tendency
toward earlier dates since the late 1970’s is represented by the much earlier dates found
in the study period even though the entire period yields later dates. These earlier dates

failed the significance test with a 0.16 t-probability of occurrence. Just two out of the six

34



years from the 1997-2002 study period are considered to be at least anomalous (Table
5.2). In 1997, the start date is the earliest for the period and occurs on December 28, 1996
while in 2000, the start date is the seventh earliest start and occurs on December 31,
1999.

The end of the growing season yields an overall tendency toward earlier dates by -
8.1 days for the whole period (Fig. 12b). The average date during the study period is 5.5
days earlier than that of the whole period so the earlier dates during the study period are
represented by the overall tendency toward earlier dates. These earlier dates passed the
significance test with a 0.01 t-probability of occurrence. Despite this passing of the test,
the ending dates in the study period are all considered normal with the exception of 2000
when the second earliest ending date occurred on October 9 (Table 5.2).

In terms of the overall length of the growing season, there is a tendency toward
shorter periods until the late 1970’s with a tendency toward longer periods since that time
(Fig. 13b). The overall tendency is toward shorter periods by -12.7 days while the
average length of the growing season is 2.8 days longer during the study period when
compared to the whole period. Despite the above average lengths during the study period
and the increase since the late 1970’s the overall change is a shortening by almost two
weeks. These above average lengths passed the significance test with a 0.01 t-probability
of occurrence. Despite this, the growing season lengths during the study period are
normal for the most part with the exception of 1997 when the fourth longest season
occurred (Table 5.2).

The last freeze, first freeze, and the freeze free period between them are analyzed

as well (Fig. 14b, 15b, and 16b). The last freeze in the spring yields a strong overall
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tendency toward earlier dates by -9.3 days while the average date during the study period
is earlier by 10.4 days in comparison to the average date of the whole period (Fig. 14b).
The average date during the study period is well represented by the overall tendency.
Also, the recent last freeze dates passed the significance test with a 0.09 t-probability of
occurrence. Of the six last freezes during the study period, three are considered abnormal
(Table 5.2). In 1998, the sixth earliest last freeze occurred on March 23. In 1999, the third
earliest last freeze occurred on March 17 and in 2000, the second earliest last freeze
occurred on March 15. Three of the top six earliest last freezes occur during the study
period.

The first freeze in autumn yields a tendency toward earlier dates until the late
1970’s with a tendency toward much later dates since that time (Fig. 15b). The overall
change is toward later dates by +4.7 days while the average date during the study period
is 13.7 days later than that of the whole period. This 13.7 day difference in the average is
greater than one standard deviation from the average for the whole period. The first
freeze dates are much later during the study period than they are during the whole period.
Despite this, the parameter failed the significance test with a 0.19 t-probability of
occurrence. Like with the last freezes, three out of the six study years are considered
abnormal (Table 5.2). These are, in fact, the top three latest first freezes for the period. In
1997, the second latest date is set and occurs on November 17 of that year. In 2000, the
third latest date is set and occurs on November 15. Then in 2002, the latest first freeze for
the period occurs on November 19 of that year.

The total freeze free period yields similar tendencies to the first freeze dates with

shorter periods until the late 1970’s and longer periods since that time (Fig. 16b). The
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overall change over the period is +14.0 days while the average length during the study
period is 24.1 days longer than the average for the whole period. This, as with the first
freeze dates, is greater than one standard deviation from the average length of the whole
period. The freeze free period is much longer during the study period than it is during the
whole period. The significance test validates this as the recent period passed the test with
a 0.06 t-probability of occurrence. In addition, five out of the top ten longest freeze free
periods occur during this six year study period (Table 5.2). This includes the longest of
the period occurring in 2000. Only 2001 is considered normal out of this data for freeze
free period.

The data here shows that the freeze free period and the growing season length are
not well linked. In terms of the overall tendencies, the growing season is shrinking while
the freeze free period is expanding. This is similar to the data from Birch Hill Dam, MA.
Since the growing season is based on mean temperature, this means that cold fronts are
occurring later in the spring and earlier in the fall while low temperatures are staying
above freezing earlier in the spring and later in the fall. Perhaps these two stations are
experiencing higher volatility in the atmosphere where more powerful fronts are passing
through bringing in colder air. However, without radiative cooling this air is not cold
enough to freeze. The air motion may be inhibiting radiative freezes. The overall result
could mean that there are fewer freezes during the transition seasons but more frontal

passages.
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Correlations amongst parameters

Many correlations are attempted to show relationships amongst the parameters.
However, few of the comparisons yield favorable links. Though, similar to the Birch Hill
Dam, MA data, this data shows favorable links between the start of the growing season
and the last freeze date to the length of the growing season and the freeze free period,
respectively. The start of the growing season yields a 0.87 correlation to the length of the
growing season while the end of the growing season yields only a 0.43 correlation to the
length of the growing season (Fig. 19b). Similarly, the last freeze date shows a 0.83
correlation to the freeze free period, but the first freeze date also shows a decent
correlation to the freeze free period at 0.72 (Fig. 20b).

Other correlations are not very good though some are at least worth mentioning.
Warmer winter mean temperatures are seen to be slightly correlated to earlier starts of the
growing season with a correlation of 0.60 (Fig. 22a). This makes sense because the
growing season is based on mean temperature and if warmer winter means eclipse the
start of the growing season criteria then earlier starts can occur. Also, warmer summer
minimums yield a 0.61 correlation to longer freeze free periods (Fig. 23a). This also
makes sense because freezes are based on minimums and if minimums at the beginning
and the end of the summer period are warmer there is less chance of a freeze. It is also
interesting to note that a poor correlation is found between the length of the growing
season and the freeze free period (Fig. 21b). This is expected since it is already
mentioned that these two parameters can not be linked very well. Any other attempts to
link temperature to precipitation within seasons in addition to temperature or

precipitation to growing season or freeze data produce poor results.
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Chebovgen, MI- (representing Univ. of Michigan Biological Station, MI)

The Cheboygen data set includes climate records starting from November 1, 1950
through October 31, 2002, totaling 52 years of data for each parameter. The data consists
of sixteen climatic parameters derived from records of temperature, precipitation, and
snowfall on the ground at the site. Tendencies in these parameters are analyzed to
determine changes over the period. Additionally, correlations amongst the parameters are
attempted to investigate links between them. Finally, the data for the recent years during
the NIGEC sponsored AmeriFlux CO, flux project at the University of Michigan
Biological Station, MI (1998-2002) is compared to the entire length of the study period to
determine the statistical significance of these recent data (Table 5.3). An index is then
used to quantify and compare years within the CO, flux study period in order to

determine relative normality and abnormality of the data (Table 6.1).

Table 5.3 Value and Normalcy Index Classification for each parameter for each year

1998 1999 2000 2001 2002
Start of the Day 86 Day 90 Day 68 Day 111 Day 106
growing (VA) (A) (E®) (N) (N)
season 6"% 12"% 2"% 53"% 33"“%
End of the Day 275 Day 275 Day 266 Day 268 Day 281
growing (N) (N) (&) (N) (N)
season 46"% 46"% 17"% 23"% 77"%
Length of 189 Days | 185 Days | 198 Days | 157 Days | 175 Days
the growing (VA) (A) (E®) (N) (N)
season 92", 88"% 100"% 33"% 73"%
Last Day 118 Day 147 Day 141 Day 119 Day 145
freeze (ﬁ) (Vt/hb\) (’t\rl1) (ﬁ) ('ﬁ:)
127% 94"'% 76"% 17"% 85"%
First Day 277 Day 280 Day 272 Day 280 Day 287
freeze ('?i) ('t\rl1) (Q) ('t\rl1) ('t\fl1)
23"% 35" % 147% 35" % 58" %
Freeze free 159 Days | 133 Days | 131 Days | 161 Days | 142 Days
e N O I I I
52™% 13"'% 9"% 64" % 27"%
End of Day 87 Day 83 Day 58 Day 93 Day 93
snow cover (N) (N) (VA) (N) (N)

39



45M, 39M9, 8" 75"% 75"%

Snow cover | 80Days | 95Days | 73Days | 119 Days | 100 Days

period 140, 2%, 1, 6", 357,
11.6 in. 12.1in. 8.6 in. 11.2in. 14.0 in.
Cool period (295mm) (307mm) (218mm) (284mm) | (356mm)
precipitation (N) (N) (N) (N) (N)
56"% 67"% 23"% 48"% 89"%
Warm 17.4 in. 16.8 in. 13.2in. 26.0 in. 26.4 in.
period (442mm) (427mm) (335mm) (660mm) | (671mm)
precipitation (,t\i) (,t\i) (ﬁ) (VthA) (E(t?)
47" % 45"% 127% 98"% 100™"%

39.1°F 39.6°F 40.2°F 36.2°F 39.4°F
Cool period | (3.94°C) | (4.22°C) | (4.56°C) | (2.33°C) | (4.11°C)
max. temp. (VA) (VA) (VA®) (N) (VA)
92", 98", 100"% 51%% 94™M9,

324°F 30.5°F 30.9°F 28.9°F 32.3°F
Cool period | (0.22°C) | (-0.83°C) | (-0.61°C) | (-1.72°C) | (0.17°C)
mean temp. (VA®) (N) (A) (N) (VA)
100"% 80"% 88" 61°'% 98"%

253°F 20.8°F 211°F 21.0°F | 246°F
Cool period | (-3.72°C) | (-6.22°C) | (-6.06°C) | (-6.11°C) | (-4.11° C)

min. temp. (E®) (N) (N) (N) (VA)
100"% 67"% 7819, 69"% 98",
Warm 713°F 70.9°F 68.9°F 69.5°F 67.8°F
; (21.8°C) | (21.6°C) | (20.5°C) | (20.8°C) | (19.9° C)
period max. A N N N N
temp. (th) (nd) ( th) ( th) (m)
88", 82" 38", 50"% %
Warm 61.7°F 59.9°F 59.1°F 60.3°F 59.1°F
period (16.5°C) | (155°C) | (15.1°C) | (15.7°C) | (15.1°C)
mean temp (Vt'hA) ('t\rl1) (,t\rl1) (,t\rl1) (w
: 96™M% 60"% 46"% 70"% 44",
N 51.5°F 48.4°F 489°F 50.6° F 50.0° F
period min (10.8°C) | (9.11°C) | (9.39°C) | (10.3°C) | (10.0° C)
omo, | A
: 96"% 40"% 48" 92", 78"M%

(N) = normal
(A) = anomalous
(VA) = very anomalous

(E) = extreme

® denotes the record for the period

Tendencies

Tendencies are analyzed for all sixteen parameters and for 10, 20, and 30 year

running averages of mean temperature and precipitation for the cool and warm periods.

40



Running averages for cool period mean temperature and total precipitation are
analyzed (Fig. 1c, 2c, and 3c). All three running averages exhibit the same pattern of
changing temperature and precipitation. In terms of temperature, they each show a
decrease till the mid 1980’s with an increase since that time. The overall changes for the
temperature running averages are decreases by -1.02° F (-0.57° C), -0.91° F (-0.51°C),
and -0.53° F (-0.29° C) for the 10, 20, and 30 year running averages, respectively. These
temperature data are relatively insignificant in comparison to the precipitation changes.
All three running averages exhibit overall increases in precipitation over the period by
+3.0 inches (76.2mm), +2.3 inches (58.4mm), and +1.7 inches (43.2mm) for the 10, 20,
and 30 year running averages, respectively. These data seem to indicate that the cool
periods are becoming wetter.

Warm period mean temperature and precipitation are also analyzed with 10, 20,
and 30 year running averages (Fig. 4c, 5c, and 6¢). All running averages show a steady
decrease in mean warm period temperatures and a steady increase in total warm period
precipitation. The decreases in temperature are -2.09° F (-1.16° C), -1.71° F (-0.95° C),
and -1.09° F (-0.61° C) and the increases in precipitation are +1.8 inches (45.7mm), +2.0
inches (50.8mm), and +1.3 inches (33.0mm) for the 10, 20, and 30 year running averages,
respectively. These data seem to indicate that the warm periods are becoming cooler and
wetter.

Cool period maximum, mean, and minimum temperatures along with total cool
period precipitation are analyzed for the period (Fig. 7c). Overall changes in cool period
temperatures are not completely in sync. Maximum temperatures have been highly

variable and essentially unchanged with a difference of just 7/100ths® F over the period.
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Minimum temperatures have decreased slightly by -1.22° F (-0.68° C) creating an even
smaller overall decrease in the means at -0.56° F (-0.31° C). Despite these very small
changes in temperature over the period, the five years during the study period have
yielded very warm temperatures. The averages of the maximums, means, and minimums
during the study period are greater than the averages for the whole period by 2.31° F
(1.28° C), 2.54° F (1.41° C), and 2.75° F (1.53° C), respectively. All three of these
differences in the averages are greater than one standard deviation from the average of
the whole period for their respective parameter. Despite this, all three temperatures failed
the significance test with t-probabilities of 0.40, 0.54, and 0.76 for the maximums, means,
and minimums, respectively. For the maximums, only 2001 is considered normal (Table
5.3). The years 1998, 1999, 2000, and 2002 are the fifth warmest, second warmest, the
warmest, and the fourth warmest for the period, respectively. This is four out of the top
five warmest winter maximums. For the minimums, only 1998 and 2002 are considered
to be at least anomalous (Table 5.3). The years 1998 and 2002 are the warmest and the
second warmest minimums of the period, respectively. For the means, 1998, 2000, and
2002 are the warmest, seventh warmest, and second warmest means of the period,
respectively (Table 5.3). Both 1999 and 2001 are considered normal for the means.
Total cool period precipitation has revealed an overall increase over the period
(Fig. 8c). The increase is by +2.6 inches (66.0mm) and the average cool period
precipitation during the study period is greater than the average for the whole period by
0.4 inches (10.2mm). All cool period precipitation years are considered normal for this
station (Table 5.3). These data are validated by the significance test in which they failed

with an almost one to one t-probability at 0.96.
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The cool periods at this station have been getting slightly wetter and minimum
temperatures have cooled slightly. But temperatures have not changed much overall.
However, the recent period of study has yielded some of the warmest readings for the
period while precipitation is just slightly higher than it is for the whole period.

Warm period maximum, mean, and minimum temperatures along with total warm
period precipitation are also analyzed over the period (Fig. 9¢). All temperatures exhibit
overall decreases with the most significant decreases associated with the maximums. The
overall temperature changes for the period are -2.79° F (-1.55° C), -1.72° F (-0.96° C),
and -0.70° F (-0.39° C) for the maximums, means, and minimums, respectively. The
average temperatures are warmer for the study period than for the whole period but only
slightly so. Averages for the study period are warmer than the whole period by 0.24° F
(0.13°C), 0.56° F (0.31° C), and 0.87° F (0.48° C) for the maximums, means, and
minimums, respectively. However, all the temperatures failed the significance test with t-
probabilities of 0.44, 0.66, and 0.81 for the maximums, means, and minimumes,
respectively. For the maximums, only 1998 is considered at least anomalous (Table 5.3).
It is the seventh warmest for the period. For the minimums, only 1998 and 2001 are
considered at least anomalous (Table 5.3). The years 1998 and 2001 are the third warmest
and the fifth warmest for the period, respectively. For the means, 1998 is the third
warmest for the period and is the only year considered at least anomalous for the study
period (Table 5.3).

Total warm period precipitation has steadily increased over time by +3.0 inches
(76.2mm) while the average precipitation for the study period is greater than that of the

whole period by 2.3 inches (58.4mm) (Fig. 10c). However, the change is not considered
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significant as the data failed the significance test with a 0.31 t-probability of occurrence.
Only 1998 and 1999 are considered normal for this station. The year 2000 is the sixth
driest warm period while 2001 and 2002 are the second wettest and the wettest warm
periods for the period, respectively (Table 5.3).

Warm periods at this station are becoming cooler and wetter with more cooling
during the daily maximums. This could be the result of more convective activity in the
afternoons that keeps temperatures down and increases total precipitation with the
increased threat of rainfall. This could also mean that more frontal passages are present
during the summer which are cooling the area and creating more precipitation. However,
the later is questionable since the nightly minimums have not exhibited the same
decreases that would be associated with frontal cooling.

The start, end, and length of the growing season are also analyzed over the period
(Fig. 11c, 12c, and 13c). The start of the growing season yields a very strong tendency
toward earlier dates by -9.1 days (Fig. 11c). Also, the average start date during the study
period is earlier than the average start of the whole period by 17.4 days. This average
start date during the 5 year study period is greater than one standard deviation from the
average start date for the whole period. The start dates have become earlier and the very
early start dates during the study period represent this shift. However, the recent start
dates are right on the border of failing the significance test with a 0.10 t-probability of
occurrence. In this five year study period, only two years are considered normal (2001
and 2002). The years 1998, 1999, and 2000 are the third earliest, sixth earliest, and the

earliest starts of the period, respectively (Table 5.3).
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The end of the growing season exhibits a tendency toward earlier dates by -4.7
days (Fig. 12¢). The average ending date during the study period is earlier than the
average ending of the whole period by 2.4 days. This shift is not as significant as with the
start of the growing season but it is in the same direction. For some reason the whole
season is shifting toward earlier times. According to the significance test this shift in the
end of the growing season is not significant as it failed the test with a 0.54 t-probability of
occurrence. During the five year study period, only one year is considered at least
anomalous (Table 5.3). In 2000, the end of the growing season is the ninth earliest for the
period occurring on September 22 of that year.

The combination of the changing start and the end of the growing season yields a
longer length of the growing season by +4.4 days over the period (Fig. 13c). Also, the
average length during the study period is greater than the average length during the whole
period by 14.9 days. Overall, the study period has very long growing seasons. Along with
this, these growing seasons scored a 0.10 t-probability in the significance test which is
borderline passing for significance. Similar to the start of the growing season, the length
has only two normal years (2001 and 2002) during the five year study period (Table 5.3).
The years 1998, 1999, and 2000 are the fifth longest, seventh longest, and the longest
growing seasons for the period, respectively.

The last freeze, first freeze, and freeze free period between them are analyzed as
well (Fig. 14c, 15¢c, and 16c¢). The last freeze in the spring yields a tendency toward later
dates by +5.5 days (Fig. 14c). Also, the average last freeze during the study period is later
than the average of the whole period by 2.5 days. However, this parameter failed the

significance test with a 0.49 t-probability of occurrence. Only the year 2000 is considered
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normal for last freeze date (Table 5.3). The years 1998 and 2001 are the sixth earliest and
the eighth earliest for the period, respectively. Also, the years 1999 and 2002 are the
second latest and the ninth latest for the period, respectively.

The first freeze in autumn shows a strong tendency toward earlier dates by -7.6
days (Fig. 15¢). In addition to this tendency, the average first freeze during the study
period occurs 7.4 days earlier than the average date of the whole period. Despite this, the
parameter failed the significance test with a 0.40 t-probability of occurrence. The only
year considered to be at least anomalous is 2000 which has the sixth earliest first freeze
date occurring on September 28 of that year (Table 5.3).

The combination of these later last freezes and earlier first freezes creates a large
decrease in the freeze free period by -13.1 days over the period (Fig. 16¢). Also, the
average freeze free period during the study period is 9.9 days shorter than the average for
the whole period. This difference is not considered significant, however, since this
parameter failed the significance test with a 0.32 t-probability of occurrence. The years
1999 and 2000 are the only years considered to be at least anomalous (Table 5.3). The
years 1999 and 2000 are the sixth shortest and the fifth shortest freeze free periods of the
period.

These data show that, like with other stations that are analyzed, the growing
season length and the freeze free period are not well linked. In this case, the growing
season is expanding while the freeze free period is truncating by almost two weeks. This
is the opposite scenario from what is found with the Birch Hill Dam, MA and the Chapel
Hill, NC data where, in both cases, the growing season is shrinking while the freeze free

period is expanding by around two weeks over the period. It seems baffling that in
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Massachusetts and in North Carolina freeze free periods are expanding while in Michigan
they are collapsing at a similar rate. In Cheboygen, it is possible that warm air is moving
into the area earlier in the spring season and cold air is waiting until later in the fall
creating the longer growing seasons. But perhaps there is also a consistent presence of
high pressure during the transition seasons that is becoming more frequent and allowing
for more radiational cooling that enables temperatures to fall below freezing at night.
This persistent high pressure over the upper Midwest may be what is feeding volatile
storms over the east coast during the transition seasons leading to their expanded freeze
free periods.

The ending dates of snow cover as well as the length of these snow cover periods
are also analyzed over the period (Fig. 17b and 18b). Both parameters show some large
changes over the period. The tendency in the end of snow cover date is toward earlier
dates until the early 1980’s and toward later dates since that time (Fig. 17b). The last day
with snow on the ground has tended toward earlier dates by -7.0 days, overall. The
average date of last snow cover during the study period is just 1.7 days earlier than the
average for the whole period. This small difference is validated by the failed significance
test with this parameter at a 0.67 t-probability of occurrence. Only one year during the
five year study is considered at least anomalous (Table 5.3). In 2000, the end of snow
cover is the fourth earliest for the period occurring on February 27 of that year.

The period of snow cover on the ground has truncated -15.5 days over the period
(Fig. 18b). This tendency is well represented by the difference between the average snow
cover periods for the study period when compared to the average of the whole period.

The average during the study period is 14.6 days shorter than the average for the whole

47



period. Despite this, the parameter failed the significance test with a 0.31 t-probability of
occurrence. Of the five years in the study, two are considered at least anomalous (Table
5.3). The years 1998 and 2000 are the seventh shortest and the sixth shortest snow cover
periods for the period.

The changing snow situation is similar at Cheboygen to what is found at Birch
Hill Dam, MA. Though the Cheybogen trends in snow cover are not as drastic as those of
Birch Hill Dam, they are trending toward the same directions. In both cases, there are
trends toward earlier melting of snow in the spring and shorter periods of snow on the
ground. In this case, as with Birch Hill Dam, precipitation in the winter is increasing
slightly leading to the assumption that precipitation events in the late winter and early

spring are falling in the form of rain rather than snow.

Correlations amongst parameters

Many correlations are attempted to show relationships amongst the parameters.
As with other station correlations, these yield poor results. The only decent correlations
are between the start of the growing season and the length of the growing season and
between the last freeze and the freeze free period. When compared to the length of the
growing season, the start of the growing season shows a 0.80 correlation while the end of
the growing season shows only a 0.46 correlation (Fig. 19¢c). As with other stations that
are analyzed, the start of the growing season is more variable and therefore controls the
length more readily than does the end of the growing season. The comparison between
the last freeze and the freeze free period yields a better correlation than between the first

freeze date and the freeze free period (0.73 for the last freeze and 0.67 for the first

48



freeze). However, the difference between the correlations is not as significant (Fig. 20c).
The last freeze in the spring is not as important in determining the length of the freeze
free period as the start of the growing season is in determining the length of the growing
season. It is also interesting to note that a poor correlation is found between the length of
the growing season and the freeze free period as is expected based on the results (Fig.
21c). This is similar to other stations that are analyzed. There are no significant

correlations found between any other parameters for this station.

Manhattan, KS- (representing Konza Prairie, KS)

The Manhattan data set includes climate records starting from November 1, 1948
through October 31, 2002, totaling 54 years of data for each parameter. The data consists
of sixteen climatic parameters derived from records of temperature, precipitation, and
snow on the ground at the site. Tendencies in these parameters are analyzed to determine
changes over the period. Additionally, correlations amongst the parameters are attempted
to investigate links between them. Finally, the data for the recent years during the NIGEC
sponsored AmeriFlux CO; flux project at Konza Prairie, KS (1996-2002) is compared to
the entire length of the study period to determine the statistical significance of these
recent data (Table 5.4). An index is then used to quantify and compare years within the

CO; flux study period in order to determine relative normality and abnormality of the

data (Table 6.1).
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Table 5.4 Value and Normalcy Index Classification for each parameter for each year

1996 1997 1998 1999 2000 2001 2002
Start of the Day 40 Day 1 Day 53 Day 36 Day 52 Day 72 Day 26
growing (N) (E®) (N) (N) (N) (N (VA)
season 24"% 2"% 45"% 19"% 43"% 82"% 8"%
End of the Day 304 | Day 298 | Day 305 Day 290 | Day 280 | Day298 | Day 288
growing (N) (N) (N) (N) (&) (N) (N)
season 68" % 53"% 71%% 29" % 127'% 53"“% 24"%
Length of 264Days | 297Days | 252 Days | 254 Days | 228Days | 226 Days | 262Days
the growing (N) (E) (N) (N) (N) (N) (N)
season 86" % 98" % 70"% "% 26"% 23"% 83" %
Last Day 99 Day 132 | Day 108 Day 108 | Day 103 | Day 108 | Day 115
noeze | N, | & |00 0| e
20™% 96" % 49™% 49™% 32"% 49™% 74"%
. Day 292 | Day 299 | Day 315 Day 280 | Day 279 | Day 286
First Day 277
freeze () (N) (E®) (A) )% 5% () () ()
57"% "% 100"% 26"% 21%% 40™%
193 Days | 167Days | 207Days | 169 Days | 177Days | 171 Days | 171Days
F fi
Serod | M) (N (VA) (N) (N) (N) (N)
77"% 22"% 96" % 26"% 38" % 30"% 30" %
|
89"% 39"%
Snow cover 22 Days | 10 Days
iod (N) (VA®)
perio 48th% 6th%
4.5in. 9.9in. 9.0 in. 19.9in. 9.8 in.
Cool period | (114mm) | (251mm) | (229mm) | (505mm) | (249mm) |
precipitation (VA) (N) (N) (E®) (NJ
4"% 65"% 54"% 100"% "%
Warm 26.3in. 18.51n. 26.4 in. 20.9in. 29.9in. 21.5in.
period (668mm) | (470mm) | (671mm) | (531mm) | (759mm) | (546mm)
precipiation | (M), | N, | o, 31 s, | 3o
(3] (o] (o] (3] 0 0
51.6°F 50.4° F 49.9°F 53.9°F 48.7° F
Cool period | (10.9°C) | (10.2°C) | (9.94°C) | (12.2°C) | (9.28°C) |
max. temp. (N) (N (N) (A) (N)
58"% 42"% 37"% 85"% 21%%
384°F 38.8°F 39.9°F 42.9°F 36.3°F
Cool period | (3.56°C) | (3.78°C) | (4.39°C) | (6.06°C) | 239°C) |
mean temp. (N) (N) (N) (VA) (VA)
27"% 40"% 54"% 94"% 9"%
248°F 26.8°F 29.3°F 31.3°F 233°F
Cool period | (-4.0°C) | (-2.9°C) | (-1.5°C) | (-0.39°C) | (-483°C) |
min. temp. (VA) (N) (N) (VA) (E®)
8"% 35"% 75"% 96"% 2"%
Warm 82.1°F 83.1°F 83.7°F 82.9°F 84.6° F 84.0°F
. (27.8°C) | (28.4°C) | (28.7°C) | (28.3°C) (29.2°C) | (28.9°C)
period max. | 7 o T | YT AN T Y T L | -
fomp (N) (N) (N) (N (N) (N)
) 37" % 63" % 73% 62" % 83"% 75" %
Warm 70.7° F 71.3°F 72.2°F 70.1°F 71.1°F 71.0°F
period (21.5°C) | (21.8°C) | (22.3°C) | (21.2°C) | --—----—-- (21.7°C) | (21.7°C)
mean temp. (N) (N) (N) (N) (N) (N)
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46M% 63"% 83"% 257, 56"% 54™M,
Warm 587°F | 59.0°F | 60.3°F 56.8°F 571°F 57.4°F
period min (14.8°C) | (15.0°C) | (15.7°C) | (13.8°C) | (13.9°C) | (14.1°C)
temp ' ('?'h) ('?'h) (V@) (@) ('?'h) (l\{)
: 50"% 60"% 90"% 17"% 19", 21°,

(N) = normal
(A) = anomalous
(VA) = very anomalous

(E) = extreme

® denotes the record for the period

Tendencies

Tendencies are analyzed for all sixteen parameters and for 10, 20, and 30 year
running averages of mean temperature and precipitation for the cool and warm periods.

Running averages for cool period mean temperature and total cool period
precipitation are analyzed (Fig. 1d, 2d, and 3d). All running averages exhibit steady
increases in cool period mean temperature and steady increases in total cool period
precipitation over the period. The overall increases in temperature are +1.42° F (+0.79°
C), +0.95° F (+0.53° C), and +0.84° F (+0.47° C) for the 10, 20, and 30 year averages,
respectively. The overall increases in precipitation are more significant at +3.3 inches
(83.8mm), +3.0 inches (76.2mm), and +2.0 inches (50.8mm) for the 10, 20, and 30 year
averages, respectively. This data is indicating that cool periods have become warmer and
wetter at this station.

Warm period mean temperature and total precipitation are also analyzed with 10,
20, and 30 year running averages (Fig. 4d, 5d, and 6d). All running averages exhibit
slight decreases in temperature with steady increases in precipitation. The decreases in
mean temperature are -0.50° F (-0.28° C), -0.08° F (-0.04° C), and -0.22° F (-0.12° C) for

the 10, 20, and 30 year running averages, respectively. The increases in total precipitation
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are +2.3 inches (58.4mm), +1.7 inches (43.2mm), and +1.4 inches (35.6mm) for the 10,
20, and 30 year running averages, respectively. This data indicates that warm period
mean temperatures are generally unchanged but the warm period has become slightly
wetter over the study period.

Cool period maximum, mean, and minimum temperatures along with total cool
period precipitation are analyzed for the period (Fig. 7d). Overall, cool period
temperatures have increased slightly over the period. The increases are +1.32° F (+0.73°
C), +1.46° F (+0.81° C), and +1.63° F (+0.91° C) for the maximums, means, and
minimums, respectively. However, the average temperatures during the study period are
mostly cooler than the average temperatures for the whole period. The only exception is
with the maximums which are almost identical to the average for the whole period with
<3/100ths° F difference in temperature. The study period averages for the means and the
minimums are cooler than the whole period by 0.31° F (0.17° C) and 0.70° F (0.39° C),
respectively. All of these temperatures failed the significance tests with t-probabilities of
1.00, 0.83, and 0.73 for the maximums, means, and minimums, respectively. The recent
period is very similar to the overall period in terms of cool period temperatures. The
years 2000 and 2002 are missing for cool period temperatures at this station. Of the
remaining five study years, only 1999 is considered at least anomalous for all
temperatures (Table 5.4). It has the ninth warmest maximumes, the third warmest
minimums, and the fourth warmest mean temperatures for the period. The year 2001 is
also considered anomalous for the minimums and the means as they are the coolest

minimums and the fifth coolest means for the period.
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Total cool period precipitation has increased by +4.1 inches (104mm) over the
period (Fig. 8d). The average precipitation for the study period is 1.1 inches (27.9mm)
higher than the average for the whole period which supports that the recent years have
been wetter. This is a small difference which failed the significance test with a 0.38 t-
probability of occurrence. The years 2000 and 2002 are missing for cool period
precipitation at this station. Of the five study years remaining, 1996 and 1999 are
considered at least anomalous (Table 5.4). They are the second driest and the wettest cool
periods for the period, respectively.

The cool periods at this station have been getting wetter over the period while
temperatures have increased some. However, the study period was close to average or
slightly cooler than the average for the whole period in terms of temperature and a little
wetter than the average for the whole period in terms of precipitation.

Warm period maximum, mean, and minimum temperatures along with total warm
period precipitation are also analyzed over the period (Fig. 9d). Warm period
temperatures have barely changed with only slight decreases in all cases. The changes in
temperature over the period are -0.46° F (-0.26° C), -0.19° F (-0.11° C), and -0.08° F (-
0.04° C) for the maximums, means, and minimums, respectively. The average
temperatures for the study period are not much different than the average temperatures
for the whole period. The maximums and means are warmer during the study period by
0.54° F (0.3° C) and 0.09° F (0.05° C), respectively. The minimums are slightly cooler
during the study period by 0.39° F (0.22° C). All temperatures failed the significance
tests with t-probabilities of 0.99, 0.76, and 0.56 for the maximums, means, and

minimums, respectively. The year 2000 is missing for warm period temperatures at this
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station. Of the remaining six study years, all warm period maximums and means are
considered normal (Table 5.4). However, 1998 and 1999 are the sixth warmest and the
ninth coolest warm period minimums for the period.

Total warm period precipitation has been variable but has increased by +1.2
inches (30.5mm) over the period (Fig. 10d). However, the average precipitation during
the study period is essentially equal to the average for the whole period. The study period
is just slightly drier than the whole period by 0.6 inches (15.2mm). All available study
years are considered normal for warm period precipitation (Table 5.4). This is supported
by the failure of the significance test with a 0.84 t-probability of occurrence.

Warm periods at this station have not changed significantly over the period.
Temperatures have decreased slightly while precipitation has increased slightly.
However, the study period exhibits warmer maximums and cooler minimums than the
whole period as well as slightly drier summers. The slightly dryer summers during the
study period have likely allowed for larger diurnal temperature ranges but the differences
are minor.

The start, end, and length of the growing season are also analyzed over the period
(Fig. 11d, 12d, and 13d). The start of the growing season yields a very strong tendency
toward earlier dates by -22.6 days (Fig. 11d). Also, the average start date during the study
period is earlier than the average start date for the whole period by 14.6 days. The
tendency toward earlier start dates is supported by the early start dates during the study
period. These start dates passed the significance test with a 0.07 t-probability of
occurrence. The recent dates are significantly earlier than those of the whole period.

During the study period, two out of the seven years studied are considered at least
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anomalous (Table 5.4). The years 1997 and 2002 are the earliest and the fourth earliest
starts to the growing season for the period.

The end of the growing season also shows a strong shift toward earlier dates by -
13.3 days (Fig. 12d). The average ending date during the study period is only 2.2 days
earlier than the average date for the whole period, however. These recent ending dates
failed the significance test with a 0.63 t-probability of occurrence. The only year during
the study period that is considered at least anomalous is 2000 which is the sixth earliest
end to the growing season for the period (Table 5.4).

The combination of the earlier start and end dates of the growing season creates
an expanding growing season over the period by +9.3 days (Fig. 13d). The average length
of the growing season during the study period supports this as it is 12.4 days longer than
the average for the whole period. Despite this longer length, the recent period failed the
significance test with a 0.13 t-probability of occurrence. All growing season lengths
during the study period are considered normal with the exception of 1997 which is the
second longest growing season for the period (Table 5.4).

The last freeze, first freeze, and freeze free period between them are also analyzed
over the period (Fig.14d, 15d, and 16d). The last freeze in the spring exhibits a tendency
toward earlier dates until around 1980 with a tendency toward later dates after that time
(Fig. 14d). The overall trend is toward earlier dates by -6.7 days. However, the average
last freeze during the study period is 1.7 days later than the average for the whole period.
These recent last freezes failed the significance test with a 0.39 t-probability of
occurrence. All data during the study period is considered normal with the exception of

1997 which is the third latest last freeze for the period (Table 5.4).
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The first freeze in autumn also shows a tendency toward earlier dates by -4.9 days
(Fig. 15d). In this case, the average first freeze during the study period is close to the
average for the whole period at only 0.5 days later. This is validated by the failure of the
significance test with a 0.61 t-probability of occurrence. The years 1998 and 1999 are the
only years considered at least anomalous (Table 5.4). They are the latest first freeze and
the eighth earliest last freeze for the period, respectively.

The overall change in the freeze free period as a result of these earlier first and
last freezes is not very significant (Fig. 16d). Freeze free periods have been variable over
the period and the overall tendency is toward longer periods but by only +1.8 days. The
average freeze free period during the study period is just 1.2 days shorter than the average
for the whole period. This also is validated by the failure of the significance test with a
0.34 t-probability of occurrence. All data is considered normal with the exception of 1998
which is the second longest freeze free period for the period (Table 5.4).

These data show that the length of the growing season and the freeze free period
are shifting toward earlier times. Both parameters are experiencing earlier starts and ends
to their seasons. The growing season data has changed more drastically while the changes
in the freeze data are more moderate. The shifts in the seasons seem quite large. The
growing season is shifted by about two and a half weeks towards an earlier time while the
freeze free period is shifted by almost a week toward an earlier time. For some reason,
warm air is coming into the area earlier in the spring while cold air is coming into the
area earlier in the fall. Perhaps a higher frequency of low pressure systems which bring
about weather changes is occurring in the area. During the transition seasons, more

storminess could be pulling in more warm air in the spring and more cold air in the fall.
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This could also be supported by the noted increases in precipitation in both the warm
period and cool period for this station.

The snow cover data for this station is sporadic since not every year has
experienced a significant snow cover. Only 23 of the 54 years for the period include a
significant snow cover period. Neither snow cover parameter included sufficient data for
a student t-test for significance. However, these ending dates of snow cover and snow
cover periods are analyzed as well (Fig. 17c and 18c). The change in the ending date of
snow cover has been variable with an overall tendency toward earlier dates by just -1.5
days (Fig. 17¢). However, the average ending snow cover date for the two years that
experience a significant snow cover during the study period is 6.9 days later than that of
the whole period. The only study years with significant snow covers are 2001 and 2002
(Table 5.4). Both years are considered normal in terms of the end of snow cover date.

The period of snow cover on the ground, as with other stations, has tended
towards shorter periods (Fig. 18c). The overall change for the period is a truncation by -
12.4 days. The average snow cover period for the two years during the study period
which experience a significant snow cover is 9.8 days shorter than that of the whole
period. This represents the overall trend quite well. Of the two study years available with
significant snow covers, 2002 is tied for the shortest snow cover period at only 10 days
(Table 5.4). This is the shortest snow cover allowed by the criteria.

This station does not experience a significant snow cover on an annual basis.
From the beginning of this period of study until the mid 1980’s, a significant snow cover
occurs about once every two years on average. Since then, however, only four years have

a significant snow cover. These trends represent what is happening when there is a snow
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cover but it is important to note that snow covers themselves are becoming less frequent.
The trends in the available data are similar to what is occurring at other stations with

snowfall data.

Correlations amongst parameters

Many correlations are attempted to show relationships amongst parameters. As
with other correlations for different stations, these attempts yield poor results. As with
other stations, there is a stronger correlation between the start of the growing season and
the length of the growing season than between the end of the growing season and the
length of the growing season (0.83 to 0.53, respectively) (Fig. 19d). However, unlike
most stations, the last freeze and the first freeze have similar correlations to the freeze
free period (Fig. 20d). In fact, the first freeze actually has a better correlation to the freeze
free period than does the last freeze (0.73 to 0.71). The beginning and the end of the
freeze free period are equally as important in determining the length of the freeze free
period. The length of the growing season, as is found at other stations, is determined
more importantly by the start of the season than the end. Of the other correlations that are
attempted, most yield poor results. However, there is one that is worth noting. When
comparing the end of the snow cover to the start of the growing season there is a
correlation of 0.68 (Fig. 24a). As the end of the snow cover occurs later so too does the
start of the growing season. This correlation is not terrific, however, and with only 23
years of snow cover data to work with this correlation may be misleading. It does make
sense though since one would expect the growing season to change as the date of snow

cover melt off changes.
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Martinsville, IN- (representing Morgan Monroe State Forest, IN)

The Martinsville data set includes climate records starting from November 1,
1950 through October 31, 2002, totaling 52 years of data for each parameter. The data
consists of sixteen climatic parameters derived from records of temperature, precipitation,
and snow on the ground at the site. Tendencies in these parameters are analyzed to
determine changes over the period. Additionally, correlations amongst parameters are
attempted to investigate links between them. Finally, the data for the recent years during
the NIGEC sponsored AmeriFlux CO; flux project at Morgan Monroe State Forest, IN
(1998-2002) is compared to the entire length of the study period to determine the
statistical significance of these recent data (Table 5.5). An index is then used to quantify
and compare years within the CO, flux study period in order to determine relative

normality and abnormality of the data (Table 6.1).

Table 5.5 Value and Normalcy Index Classification for each parameter for each year

1998 1999 2000 2001 2002
Start of the Day 22 Day 54 Day 93 Day 29
growing | -----eeee- (A) (N) (VA) (A)
season 16"% 34"% 96"% 21%%
End of the Day 291 Day 281 Day 279 Day 293
growing | - (N) (N) (N) (N
season 63"% 30"% 20"% 72"%
Length of 269 Days | 227 Days | 186 Days | 264 Days
the growing | = -------—-- (A) (N) (VA) (A)
season 88"% 46"% 4"% 83"%
Last Day 90 Day 104 Day 109 Day 139
freeze | T (VA > N ()
4% 30"% 37" % 100™"%
First Day 291 Day 282 Day 280 Day 287
freeze | ('t\rl1) (lt\rl1) (,t\rl1) ('t\rl1)
74"% 47"% 38"% 57"%
201Days | 178 Days | 171 Days | 148 Days
Meod | T (VAS) | ) ) A
100™"% 68" % 47"% 4%
End of Day 15 Day 37 Day 12
snowcover | (N) (N) A® | T
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25"% 63% 13"%
15 Days 17 Days 29 Days

Snow cover

period s07% | 6s™% | 76"
17.2in. 17.3in. 11.2/in. 25.0in.
Cool period (437mm) (439mm) | (284mm) | (635mm)
precipitation Ny | T (N) (E®) (VA)
29"% 31°% 2"% 96"%
Warm 27.0in. 14.8 in. 33.3in. 26.9in. 25.9in.
period (686mm) (376mm) | (846mm) | (683mm) | (658mm)
preciptaton | ()| QAo
85" % 8% 98"% 81°% 77"%

48.7°F 48.9°F 51.1°F 457°F 52.0°F
Cool period | (9.28°C) | (9.39°C) | (10.6°C) | (7.61°C) | (11.1°C)
max. temp. (N) (N) (VA) (Nd) (E)
71%% 78"% 93", "o 96"%
40.2°F 39.0°F 40.3°F 36.2°F 417°F
Cool period | (4.56°C) | (3.89°C) | (4.61°C) | (2.33°C) | (5.39°C)
mean temp. (A) (N) (A) (N (VA)
87"% 73", 89"% 22"% 98"%
31.3°F 28.7°F 28.9°F 26.2°F 30.8°F
Cool period | (-0.39°C) | (-1.83°C) | (-1.72° C) | (-3.22° C) | (-0.67° C)

min. temp. (VA®) (N) (N) (N) (VA)
100"% 71%% 76"% 31%%, 98",
Warm 79.7°F 777°F 776°F 78.8°F
period Max, | o (26.5°C) | (25.4°C) | (25.3°C) | (26.0° C)
tomp I
: 79"% 32"y, 30"M% 51%%
Warm 67.0°F 66.9°F 66.4° F 67.9°F
oriod | e (19.4°C) | (19.4°C) | (19.1°C) | (19.9° C)
megn temp ('t\rl1) (lt\rl1) (,t\rl1) (Nt)
: 57"% 551, 38", 81%%
N 53.7°F 55.6°F 54.6° F 56.5° F
period min, | —eeee (12.1°C) | (13.1°C) | (12.6°C) | (13.6° C)
' (N) (N) (N) (VA)
temp th t th th
: 34", 81%'% 55", 98",

(N) = normal
(A) = anomalous
(VA) = very anomalous

(E) = extreme

® denotes the record for the period

Tendencies

Tendencies are analyzed for all sixteen parameters and for 10, 20, and 30 year

running averages of mean temperature and precipitation for the cool and warm periods.
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Running averages for cool period mean temperature and total precipitation are
analyzed (Fig. le, 2e, and 3e). All three running averages show slight overall increases in
cool period mean temperature but with different patterns over the period. The 10 year
average exhibits an increase until the mid 1970’s with a decrease since that time for an
overall increase of +0.27° F (+0.15° C). The 20 year average exhibits an increase until
around 1980 with a decrease since for an overall increase of +0.25° F (+0.14° C). Finally,
the 30 year average exhibits a decrease until the early 1970’s with an increase since for
an overall increase of +0.26° F (+0.14° C). The trends for precipitation are increases
followed by decreases over the period. The 10 year average exhibits an increase in
precipitation until the mid 1970’s with a decrease since that time while the 20 and 30 year
averages show an increase until around 1980 with a decrease since. The overall changes
for all three averages are +2.6 inches (66.0mm), +2.0 inches (50.8mm), and +1.5 inches
(38.1mm) for the 10, 20, and 30 year running averages, respectively. Cool period
temperatures have not changed much while precipitation has increased over the period.

Warm period mean temperatures and total precipitation are also analyzed with 10,
20, and 30 year running averages (Fig. 4e, Se, and 6e). Warm period temperatures exhibit
steady tendencies toward cooling for all three running averages. The overall changes for
the period are -1.83° F (-1.02° C), -1.26° F (-0.7° C), and -1.02° F (-0.57° C) for the 10,
20, and 30 year running averages, respectively. Warm period precipitation has shown an
overall increase for all cases. The changes are +3.4 inches (86.4mm), +3.4 inches
(86.4mm), and +2.2 inches (55.9mm) for the 10, 20, and 30 year running averages,
respectively. Overall, warm periods have become steadily cooler and wetter over the

period.
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Cool period maximum, mean, and minimum temperatures along with total cool
period precipitation are also analyzed for the period (Fig. 7¢). Cool period temperatures
exhibit much variability over the period with slight tendencies toward warming in all
cases. The overall increases in temperature are +0.24° F (+0.13° C), +0.31° F (+0.17° C),
and +0.40° F (+0.22° C) for the maximums, means, and minimums, respectively.
Average temperatures during the five year study period are warmer than average
temperatures for the whole period by 1.58° F (0.88° C), 1.64° F (0.91° C), and 1.73° F
(0.96° C), for the maximums, means, and minimums, respectively. However, all
temperatures failed the significance tests with t-probabilities of 0.83, 0.75, and 0.67 for
the maximums, means, and minimums, respectively. For the maximums, 2000 and 2002
are considered at least anomalous (Table 5.5). They are the fourth and the third warmest
for the period, respectively. For the minimums, 1998 and 2002 are considered at least
anomalous (Table 5.5). The year 1998 is the warmest for the period while 2002 is the
second warmest. For the means, 1998, 2000, and 2002 are considered at least anomalous
(Table 5.5). They are the seventh, sixth, and second warmest for the period, respectively.

Total cool period precipitation has been highly variable over the period (Fig. 8e).
The overall change for the period is an increase of +1.0 inch (25.4mm). Despite this
overall increase for the period, average cool periods during the study period are drier than
average cool periods during the whole period. The average cool period is 1.6 inches
(40.6mm) drier during the study period. This is not considered significant as this
parameter failed the t-test with a 0.79 t-probability of occurrence. For this parameter,

1999 is missing. The years 2001 and 2002 are considered at least anomalous while 1998
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and 2000 are considered normal (Table 5.5). The year 2001 is the driest winter for the
period while 2002 is the third wettest.

Cool periods at this station are becoming slightly warmer and wetter over the
period. However, the recent period of study exhibits fairly significant warmth and drier
conditions when compared to the whole period. The trends over the period are very subtle
while the difference between the recent study period and the whole study period is more
significant. Overall, the study years are warmer and drier than the rest of the period.

Warm period maximum, mean, and minimum temperatures along with total warm
period precipitation are also analyzed over the period (Fig. 9¢). All temperatures exhibit
overall decreases over the period. The changes are -3.22° F (-1.79° C), -2.07° F (-1.15°
(), and -0.92° F (-0.51° C) for the maximums, means, and minimums, respectively.
Despite the large decreases in warm period temperatures over the period, the recent study
period exhibits slightly warmer conditions for the means and the minimums which are
warmer by 0.35° F (0.19° C) and 0.85° F (0.47° C), respectively. The maximums are
slightly cooler during the study period by 0.14° F (0.08° C). The maximums and the
means both passed the significance test with t-probabilities of 0.06 and 0.07, respectively.
However, the minimums failed the test with a t-probability of 0.83. The maximums are
very cool for the recent period while the minimums are relatively normal. For warm
period temperatures, 1998 is missing. Of the remaining study years, only the minimums
from 2002 are considered at least anomalous (Table 5.5). They are the second warmest
for the period. All other warm period temperature data is considered normal.

Total warm period precipitation has increased over the period (Fig.10e). The

increase in warm period precipitation is by +3.9 inches (99.1mm) over the period while
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the average study year is wetter than the whole period by 2.9 inches (73.7mm). This
parameter failed the significance test with a t-probability of 0.22. Of the five study years
available, 1999 and 2000 are considered at least anomalous (Table 5.5). The year 1999 is
the fourth driest warm period for the study period while 2000 is the second wettest.

Warm periods at this station are becoming cooler and wetter with much of the
cooling in the daily maximums. The temperatures during the study period are not good
representatives of the changes over the period while the wetter than average conditions
during the study period are a good representation of the overall changes. The study years
are slightly warmer and much wetter than the rest of the period. The cloud cover
associated with the increased precipitation in the summer is probably the reason for the
cooler maximums over the period and likely the reason why maximums are cool during
the study period while minimums are warm. This is probably the result of more
convection during the warm period.

The start, end, and length of the growing season are also analyzed over the period
(Fig. 11e, 12e, and 13e). The start of the growing season has been quite variable over the
period. The overall change is slightly later by +2.3 days (Fig. 11e). Despite this small
change toward later dates, the start of the growing season during the study period occurs
8.5 days earlier on average than it does for the whole period. However, the recent start
dates failed the significance test with a 0.33 t-probability of occurrence. For the study
period, 1998 is missing. Of the remaining four years, only 2000 is considered normal
(Table 5.5). The years 1999 and 2002 are the seventh and the tenth earliest start dates for

the period, respectively, while 2001 is the third latest start date for the period.
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The end of the growing season exhibits high variability over the period (Fig. 12e).
The overall change is toward later dates by +2.8 days. However, the end of the growing
season occurs 3.3 days earlier during the study period than it does during the whole
period, on average. These recent ending dates failed the significance test with a 0.57 t-
probability of occurrence. Of the 4 years available, 1999-2002 are all considered normal
in terms of end of the growing season (Table 5.5).

The variability of the start and the end of the growing season creates a highly
variable length of the growing season as well (Fig. 13e). The length tends toward shorter
periods until the mid 1970’s and toward longer periods since that time. The overall
change is a tendency toward longer periods by just +0.5 days. The average length during
the study period is 5.2 days longer than the average for the whole period, however. These
recent longer lengths are not considered significant since this parameter failed the
significance test with a 0.23 t-probability of occurrence. Of the available years (1999-
2002), only 2000 is considered normal (Table 5.5). The years 1999 and 2002 are the
seventh and ninth longest, respectively, while 2001 is the second shortest of the period.

The last freeze, first freeze, and freeze free period between them are analyzed as
well (Fig. 14e, 15¢, and 16e). The last freeze in the spring yields a tendency toward later
dates by +4.0 days (Fig. 14e). However, the average last freeze during the study period
occurs 1.4 days earlier than the average for the whole period. This small change is
validated since this parameter failed the significance test with a 0.95 t-probability of
occurrence. Of the available years (1999-2002), 1999 and 2002 are considered at least
anomalous (Table 5.5). While 1999 is the second earliest date of the period, 2002 is the

latest date of the period.
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The first freeze in autumn yields a tendency toward earlier dates by -9.3 days
while the average first freeze occurs 0.9 days later during the study period than it does
during the whole period (Fig. 15¢). All of the available first freeze data is considered
normal for the study period. This is validated by this parameter’s failure of the t-test with
a 0.74 t-probability of occurrence.

The combination of later last freezes and earlier first freezes yields a freeze free
period that slopes toward shorter periods by -13.3 days (Fig. 16e). However, the average
freeze free period during the study period is 2.2 days longer than that of the whole period.
This small difference is shown in this parameter’s failure of the t-test with a 0.95 t-
probability of occurrence. Of the available study years (1999-2002), 1999 and 2002 are
considered at least anomalous (Table 5.5). The year 1999 is the longest for the period
while 2002 is the second shortest for the period.

In both the growing season and the freeze data, the recent study period data
conflicts with the overall tendencies for the period. However, these data are not well
linked to each other as is also seen with other stations. The overall growing season length
has expanded slightly while the freeze free period had truncated significantly. The reason
for the large truncation in the freeze free period may be similar to what is occurring at
Cheboygen, MI. Perhaps there is a more persistent existence of high pressure during the
transition seasons, especially in the fall. This would allow more radiational cooling and
warming that could drop temperatures below freezing at night but still allow enough
warming so that the mean temperatures are not affected greatly. This would allow the

growing season data to seem relatively unchanged while the freeze free period truncates.
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The ending dates of snow cover as well as the length of the snow cover periods
are also analyzed over the period (Fig. 17d and 18d). Unfortunately, only eight years of
snow data are available for the entire period. Six of the eight years occur after 1990 and
three of these years occur during the study period. The tendencies in this case must be
taken lightly as well as any analysis of this data. Neither parameter included sufficient
data for a student t-test analysis. The end of the snow cover exhibits tendencies toward
earlier dates by -31.9 days while the snow cover period exhibits tendencies toward
shorter periods by -2.3 days. The three significant snow covers during the study period
are 10.9 days earlier on average for the ending dates and 2.7 days shorter on average for
the snow cover periods. The only study years available are 1999-2001. The only data
considered at least anomalous for the snow data is the ending date in 2001 (Table 5.5). It
is the earliest out of the eight recorded for the period. The rest of the snow data is
considered normal. However, it is difficult to make any real assessment of the snow

situation with all of the missing data.

Correlations amongst parameters

Many correlations are attempted to show relationships amongst parameters.
These, for the most part, yield poor results. But like other stations, there are some decent
results for the growing season and for the freeze free correlations. When compared to the
length of the growing season, the start of the growing season shows a 0.92 correlation
while the end of the growing season shows only a 0.37 correlation (Fig. 19¢). When
compared to the freeze free period, the last freeze shows a 0.73 correlation while the first

freeze shows only a 0.59 correlation (Fig. 20e). Once again, what occurs in the spring is
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more important than what occurs in the fall in determining the length of the growing
season and the freeze free period. There are so other significant correlations found
amongst any of the parameters for this station. As with the other stations, the length of

the growing season is poorly correlated to the freeze free period (Fig. 21e).

Willow Reservoir, WI- (representing Willow Creek, WI)

The Willow Reservoir data set includes climate records starting from November
1, 1949 through October 31, 2002, totaling 53 years of data for each parameter. The data
consists of sixteen climatic parameters derived from records of temperature, precipitation,
and snowfall on the ground at the site. Tendencies in these parameters are analyzed to
determine changes over the period. Additionally, correlations amongst the parameters are
attempted to investigate links between them. Finally, the data for the recent years during
the NIGEC sponsored AmeriFlux CO, flux project at Willow Creek, WI (1998-2002) is
compared to the entire length of the study period to determine the statistical significance
of these recent data (Table 5.6). An index is then used to quantify and compare years
within the CO, flux study period in order to determine relative normality and abnormality

of the data (Table 6.1).

Table 5.6 Value and Normalcy Index Classification for each parameter for each year

1998 1999 2000 2001 2002
Start of the Day 102 Day 91 Day 115 Day 110 Day 104
growing N) (VA) N) (N) N)
season 16" % 8% 67 % 48" % 27"%
End of the Day 274 Day 264 Day 267 Day 267 Day 266
growing (A) N) (N) N) (N)
season 87"% 38"% 60" % 60" % 53"%
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Length of 172 Days | 173 Days | 152 Days | 157 Days | 162 Days
the growing (A) (VA) (N) (N) (N)
season 88" 91°'% 45", 60"% 69"%
Last Day 117 Day 115 | Day 140 | Day 115 Day 141
freeze (E) (E®) (N) (E®) (N)
6"% 2", 40"% 2"y, 43",
First Day 275 Day 264 | Day280 | Day 279 Day 281
e A I
79"% 49", 92", 89", 94",
Freeze free 158 Days | 149 Days | 140 Days | 164 Days | 140 Days
period | v | (e
98", 91%'%, 80"% 100"% 80"%
Day 97 Day 103
snEvr\:dcgf/er (';‘1) ('t\f‘)
25", 50"%
Snow cover 142 Days | 110 Days
: (N) (VA®)
period 570, 4thoy,
5.7 in. 8.2 1in. 7.9in. 10.4 in. 14.6 in.
Cool period | (145mm) | (208mm) | (201mm) | (264mm) | (371mm)
precipitation (A) (N) (N) (N) (E®)
10"% 50"% 44", 79"% 100"%
Warm 13.7 in. 24.6in. 21.2in. 20.5in. 28.1in.
iod (348mm) (625mm) | (538mm) | (521mm) (714mm)
P (VA) (N) (N) (N) (VA)
precipitation 4tho, 75ty 51t 415, 920,
35.9°F 35.9°F 37.2°F 31.8°F 36.6°F
Cool period | (2.17°C) | (2.17°C) | (2.89°C) | (-0.11°C) | (2.56° C)
max. temp. (A) (VA) (VA) (N() (VA)
87"% 91%% 96"% 42"%%, 94",
27.6°F 25.9°F 26.6°F 21.7°F 277°F
Cool period | (-2.44°C) | (-3.39°C) | (-3.0°C) | (-5.72°C) | (-2.39° C)
mean temp. (VA) (VA) (VA) (N) (VA®)
98" 91°'% 94", 43", 100" %
19.0°F 15.5° F 15.6° F 11.2°F 18.3°F
Cool period | (-7.22°C) | (-9.17°C) | (-9.11°C) | (-11.6°C) | (-7.61°C)
min. temp. (E®) (VA) (VA) (N) (E)
100"% 91°'% 92", 49", 98",
Warm 72.2°F 68.4° F 68.9° F 69.6° F 67.4°F
odmax. | (223°C) | (20.2°C) | (20.5°C) | (20.9°C) | (19.7°C)
P | (VA) (N) (N) (N) (N)
emp. 94", 35"% 46"% 62"% 17"%
N 60.8° F 58.5° F 58.7°F 59.2°F 58.3°F
period (16.0°C) | (14.7°C) | (14.8°C) | (15.1°C) | (14.6°C)
mean tem (VA) (N) (N) (N) (N
p- 98" 67"% 69"% 88"% 62""%
Warm 491°F 481°F 47.9°F 48.4°F 48.7°F
period min (9.5°C) | (8.94°C) | (8.83°C) | (9.11°C) | (9.28°C)
omp. | VAR ) e e
100"% 85"% 83", 90"% 96"%

(N) = normal

(A) = anomalous

(VA) = very anomalous
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(E) = extreme

® denotes the record for the period

Tendencies

Tendencies are analyzed for all sixteen parameters and for 10, 20, and 30 year
running averages of mean temperature and precipitation for the cool and warm periods.

Running averages for winter mean temperature and total precipitation are
analyzed (Fig. 1f, 2f, and 3f). In terms of temperature, the 10 year average exhibits a
tendency toward cooling until the late 1970°s with a tendency toward warming since that
time for an overall tendency toward cooling by -1.52° F (-0.84° C). The 20 and 30 year
averages show overall slopes toward cooling with cooling until the mid 1980’s followed
by warming since that time. The overall tendencies for the 20 and 30 year averages are
cooling by -1.26° F (-0.7° C) and -0.73° F (-0.41° C), respectively. The precipitation is
increasing until around 1970 and decreasing since that time for the 10 and 20 year
averages. For the 30 year average, precipitation is increasing until the late 1970’s and
decreasing since. The overall changes for the averages are a slight drying over the period
by -0.3 inches (7.62mm), -0.5 inches (12.7mm), and < 1/10™ inch for the 10, 20, and 30
year averages, respectively. These data seem to indicate that cool period conditions are
becoming warmer and drier after becoming cooler and wetter early in the climate period.

Warm period mean temperature and total precipitation are also analyzed with 10,
20, and 30 year running averages (Fig. 4f, 5f, and 6f). In terms of temperature, the 10 and
20 year averages exhibit tendencies toward cooling until the mid to late 1980°s with
tendencies toward warming since that time. The 30 year average shows an overall

tendency toward cooling over the period. The overall changes for the averages are
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decreases in temperature by -3.43° F (-1.91° C), -2.80° F (-1.56° C), and -1.78° F (-0.99°
C) for the 10, 20, and 30 year averages, respectively. Warm period precipitation is
sloping toward slightly drier conditions for all three running averages. The changes are
by -0.8 inches (20.3mm), -0.7 inches (17.8mm), and -0.4 inches (10.2mm) for the 10, 20,
and 30 year averages, respectively. These data seem to indicate that the station is sloping
toward much cooler and slightly drier warm periods.

Cool period maximum, mean, and minimum temperatures along with total cool
period precipitation are also analyzed for the period (Fig. 7f). Cool period temperatures
all show tendencies toward cooling until the late 1970’s with tendencies toward warming
since that time. The overall change is cooling for the maximums and warming for the
minimums by -1.05° F (-0.58° C), -0.48° F (-0.27° C), and +0.16° F (+0.09° C) for the
maximums, means, and minimums, respectively. The average temperatures for all three
temperature parameters during the five year study period are warmer than average
temperatures for the whole period by greater than one standard deviation of these means
for the whole period. The averages during the study period are warmer than the averages
during the whole period by 2.86° F (1.59° C), 3.51° F (1.95° C), and 4.26° F (2.37° C)
for the maximums, means, and minimums, respectively. The only normal study year is
2001 for all temperatures (Table 5.6). All other years exhibit temperatures that are at least
anomalously warm. Despite this, all three temperatures failed the significance test with t-
probabilities of 0.59, 0.37, and 0.25 for the maximums, means, and minimumes,
respectively. For the means, 1998, 1999, 2000, and 2002 are the second warmest, the
sixth warmest, the fourth warmest, and the warmest for the period, respectively. For the

maximums, 1998, 1999, 2000, and 2002 are the seventh, sixth, third, and the fourth
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warmest for the period, respectively. Finally, for the minimums, 1998, 1999, 2000, and
2002 are the warmest, the sixth warmest, the fifth warmest, and the second warmest for
the period, respectively.

Total cool period precipitation has revealed an overall slight increase over the
period by +0.6 inches (15.2mm) (Fig. 8f). The average precipitation during the study
period is 0.9 inches (22.9mm) greater than the average precipitation during the whole
period. This small difference is considered insignificant and failed the t-test with a t-
probability of 0.84. For the study period, 1998 and 2002 are considered at least
anomalous (Table 5.6). They are the fifth driest and the wettest winters for the period,
respectively.

Cool periods at this station are sloping toward cooler and slightly wetter
conditions. Despite the tendencies toward cooling, temperatures during the study period
are much warmer than the rest of the period. These are some of the warmest temperatures
for the entire period. Precipitation, on the other hand, is well represented during the study
period by the tendency toward a slight increase.

Warm period maximum, mean, and minimum temperatures along with total warm
period precipitation are also analyzed over the period (Fig. 9f). Warm period maximums
and means show overall tendencies toward cooling by -3.37° F (-1.87° C) and -1.33° F (-
0.74° C), respectively. Warm period minimums show a tendency toward cooling until the
mid 1980’s with a tendency toward warming since that time for an overall tendency
toward warming by +0.74° F (+0.41° C). The average temperatures during the study
period are all warmer than the average temperatures for the whole period by 0.19° F

(0.11° C), 1.43° F (0.79° C), and 2.66° F (1.48° C) for the maximums, means and
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minimums, respectively. The average minimums during the study period are warmer than
the whole period by greater than one standard deviation of the mean for the whole period.
This is validated by the t-test as the minimums passed with a 0.01 t-probability of
occurrence. The maximums and means failed the t-test with t-probabilities of 0.60 and
0.32, respectively. During the study period, warm period maximums and means are
considered normal with the exception of 1998 which has the fourth warmest maximums
and the second warmest means for the period (Table 5.6). The minimums, however, are
considered at least anomalously warm for all five years of the study period. For 1998
through 2002, the years are the warmest, the ninth warmest, the tenth warmest, the sixth
warmest, and the third warmest for the period, in chronological order.

Total warm period precipitation has not changed much over the period (Fig. 10f).
The tendency is toward slightly more precipitation by +0.4 inches (10.2mm). However,
the average precipitation during the study period is 0.1 inches (2.54mm) less than the
average for the whole period. This small difference failed the significance test with a 0.86
t-probability of occurrence. For the study period, only 1998 and 2002 are considered at
least anomalous (Table 5.6). They are the second driest and the fifth wettest warm
periods, respectively.

Warm periods at this station are sloping toward cooler and slightly wetter
conditions. However, the study period is a time that is much warmer and slightly drier
than the rest of the period. The warmth is especially true for the minimums. The overall
diurnal temperature range during the warm period has sloped toward truncation. This
seems to indicate more cloud cover during the summer. This may be true but

precipitation has not shown a large increase to indicate it.
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The start, end, and length of the growing season are also analyzed over the period
(Fig. 111, 12f, and 13f). The start of the growing season yields a tendency toward later
dates by +5.4 days (Fig. 11f). Despite this, the average start date during the study period
is 6.60 days earlier than the average start date for the whole period. These earlier dates
failed the significance test with a 0.29 t-probability of occurrence. For the study period,
only 1999 is considered at least anomalous and is the fourth earliest occurrence for the
period (Table 5.6).

The end of the growing season exhibits a tendency toward earlier dates by -2.4
days (Fig. 12f). However, the average end date during the study period is 2.0 days later
than the average end date for the whole period. These later dates failed the significance
test with a 0.85 t-probability of occurrence. For the study period, only 1998 is considered
at least anomalous and is the seventh latest occurrence for the period (Table 5.6).

The tendency toward later dates for the start and earlier dates for the end of the
growing season yield a tendency in the length of the growing season toward truncation by
-7.8 days (Fig. 13f). Despite this tendency, the study period exhibits average growing
season lengths that are 8.62 days longer than those of the whole period. These longer
growing seasons failed the significance test with a 0.34 t-probability of occurrence. For
the study period, 1998 and 1999 are considered at least anomalous (Table 5.6). They are
the seventh and sixth longest growing seasons for the period, respectively.

The last freeze, first freeze, and freeze free period between them are also analyzed
over the period (Fig. 14f, 151, and 16f). The last freeze in the spring exhibits a tendency
toward earlier dates by -20.1 days (Fig. 14f). This tendency is well represented by the

study period where the average last freeze dates are earlier than the average last freeze
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dates of the whole period by 17.8 days. The difference between the average dates of the
study period and the average date of the whole period is greater than one standard
deviation of the mean for the whole period. Last freeze dates during the study period are
much earlier than the rest of the period on average. This is validated by the parameter’s
passing of the t-test with a 0.06 t-probability of occurrence. For the study period, 2000
and 2002 are considered normal while 1998, 1999, and 2001 are all considered extreme
(Table 5.6). These are the top three earliest last freeze dates for the period, occurring in
late April.

The first freeze in autumn exhibits a strong tendency toward later dates by +19.5
days (Fig. 15f). This tendency is well represented by the study period where the average
first freeze dates are later then the average first freeze dates of the whole period by 13.1
days. This is also validated by the parameter’s passing of the significance test with a 0.03
t-probability of occurrence. For the study period, only 1998 and 1999 are considered
normal (Table 5.6). The years 2000, 2001, and 2002 are the fifth, sixth, and fourth latest
first freeze dates of the period.

The tendencies toward much earlier last freezes and much later first freezes yield
a tendency toward much longer freeze free periods (Fig 16f). The freeze free period
exhibits an enormous expansion by +39.6 days over the period. This expansion is well
represented by the study period where the average freeze free period is 30.8 days longer
than the average freeze free period for the whole period. This difference in the averages is
greater than one standard deviation of the mean for the whole period. The freeze free
periods during the study period are much larger than those of the whole period on

average. This is validated by this parameter’s passing of the significance test with a 0.02
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t-probability of occurrence. Only 2000 and 2002 are considered normal during the study
period (Table 5.6). The years 1998, 1999, and 2001 are the second longest, sixth longest,
and the longest freeze free periods of the period.

The growing season data and the freeze data are yielding trends in different
directions. The growing season is truncating while the freeze free period is expanding
drastically. This is similar to what is happening with the Birch Hill Dam, MA and the
Chapel Hill, NC data. Similar to what is happening on the east coast, the upper Midwest
is experiencing colder air later in the spring and earlier in the fall while freezes are being
pushed to earlier times in the spring and later times in the fall. This could be the result of
more active fronts during the transition seasons that are moving the air around more and
bringing in cooler conditions as well as cloud cover. This moving air and cloud cover
could be making it more difficult for freezes to occur during the transition seasons.

The snow cover data is relatively incomplete for this station (Fig. 17e and 18e).
There is consistent data from the beginning of the period through 1976. From this point
until the end of the period, only four years include snow cover data. Two of the years
(2001 and 2002) occur during the study period. Neither parameter includes sufficient data
for a student t-test analysis. The tendency for the end of snow cover is toward earlier
dates by -10.1 days (Fig. 17¢). The average end of snow cover date for the two available
years in the study period is 3.0 days earlier than that of the whole period. The snow cover
period yields a tendency toward shorter periods by -24.0 days (Fig. 18e). The average
snow cover period for the two years available in the study period is 12.4 days shorter than
that of the whole period. For the two available years, the snow cover data is considered

normal with the exception of the snow cover period in 2002 (Table 5.6). This snow cover
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period is only 110 days and is the shortest snow cover period out of the twenty eight that
are recorded.

The tendencies in the snow cover data are similar in direction to other stations
with snow cover data. All stations show slopes toward earlier ending dates and toward
shorter snow cover periods. Though the snow cover data is missing in a lot of cases, it is

all sloping toward the same result.

Correlations amongst parameters

Many correlations are attempted to show relationships amongst parameters. This
station yields poor results for most of the correlations that are attempted. This is similar
to other stations that are analyzed. As with the other stations, the growing season and
freeze data does yield some favorable comparisons. When compared to the length of the
growing season, the start of the growing season shows a 0.86 correlation while the end of
the growing season shows only a 0.68 correlation (Fig. 19f). Once again, the start of the
growing season is more important in determining the length of the growing season than is
the end of the growing season. When compared to the freeze free period, the last freeze in
the spring shows a 0.84 correlation while the first freeze in the fall shows a 0.86
correlation (Fig. 20f). Manhattan, KS is the only other station that shows a slightly
stronger correlation for the first freeze than for the last freeze. However, in both cases,
the difference is small. There is also a poor correlation between the length of the growing
season and the freeze free period (Fig 21f). This true for all stations analyzed and is

expected with the results that are discovered in terms of the different trends for the
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parameters. All other correlations amongst the parameters that are attempted are

considered poor as well.
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VI. DISCUSSION

The six stations analyzed exhibit several similarities amongst them as well as
some disparity in terms of the tendencies in the sixteen parameters used. In some cases,
the change is more dramatic, while in others, there is less change. The information
acquired from the data is valuable but also opens new doors and proposes new questions
in terms of the causes of the changes in some cases. The six stations are discussed in
terms of their similarities and differences in order to determine relative interdependence
and to produce a broader picture of the influences from regional to synoptic scales.
Tendencies, correlations amongst parameters, and individual study years are discussed.

First, the cool period is discussed in terms of tendencies in temperature and
precipitation. For the running averages of mean temperature, all stations, with the
exception of Martinsville, IN, exhibit slopes toward cooling until around the mid 1970’s
with slopes toward warming since (Figs. 1a-3f). The 30 year running average for winter
mean temperature shows a similar slope at Martinsville, however, the 10 and 20 year
averages show opposite tendencies. These opposite tendencies are weak in comparison
and actually show slopes toward warming in the last decade as well. For changes in the
actual maximums, means, and minimums, most stations show the same consensus (Figs.
7a-f). For the most part, stations exhibit an overall warming over the period or a cooling
until around the mid 1970’s followed by a warming. The overall tendency for most
temperatures is toward warming. Some exceptions are the minimums at Birch Hill Dam,
MA and at Cheboygen, MI as well as for the maximums at Willow Reservoir, WI which

are cooling more significantly. All other slopes toward cooling are smaller. Chapel Hill,
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NC shows small slopes toward cooling in all three temperature parameters. Despite these
slopes toward cooling, the study periods for the stations are much warmer than the rest of
the period for the most part (Tables 5.1-5.6). The one exception is at Manhattan, KS
where the study period is slightly cooler than the rest of the period on average. The other
five stations, however, experience some of the warmest temperatures of the climate
period during their study periods. These much warmer temperatures are responsible for
the slopes toward warming in the later portions of the climate studies. Overall, the cool
periods at the stations show warming at least in the last two decades and they show some
of the warmest temperatures of the climate study occurring during the CO; flux study
periods.

For the running averages, cool period precipitation exhibits slopes toward wetter
conditions for all stations with the exception of Willow Reservoir, WI (Figs. 1a-3f). The
slope toward drying at Willow Reservoir is very slight while the slopes toward higher
precipitation are more significant for most of the stations studied. For changes in actual
precipitation totals over the time period, all stations show tendencies toward wetter
conditions with the exception of Chapel Hill, NC which shows a tendency toward slight
drying (Figs. 8a-f). The study periods exhibit small differences from the whole period for
most cases in terms of precipitation (Tables 5.1-5.6). Only Birch Hill Dam, MA and
Manhattan, KS show a large difference in precipitation during the study period when
compared to the rest of the period. Overall, cool period precipitation is increasing but the
study periods, with the exception of a couple of stations, are not too different from

average for the whole period.
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The warm period is also discussed in terms of trends in temperature and
precipitation. For all running averages of mean temperature, all stations exhibit slopes
toward overall cooling for the most part (Figs. 4a-6f). Birch Hill Dam, MA, Chapel Hill,
NC, and Willow Reservoir, WI show slight upward slopes toward warming during the
last two decades, however, the overall tendencies are toward cooling. There seems to be
more significant cooling across the Midwest than on the east coast. For changes in the
actual maximums, means, and minimums, all stations show tendencies toward cooling
with the exception of the minimums at Chapel Hill, NC and at Willow Reservoir, WI
which show slight warming (Figs. 9a-f). The overall cooling is more significant at the
three Midwestern stations than it is at the two east coast stations or at Manhattan, KS.
Despite the overall tendencies toward cooling, all stations exhibit warmer than average
temperatures during the study periods than compared to the whole periods (Tables 5.1-
5.6). Some exceptions are cooler than average maximums at Chapel Hill, NC and
Martinsville, IN and cooler than average minimums at Manhattan, KS. However, these
cooler than average temperatures are less significant than the warmer than average
temperatures that are present in the rest of the data. Overall, the warm periods are warmer
during the study period than they are during the rest of the period.

For all running averages, warm period precipitation exhibits relatively dramatic
increases in most cases (Figs. 4a-6f). Only Willow Reservoir, WI shows a very slight
slope toward drying over the period. The rest of the stations show more significant slopes
toward wetter conditions. For changes in actual precipitation totals over the time period,
all stations show increases over the period (Figs. 10a-f). The increase at Willow

Reservoir, Wl is very slight but the rest of the stations show increases from one to as
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much as seven inches over the period. Willow Reservoir, WI and Manhattan, KS are just
slightly drier during their study periods than the rest of the period (Tables 5.1-5.6).
However, the other four stations experience very wet conditions during their study
periods in comparison to the whole period. At least for the eastern four stations, the warm
periods show tendencies toward wetter conditions and the study periods at these stations
are wetter than the rest of the period.

The growing season at these stations is discussed in terms of its starts, ends, and
lengths over the period. The growing season parameters show larger discrepancies
between stations than do the temperature and precipitation parameters. The overall
tendency in the start of the growing season is toward slightly later dates for three of the
stations and toward, in some cases, much earlier dates for three of the stations (Figs. 11a-
). Willow Reservoir, WI, Martinsville, IN, and Chapel Hill, NC show slopes toward later
dates by a few days while Manhattan, KS and Cheboygen, MI show tendencies of three
weeks and one week toward earlier dates, respectively. Birch Hill Dam, MA shows a
slight change toward earlier dates. In terms of the study periods, all of the stations, with
the exception of Birch Hill Dam, MA, show earlier than average start dates (Tables 5.1-
5.6). Birch Hill Dam, MA averages slightly later start dates during the study period. Even
in stations with large overall tendencies toward later dates the averages during the study
periods are earlier. For the most part, earlier spring warming is occurring during the flux
study periods than during the rest of the period.

The overall tendency in the end of the growing season is toward earlier end dates
for five out of the six stations (Figs. 12a-f). Only Martinsville, IN shows a slight slope

toward later end dates over the period. Some of the end dates are occurring more
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significantly earlier as in Manhattan, KS where the end date is occurring two weeks
earlier over the period. Despite the tendencies, the end dates during the study periods are
quite close to the averages for the whole period (Tables 5.1-5.6). Willow Reservoir, WI
shows slightly later than average end dates while Birch Hill Dam, MA shows little
difference at all. The rest of the stations exhibit slightly earlier than average dates. None
of the differences in the averages are significant with the exception of Chapel Hill, NC.

The overall tendencies in the length of the growing season are toward shorter
periods for Birch Hill Dam, MA, Chapel Hill, NC, and Willow Reservoir, WI and toward
longer periods for Cheboygen, MI, Manhattan, KS, and Martinsville, IN (Figs. 13a-f).
The slopes toward shorter periods at Chapel Hill, NC and Willow Reservoir, WI and
toward longer periods at Manhattan, KS are the most significant. During the study
periods, the growing seasons are longer for most stations (Tables 5.1-5.6). Only Birch
Hill Dam, MA has shorter than average growing seasons during its study period. Despite
any strong tendencies toward shorter periods, the study periods exhibit longer than
average growing seasons for the most part. Most of this is attributed to the overall earlier
start dates of the growing season during the study periods.

The freeze free period at these stations is discussed and it exhibits variability
amongst the stations much like the growing season. Many discrepancies are found
amongst the stations. The overall tendencies in the last freeze dates in the spring are
toward more significantly earlier dates at four of the stations and toward slightly later
dates at two of the stations (Figs. 14a-f). Only Cheboygen, MI and Martinsville, IN show
slopes toward slightly later dates. But for the other stations, freezes have sloped toward

commencement earlier in the spring season. The average last freeze dates during the
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study periods are not much different from the overall averages for the whole period at
Cheboygen, MI, Manhattan, KS, and Martinsville, IN (Tables 5.1-5.6). However, at the
other three stations, average last freeze dates during the study periods are significantly
earlier than the averages for the whole period.

The overall tendencies in the first freeze dates in autumn are toward later dates at
Birch Hill Dam, MA, Chapel Hill, NC, and Willow Reservoir, WI and toward earlier
dates at Cheboygen, MI, Manhattan, KS, and Martinsville, IN (Figs. 15a-f). The most
significant tendencies are at Willow Reservoir, WI and Martinsville, IN. During the study
periods, Birch Hill Dam, MA, Chapel Hill, NC, and Willow Reservoir, WI show much
later than average first freezes than when compared to the whole period (Tables 5.1-5.6).
The first freezes during the study period at Cheboygen, MI are much earlier than the
average for the whole period. The other two stations show little difference between the
averages.

The overall slopes in the freeze free period are toward much longer periods at
Birch Hill Dam, MA, Chapel Hill, NC, and Willow Reservoir, WI and toward much
shorter periods at Cheboygen, MI and Martinsville, IN (Figs. 16a-f). Manhattan, KS
shows little change over the period. The average freeze free period during the study
periods are much larger than the average for the whole period at Birch Hill Dam, MA,
Chapel Hill, NC, and Willow Reservoir, WI (Tables 5.1-5.6). However, at Cheboygen,
MI, the average freeze free period during the study period is shorter than the average for
the whole period. The average freeze free periods at the other two stations show little

difference from the averages of the whole period.
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The snow cover data at these stations is discussed and the data is not consistent
across all of the stations. Chapel Hill, NC experiences no significant snow covers over
the period and is not discussed here. Manhattan, KS experiences a lower frequency of
snow covers during later years in the period and also Martinsville, IN and Willow
Reservoir, WI have some missing snow data over the period. Birch Hill Dam, MA and
Cheboygen, MI are the only stations with consistent snow cover data over the period.

The overall slopes in the end of snow cover are toward earlier dates at four out of
the five stations discussed (Figs. 17a-e). Manhattan, KS shows a less significant slope
toward earlier dates than the other stations. The change in the end of snow cover date is
from anywhere between one and four weeks at these stations. This is a more significant
tendency toward an earlier melt off of snow in the spring season. The average end of
snow cover date during the study periods is also earlier than the average for the whole
period at four of the stations (Tables 5.1-5.6). At Manhattan, KS, the study period
actually averages slightly later end of snow cover dates. However, this Manhattan, KS
study period data only includes two years with a significant snow cover.

The overall slopes in the snow cover period are toward much shorter periods
(Figs. 18a-e). At Martinsville, IN, the tendency is toward shorter periods but it is not
nearly as significant as it is at the other four stations. At the other stations, the tendency is
from anywhere between two and six weeks toward shorter periods. The same is true for
the study periods where only Martinsville, IN shows slightly shorter periods on average
and the rest of the stations show much shorter periods during the study periods than when

compared to the whole period (Tables 5.1-5.6).
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Correlations amongst parameters yield little in the way of favorable comparisons.
However, there are some good correlations that involve the growing season and the
freeze data that are common at all the stations. All stations exhibit a stronger correlation
between the start of the growing season and the length of the growing season than
between the end of the growing season and the length of the growing season (Figs. 19a-
f). In all cases, the length of the growing season is determined more readily by the start of
the growing season than by the end of the growing season. Therefore, variation in the
spring will create variation in the whole growing season. This is supported by Savage and
Davidson who find that variation in spring accounts for 1/3 to 2/3 of interannual variation
of soil respiration (15). The interannual variation is mostly due to climatic factors.

A similar trend is found in correlations of the freeze data (Figs. 20a-f). In four of
the six stations the last freeze in the spring shows a stronger correlation to the freeze free
period than does the first freeze in the fall. At the other two stations, the last and first
freezes are nearly equal in determining the length of the freeze free period. Once again,
variation in the spring is more important in determining the length of the freeze free
period than is the variation in autumn.

Each station has a slightly different length of the flux study period. Birch Hill
Dam, MA includes the longest flux study period at twelve years while three stations are
tied for the shortest flux study period at only five years. In Table 6.1, the normalcy index
is used to rate each year at each station. It also includes the average rating for each year
and the average rating for each station. From Table 6.1, the years can be ranked in order
of normalcy and the stations can be ranked as well. Starting with 1998, so that all stations

are included, the years ranked from most normal to least normal in terms of the
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parameters are 2001, 2000, 1999, 2002, and 1998. The stations ranked from most normal

to least normal in terms of the CO2 flux study period climate data are Manhattan, KS,

Martinsville, IN, Birch Hill Dam, MA, Chapel Hill, NC, Cheboygen, MI, and Willow

Reservoir, WI. These rankings are based solely on the normalcy index which is derived

from the statistical relationship of the data at each station as explained in chapter four.

Table 6.1 Normalcy Index Ratings for each year at each station

Birch Hill C.hapel Cheboygen, | Manhattan, | Martinsville, Rggilr?/v(\)lir Year

Dam, MA | Hill, NC Ml KS IN Wi ' | averages
1991 0.62 0.620
1992 0.81 0.810
1993 0.85 0.850
1994 0.88 0.880
1995 0.81 0.810
1996 0.79 0.90 0.845
1997 0.77 0.79 | - 0.79 0.783
1998 0.67 0.67 0.62 0.83 0.80 0.48 0.678
1999 0.69 0.83 0.85 0.76 0.82 0.62 0.762
2000 0.90 0.74 0.65 0.95 0.90 0.79 0.822
2001 0.81 1.00 0.90 0.90 0.83 0.81 0.875
2002 0.69 0.59 0.79 0.88 0.57 0.62 0.690
station | 224 | 0770 0.762 0.859 0.784 0.664 0.785

averages
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VII. CONCLUSIONS

This climate study of the six NCDC stations has yielded some interesting results.
In some cases, certain parameters have not changed much over time while some
parameters show more significant change over the period for some stations. Also, the
CO; study period is climatically anomalous for some parameters at certain stations. This
could result in anomalous CO; flux data for these stations assuming that the NCDC
stations are representative of the AmeriFlux stations. It is not possible to quantitatively
measure the effect of the climate parameters on CO, flux with this study. However, some
qualitative assessments can be discussed.

The average flux study period conditions at the stations are measured against the
average conditions of the parameters for the whole period. In general, the cool period
temperatures are very warm during the study period with exception of one station. The
cool periods are wetter than average for the most part as well. Despite the wetter cool
periods, snow has decreased in terms of its length of time on the ground for all stations. It
is not known how the wetter conditions and less snow combine to contribute to net soil
moisture. However, the cool period is a time of net flux of CO; to the atmosphere and the
warmer conditions present during the study period may have enhanced this affect (9).
CO; respiration to the atmosphere is increased with less snow on the ground which could
also add to the affect of more CO; in the atmosphere during the cool periods (14). If the
combination of wetter conditions and less snow on the ground yields higher soil moisture

content then this may help moderate the affect by acting as a sink. However, plant
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productivity is low or none existent for the most part with these stations during the
winter. Likely, the effects of these cool period climate parameters have combined to
increase flux away from ecosystems during the cool periods for the stations as a whole.

The transition period between the cool period and the warm period is slightly
anomalous for some stations as well. Spring variation accounts for a significant portion of
overall interannual variability in soil respiration (15). Also, earlier warming and thawing
can produce significant carbon uptake and earlier snow melt can change the timing of
carbon fluxes (7, 8, and 14). During the study periods at these stations, the start of the
growing season and snow melt have occurred earlier than average for the most part. Also,
at three of the stations, the last freeze has occurred significantly earlier as well. The result
of this earlier warming and thawing could result in significantly more uptake of CO,
during the study periods. The absence of snow may moderate this affect slightly. But for
the most part, these transitions between the cool periods and the warm periods during the
study periods have probably contributed to more uptake of CO, based on these
parameters.

Warm periods at these stations are warmer and wetter than average during the
study periods for the most part. Also, the length of the growing season is significantly
longer for five of the stations and the freeze free period is significantly longer for three of
the stations. Each day that the growing season is changed has a large effect on overall
carbon flux (13). The effects of a lengthened growing season and freeze free period could
yield more CO, uptake. Also, the wetter conditions at these stations may have caused
higher soil moisture that would also increase uptake during the study periods (14).

However, the warmer temperatures at all of the stations may have dried out the soil

89



causing increased respiration and decreased uptake due to lower plant primary
productivity (4, 14, and 17). With this, it is difficult to say whether or not the warm
periods have contributed to more respiration or to more sequestration during the study
periods for these stations.

The transition between the warm period and the cool period yields conditions
which are closer to normal than the other seasons. The ends of the growing seasons
during the study periods are pretty close to normal. The first freezes, however, occur
much later at three of the stations and much earlier at one of the stations. These
differences amongst the stations probably cancel each other out for the most part. For the
stations with later first freezes, perhaps CO, uptake continues until slightly later in the
season and vice versa for the other stations. In the stations with earlier first freezes, a later
start to the snow season could combine to produce more respiration (14). Since, first
snow is not included in this study, it is not possible to make this assessment. It is difficult
to discuss the CO; situation during the transition between the warm period and the cool
period but the fluxes are probably close to normal during the study period.

The overall CO; flux conditions during the study periods are difficult to assess.
The cool periods have probably contributed to more respiration while the transition
between the cool period and the warm period has probably contributed to more uptake as
a whole. However, the soil moisture situation during the warm period makes things more
difficult. At some stations, the combination of warmer temperatures and wetter
conditions may increase soil moisture while at others the opposite may be true. Since the
transitions between the warm period and the cool period are fairly normal and the cool

period and the transition between the cool period and the warm period may cancel each
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other out qualitatively, the soil moisture problem is likely the key to the overall CO,
situation at the sites. The sites where soil moisture is increased during the warm period
are probably a net sink for CO, while the sites where soil moisture is decreased during
the warm period are probably a net producer of CO, during the study periods. However,
this is a qualitative assessment.

It is also interesting to mention the potential synoptic implications that may be
occurring which could be causing the changes in the parameters over the whole period.
The individual parameters may combine to yield information in terms of the overall
changing synoptic situation in the eastern half of the United States. For example, the end
of the growing season is occurring earlier for five of the stations. This means that cold
fronts that are synoptically driven are occurring earlier in the fall for the most part. Also,
the first freeze dates for the east coast stations and for the Wisconsin station are occurring
much later while the Michigan and the Indiana stations are freezing earlier during the
transition between the warm period and the cool period. It may be true that a tendency
toward high pressure centered in the eastern Midwest and a tendency toward low pressure
along the east coast and the western Midwest is occurring.

Overall, the earlier ends to the growing seasons may indicate more active storm
tracks during the transition between the warm period and the cool period. These storm
tracks may be situated from southwest to northeast across the southeastern United States
through New England and across the Great Plains through the upper Midwest and
Wisconsin. In between these two storm tracks would lie general high pressure centered in
the eastern Midwest. This would allow freezing temperatures to occur earlier in this

region as a result of radiative cooling. The moving air in the path of the active storm
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tracks would reduce radiative cooling and create later first freezes at these stations. The
Indiana station is actually the only station that has not experienced significantly earlier
end of growing season dates. This supports this theory since cold fronts responsible for
the earlier ending dates at the other stations would be the result of the active storm tracks
and would not be present there. A similar situation may be present in the spring where the
Michigan and Indiana stations are the only stations with later last freezes. Calm air due to
high pressure could produce radiative conditions that are favorable for freezes later
during the transition between the cool period and the warm period.

The cool periods and warm periods have been getting wetter for the most part
over the time period. These could both be the result of either stronger or more frequent
storms. The warm period increases may be due to increased convection though. This is
supported by the fact that the four eastern most stations have experienced higher
increases in warm period precipitation than the Wisconsin or the Kansas stations. This
would be expected due to the higher humidity in the eastern part of the country. Increases
in tropical systems may also be contributing to the warm period totals across these
eastern stations. The wetter cool periods are likely due to increasingly active storm tracks
or storm intensity, however.

It would be interesting to investigate whether any of these ideas are true or not.
Perhaps a look at pressure tendencies during the transition seasons would yield some
information regarding the synoptic trends over the eastern half of the U.S. If the east
coast and the upper Midwest are trending toward lower average pressure and the eastern
Midwest is trending toward higher average pressure during the spring and fall then this

theory may have some validity. If these trends are true they may have some implications
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into trends in CO; fluxes. Also, cloud cover should be investigated at or near these
stations over the time period especially during the warm period. The increased
precipitation probably indicates increases in cloud cover that would hamper some plant
photosynthetic production. Finally, an investigation into pressure frequencies may yield
some important information pertaining to the intensity and the frequency of storms
throughout the seasons. A higher wave number during the cool period and the transition
periods may explain the increases in cool period precipitation and the cold fronts in the
fall and warm fronts in the spring that effect the start and end of the growing season at the
stations.

More active and frequent storms may have other implications as well. Thompson
et al find that in the spring and early summer, deep convective venting of the boundary
layer provides a net flux upward of CO and CO; to the free troposphere (18). They find
that shallow cumulous and synoptic-scale weather systems make comparable
contributions (18). So, an increase in storm activity or thunderstorm formation in late
spring and early summer could help vent some CO; to the atmosphere. In terms of wave
numbers, Reck finds that medium-scale waves in mid-latitudes contribute more to ozone
variability than planetary scale waves (12). Therefore, higher wave number situations
work more efficiently to mix air between the troposphere and the stratosphere as well as
between the free troposphere and the boundary layer. This makes it imperative to
investigate the frequency of wave numbers as well as other parameters in order to better
determine the role of the free troposphere in CO, exchanges between ecosystems and the

atmosphere.
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Figure 1a

Ten Year Running Average of Cool Period Mean Temperature and Precipitation
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Figure 1b

Ten Year Running Average of Cool Period Mean Temperature and Precipitation
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Figure 1¢

Ten Year Running Average of Cool Period Mean Temperature and Precipitation
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Figure 1d

Ten Year Running Average of Cool Period Mean Temperature and Precipitation
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Figure le

Ten Year Running Average of Cool Period Mean Temperature and Precipitation
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Figure 1f

Ten Year Running Average of Cool Period Mean Temperature and Precipitation

—oc— 10yr Nov-April precipitation ——y=8.8237 - 0.0064748x R=0.10048

i -— y=24.728-0.034625x R=0.47497
—-=— 10yr Nov-April meanTemp
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Figure 2a

Twenty Year Running Average of Cool Period Mean Temperature and
Precipitation

—©o— 20yr average of Nov-April precipitation ——y=11.842 + 0.11438x R=0.96666

-B5— 20yr average of Nov-April meanTemp - ¥=31.216-0.011406x R=0.20031

Birch Hill, MA
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Figure 2b

Twenty Year Running Average of Cool Period Mean Temperature and
Precipitation

—=&— 20yr average Nov-April precipitation —y=18.862+0.033807x R=0.48814

i -— y=45439 +0.011388x R=0.25809
-=4— 20yr average Nov-April meanTemp

Chapel Hill, NC
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Figure 2¢

Twenty Year Running Average of Cool Period Mean Temperature and

—o— 20yr average Nov-April precip

~=4— 20yr Nov-April meanTemp

Precipitation

—y=5.8729 + 0.068159x R= 0.96509
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Figure 2d

Twenty Year Running Average of Cool Period Mean Temperature and
Precipitation

—e— 20yr Nov-April precipitation —y=3.3497+0.086107x R=0.86939

-— y=37.623 + 0.027203x R=0.84747
—=— 20yr Nov-April meanTemp

Manhattan, KS
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Figure 2e

Twenty Year Running Average of Cool Period Mean Temperature and

Precipitation
S 20yr NovApr" precipitation — Y= 14.631 + 0.061633x R=0.74453
-— y=237.081+0.007671x R=0.3014
-=— 20yr Nov-April meanTemp
Martinsville, IN
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Figure 2f

Twenty Year Running Average of Cool Period Mean Temperature and
Precipitation

& 20yr Nov-April precipitation ——— y=9.5967 - 0.013774x R=0.29303

-— y=24742-0.036913x R=0.55183
—-=— 20yr Nov-April meanTemp

Willow Reservoir, WI
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Figure 3a

Thirty Year Running Average of Cool Period Mean Temperature and Precipitation

—o— 30yr average of Nov-April precipitation ——y=12.068 + 0.11374x R=0.88934

-— y=31.36-0.014447x R=0.38851

-3— 30yr average of Nov-April meanTemp

Birch Hill, MA
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Figure 3b

Thirty Year Running Average of Cool Period Mean Temperature and Precipitation

—o— 30yr average Nov-April precipitation ——y=20.53+0.010476x R=0.31238

-=— 30yr average Nov-April meanTemp " y=45.05+0.016449x R=0.34736
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Figure 3¢

Thirty Year Running Average of Cool Period Mean Temperature and Precipitation

—e— 30yr average Nov-April precip —y=5.4159 + 0.07404x R=0.95195

-— y=29.819 - 0.022952x R=0.67278

—-=F— 30yr Nov-April meanTemp
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Figure 3d

Thirty Year Running Average of Cool Period Mean Temperature and Precipitation

—©o— 30yr Nov-April precipitation ——y=3.7404 + 0.081728x R=0.95263

-— y=37.127 + 0.03356x R= 0.86042

~=— 30yr Nov-April meanTemp

Manhattan, KS
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Figure 3e

Thirty Year Running Average of Cool Period Mean Temperature and Precipitation

—o— 30yr Nov-April precipitation —y=14.288 + 0.067102x R=0.87838

-— y=236.833+0.011307x R=0.38486
-=— 30yr Nov-April meanTemp

Martinsville, IN
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Figure 3f

Thirty Year Running Average of Cool Period Mean Temperature and Precipitation

e — 30yr Nov-April precipitation - Y= 8.7629 - 0.0018687x R=0.069812
-~ y=24.165-0.030252x R=0.7895

~=4— 30yr Nov-April meanTemp

Willow Reservoir, WI
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Figure 4a

Ten Year Running Average of Warm Period Mean Temperature and Precipitation

—o— 10yr average of May-October precipitation ——y=7.8783 + 0.17667x R=0.83508
-=— 10yr average of May-October meanTemp -~ y=62.341-0.030549x R=0.50291
Birch Hill, MA
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Figure 4b

Ten Year Running Average of Warm Period Mean Temperature and Precipitation

—o— 10yr average May-October precipitation ——y =21.293 + 0.037678x R=0.58017

~B— 10yr average May-October meanTemp ~ T y=7049+0.0014102x R=0.025724

Chapel Hill, NC
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Figure 4¢

Ten Year Running Average of Warm Period Mean Temperature and Precipitation

—o— 10yr average May-Oct precip —y=14.253 +0.04237x R=0.47012

-— y=63.028 - 0.048501x R=0.86022
-H— 10yr May-Oct meanTemp

Cheboygan, MI
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Figure 4d

Ten Year Running Average of Warm Period Mean Temperature and Precipitation

N 10yr May—Oct precipitation — Y= 20.706 + 0.050262x R=0.54283

-— y=71.825-0.011009x R=0.41208
-H— 10yr May-Oct meanTemp
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Figure 4e

Ten Year Running Average of Warm Period Mean Temperature and Precipitation

——— 10yr May-Oct precipitation —y=16.674 + 0.078125x R= 0.64624

“5— 10yr May-Oct meanTemp -—— y=69.732 - 0.042608x R=0.79955
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Figure 4f

Ten Year Running Average of Warm Period Mean Temperature and Precipitation

—©o— 10yr May-Oct precipitation ——y=23.041-0.018669x R=0.27728

-— y=63.626 - 0.077878x R=0.77509
-=— 10yr May-Oct meanTemp

Willow Reservoir, WI
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Figure 5a

Twenty Year Running Average of Warm Period Mean Temperature and
Precipitation

—6— 20yr average of May-October precipitation —y=6.1642 + 0.19733x R=0.96839

-B— 20yr average May-October meanTemp ~ ¥=63208-0.043962x R=0.75554

Birch Hill, MA
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Figure 5b

Twenty Year Running Average of Warm Period Mean Temperature and
Precipitation

—o&— 20yr average May-October precipitaton | ¥~ 20.775 +0.043867x R=0.80902

-—— y=70.557 - 0.00099771x R=0.027061
—-=F— 20yr average May-October meanTemp

Chapel Hill, NC
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Figure 5S¢

Twenty Year Running Average of Warm Period Mean Temperature and
Precipitation

©&— 20yr average May-Oct precip ——y=12.789 + 0.059471x R=0.71202

-— y=63.221-0.05173x R=0.91192
-=F— 20yr May-Oct meanTemp

Cheboygan, MI
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Figure 5d

Twenty Year Running Average of Warm Period Mean Temperature and
Precipitation

& 20yr May-Oct precipitation ————y=20.782 + 0.047397x R= 0.64998

-— y=71.177-0.002418x R=0.15784
—-=— 20yr May-Oct meanTemp

Manhattan, KS
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Figure Se

Twenty Year Running Average of Warm Period Mean Temperature and

Precipitation
—o— 20yr May-Oct precipitation —y=14.669 + 0.10234x R=0.85717
-— y=69.402 - 0.038079x R=0.90275
-=F— 20yr May-Oct meanTemp
Martinsville, IN
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Figure 5f

Twenty Year Running Average of Warm Period Mean Temperature and
Precipitation

—o— 20yr May-Oct precipitation —y=23.091-0.01976x R=0.39126

-— y=63.757 - 0.082271x R=0.86014

-=F— 20yr May-Oct meanTemp

Willow Reservoir, WI
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Figure 6a

Thirty Year Running Average of Warm Period Mean Temperature and

Precipitation
—oe— 30yr average of May-October precipitation ——y=7.043+0.18745x R=0.96963
N
~E=— 30yr average of May-October meanTemp T y=62.453-0.03458x R=0.92591
Birch Hill, MA
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Figure 6b

Thirty Year Running Average of Warm Period Mean Temperature and
Precipitation

—o&— 30yr average May-October precipitation —y=20.914+0.042359x R=0.72029

-——y=70.108 + 0.004772 R=0.16757
-3— 30yr average May-October meanTemp y 0.108 +0.00 3x 0.1675
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Figure 6¢

Thirty Year Running Average of Warm Period Mean Temperature and
Precipitation

—©o— 30yr average May-Oct precip ——y=12.828 + 0.058442x R=0.87398

-—— y=62.874-0.047217x R=0.9628
-=— 30yr May-Oct meanTemp
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Figure 6d

Thirty Year Running Average of Warm Period Mean Temperature and
Precipitation

o 30yr May-Oct precipitation ——— y=20.249 + 0.05383x R= 0.65694

-— y=71.662-0.0086344x R=0.49656
-=— 30yr May-Oct meanTemp

Manhattan, KS
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Figure 6e

Thirty Year Running Average of Warm Period Mean Temperature and
Precipitation

—o— 30yr May-Oct precipitation —y=15.207 + 0.094951x R=0.84546

-— y=69.893 - 0.04434x R=0.95097
-=— 30yr May-Oct meanTemp

Martinsville, IN
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Figure 6f

Thirty Year Running Average of Warm Period Mean Temperature and
Precipitation

—o— 30yr May_OCt precipitation - Y= 22.889 - 0.017095x R=0.3544

-— y=63.102-0.074121x R=0.92539
-=F— 30yr May-Oct meanTemp

Willow Reservoir, WI
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—©— Nov-April maxTemp
~=— Nov-April meanTemp
—© — Nov-April minTemp

Figure 7a

Cool Period Temperatures

—y=40.783 + 0.033561x R= 0.25801
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—©o— Nov-April maxTemp
~-=— Nov-April meanTemp
— — Nov-April minTemp

Figure 7b

Cool Period Temperatures

—y=59.34-0.016594x R=0.10721
-—— y=47.332-0.013872x R=0.094905
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—©— Nov-April maxTemp

~=— Nov-April meanTemp

—© — Nov-April minTemp

Temperature (F)

45
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Figure 7¢

Cool Period Temperatures

——y =36.551 + 0.0014247x R=10.011882
-— y=28.733-0.010693x R=0.07741
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—©— Nov-April maxTemp
~-=— Nov-April meanTemp
—© — Nov-April minTemp
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Figure 7d

Cool Period Temperatures

——y=50.188 + 0.02448x R=0.13339
-— y=238.83+0.027029x R=0.18878
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Manhattan, KS

c B0 i

o A T |

5 : : : : :

© ; ! A -
o : 1 T !

Q. I . I .

S | ! 1 | ul

(0] ' . . . .

= 3 | ! 3 !

! ; ! S | % %

30 A ST R A R RGP Sty

D P ¢ <y 1 WA 4?&‘4%&# 3

‘ RO ANV U Ay S S LAY ‘ ;

oqig?ﬁ/i%fsff ogt T8 [W fw TN

25 [Spf i Mo K R L T

. B o

20 \ \ | \ | \

52 62 72 82 92 02

YEAR

136



—©— Nov-April maxTemp
~E=— Nov-April meanTemp
—© — Nov-April minTemp

Figure 7e

Cool Period Temperatures

——y =47.562 + 0.0046802x R=0.036109
-— y=37.661+0.0059616x R=0.047934

— — y=27.254 + 0.0077157x R=0.05675
Martinsville, IN
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—©— Nov-April maxTemp
~-=— Nov-April meanTemp
—© — Nov-April minTemp

Figure 7f

Cool Period Temperatures

——y=33.1569-0.019752x R=0.1207
-—— y=22.673-0.0090896x R=0.052933

— — y=11.581 + 0.0030427x R=0.015283
Willow Reservoir, WI
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Figure 8a

Total Cool Period Precipitation

B Nov-April precipitation

——y=18.769 + 0.069323x R=0.27011
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Figure 8b

Total Cool Period Precipitation
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Figure 8¢

Total Cool Period Precipitation

B Nov-April precipitation ——y=9.7889 + 0.049746x R=0.25723
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Figure 8d

Total Cool Period Precipitation

Manhattan, KS
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Figure 8e

Total Cool Period Precipitation

B Nov-April precipitation —y=18.74+0.019044x R=0.080722

Martinsville, IN
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Figure 8f

Total Cool Period Precipitation

Willow Reservoir, WI
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Figure 9a

Warm Period Temperatures

——e— May-October maxTemp
~&— May-October meanTemp
—© — May-October minTemp
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Figure 9b

Warm Period Temperatures

- May-October maxTemp ———y=82.92-0.016115x R=0.15515
“5— May-October meanTemp -— y=71.072-0.0053814x R=0.060818
— — May-October minTemp
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Figure 9¢

Warm Period Temperatures

& May-Oct maxTemp ——y=70.918 - 0.053736x R=0.48285

~5— May-Oct meanTemp -— y=60.366 - 0.033106x R=0.361
—© — May-Oct minTemp

— — y=49.365-0.013507x R=0.15801
Cheboygan, MI
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—6— May-Oct maxTemp
-H— May-Oct meanTemp
—© — May-Oct minTemp

Figure 9d

Warm Period Temperatures

——y=283.104 - 0.008432x R=0.063691
-— y=71.067 - 0.0035642x R=0.036404

— — y=5854+0.0014275x R=0.014068
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—©— May-Oct maxTemp
-H— May-Oct meanTemp
— — May-Oct minTemp

Figure 9e

Warm Period Temperatures

——y =80.256 - 0.061924x R= 0.50641
-—— y=67.735-0.039792x R=0.42013

— —y=54717-0.01763x R=0.18039
Martinsville, IN
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—©— May-Oct maxTemp
-H4— May-Oct meanTemp

— — May-Oct minTemp

Figure 9f

Warm Period Temperatures

——y=70.848 - 0.063626x R=0.47898
-—— y=258.364 - 0.025012x R=0.23439

— —y=45371+0.013903x R=0.10723
Willow Reservoir, WI
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Figure 10a

Total Warm Period Precipitation

B May-October precipitation ——y=17.456 + 0.13543x R=0.38444

Birch Hill, MA
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Figure 10b

Total Warm Period Precipitation

B May-October precipitation ———y=22952 + 0.045625x R=0.1538
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Figure 10c

Total Warm Period Precipitation

B May-Oct precipitation

—y=16.184 + 0.057911x R=0.21238

Cheboygan, Ml
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Figure 10d

Total Warm Period Precipitation

B May-Oct precipitation

—y =23.898 + 0.022924x R= 0.044541

Manhattan, KS
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Figure 10e

Total Warm Period Precipitation

B May-Oct precipitation ——y=20.778 + 0.074275x R=0.21904
Martinsville, IN
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Figure 10f

Total Warm Period Precipitation

. May-OCt precipitation - Y= 21.532 + 0.0071893x R=0.022041

Willow Reservoir, WI
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Figure 11a

Start of the Growing Season

. Start of the Growing Season - Y= 101.63 - 0.021005x R=0.025888

Birch Hill, MA
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Figure 11b

Start of the Growing Season

Bl Start of the Growing Season ———y=18.084 + 0.083819x R=0.065282

Chapel Hill, NC
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Figure 11c

Start of the Growing Season

B Start of the Growing Season —y=114.21-0.17485x R=0.1941

Cheboygan, MI
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Figure 11d

Start of the Growing Season

B Start of the Growing Season

YEAR

—— Yy =66.008 - 0.41754x R=0.34083
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Figure 11e

Start of the Growing Season

Bl Start of the Growing Season

——y =56.87 + 0.044249x R= 0.025668

Martinsville, IN
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Figure 11f

Start of the Growing Season

Bl Start of the Growing Season
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——y=108.27 + 0.10103x R=0.14151
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Figure 12a

End of the Growing Season

B End of the Growing Season ———y=275.09-0.091072x R=0.1627

Birch Hill, MA
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Figure 12b

End of the Growing Season

B End of the Growing Season ——y=2309.95-0.15106x R=0.21186

Chapel Hill, NC
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Figure 12¢

End of the Growing Season

B End of the Growing Season ———— y=277.83-0.089943x R=0.14836

Cheboygan, MI
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Figure 12d

End of the Growing Season

B End of the Growing Season —y=303.59-0.24575x R=0.30708

Manhattan, KS
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Figure 12e

End of the Growing Season

. End of the Growing Season Y= 287.93 + 0.053152x R=0.072111

Martinsville, IN
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Figure 12f

End of the Growing Season

B End of the Growing Season ——y =266.82 - 0.045638x R=0.092106

Willow Reservoir, WI
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Figure 13a

Length of the Growing Season

B Length of the Growing Season
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Figure 13b

Length of the Growing Season

B Length of the Growing Season ——y =291.87-0.23488x R=10.16562

Chapel Hill, NC
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Figure 13c

Length of the Growing Season

B Length of the Growing Season — y=163.62 + 0.084906x R= 0.084599

Cheboygan, MI

YEAR

100 120 140 160 180 200

Days

171



Figure 13d

Length of the Growing Season

B Length of the Growing Season

YEAR

———y=237.58 +0.17179x R=0.11874

Manhattan, KS
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Figure 13e

Length of the Growing Season

B Length of the Growing Season
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——y =231.06 + 0.0089031x R=0.004792
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Figure 13f

Length of the Growing Season

B Length of the Growing Season ——y=158.54-0.14667x R=0.15449

Willow Reservoir, WI
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Figure 14a

Last Freeze

B Last Freeze —y=145.14-0.14038x R=0.16562

Birch Hill, MA
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Figure 14b

Last Freeze

B Last Freeze ———y=105.33-0.17214x R=0.20083

Chapel Hill, NC
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Figure 14c

Last Freeze

B LastFreeze ——y=128.69 + 0.10604x R=0.14284

Cheboygan, MI
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Figure 14d

Last Freeze

B LastFreeze ——y=112.08 - 0.12354x R=0.17435

Manhattan, KS
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B Last Freeze

YEAR

Figure 14e

Last Freeze

—y=109.82 + 0.076505x R=0.097664

Martinsville, IN
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B LastFreeze

YEAR

Figure 14f

Last Freeze

——y=153.6-0.37913x R=0.46648

Willow Reservoir, WI
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Figure 15a

First Freeze

B First Freeze ——— y=258.97 +0.15007x R= 0.24673

Birch Hill, MA
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Figure 15b

First Freeze

B First Freeze ——y=298.42 + 0.086983x R=0.12737

Chapel Hill, NC
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Figure 15¢

First Freeze

B First Freeze ———y=290.52-0.14663x R=0.1813

Cheboygan, MI
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Figure 15d

First Freeze

B First Freeze ——y=291.7-0.090757x R=0.12588

Manhattan, KS
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Figure 15e

First Freeze

B Fist Frecze ——y=288.89-0.17971x R=0.27005

Martinsville, IN
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Figure 15f

First Freeze

B First Freeze ——y=252.81+0.36704x R=0.42936

Willow Reservoir, WI
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B Freeze Free Period

YEAR
~
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Figure 16a

Freeze Free Period

—y=113.83 + 0.29045x R= 0.25062

Birch Hill, MA
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Figure 16b

Freeze Free Period

B Freeze Free Period ———y=193.1+0.25912x R=0.21561

Chapel Hill, NC
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Figure 16¢

Freeze Free Period

B Freeze Free Period —y=161.83-0.25267x R=0.23141

Cheboygan, MI
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Figure 16d

Freeze Free Period

B Freeze Free Period ———y=179.62 + 0.032781x R=0.031847

Manhattan, KS
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Figure 16e

Freeze Free Period

B Freeze Free Period ———y=179.07 - 0.25621x R= 0.26655

Martinsville, IN
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Figure 16f

Freeze Free Period

B Freeze Free Period ——y=99.212 + 0.74617x R=0.5273

Willow Reservoir, WI
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B End of Snow Cover

YEAR

Figure 17a

End of Snow Cover

——y=84.76 - 0.33393x R=0.2479

Birch Hill, MA
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B End of Snow Cover

YEAR

Figure 17b

End of Snow Cover

——y=87.976 - 0.13401x R=0.13881
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B End of Snow cover

Figure 17¢

End of Snow Cover

——y=44.319-0.028089x R=0.020977

Manhattan, KS
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Figure 17d

End of Snow Cover

B End of Snow cover ——y=56.535-0.61287x R=0.54726

Martinsville, IN

YEAR

Days after Jan. 1

196



Figure 17e

End of Snow Cover

B End of Snow Cover —y=106.55-0.19125x R=0.23974

Willow Reservoir, WI
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Figure 18a

Snow Cover Period

B Snow Cover Period ——y=99.712- 0.74445x R=0.3493

Birch Hill, MA
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B Snow Cover Period

YEAR

Figure 18b
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Snow cover period

YEAR

Figure 18c

Snow Cover Period

——y=31.472-0.22992x R=0.24947

Manhattan, KS
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B Snow cover Period

Figure 18d

Snow Cover Period

——y=24.718 - 0.043355x R=0.047328

Martinsville, IN
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Figure 18e

Snow Cover Period

B Snow Cover Period ——y=146.71-0.45243x R=0.3653
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Figure 19a

Correlation between the Start and the End of the Growing Season to the Length of
the Growing Season
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Figure 19b

Correlation between the Start and the End of the Growing Season to the Length of
the Growing Season
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Figure 19¢

Correlation between the Start and the End of the Growing Season to the Length of
the Growing Season
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Figure 19d

Correlation between the Start and the End of the Growing Season to the Length of
the Growing Season
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Figure 19¢

Correlation between the Start and the End of the Growing Season to the Length of
the Growing Season

o— Start of the Growing Season ——y=255.03-0.85176x R=0.91799
~=— End of the Growing Season - y=25503 +0.14824x R= 0.37367
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Figure 19f

Correlation between the Start and the End of the Growing Season to the Length of
the Growing Season
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Figure 20a

Correlation between the Last and First Freeze to the Freeze Free Period
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Figure 20b

Correlation between the Last and First Freeze to the Freeze Free Period
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-3— First Freeze
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Figure 20c

Correlation between the Last and First Freeze to the Freeze Free Period

— o Last Freeze —y=202.36-0.45678x R=0.67184
-=F— First Freeze
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Figure 20d

Correlation between the Last and First Freeze to the Freeze Free Period

& Last Freeze —y=197.43-0.49161x R=0.71415
-=F— First Freeze

-—— y=197.43 + 0.50839x R=0.72579
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Figure 20e

Correlation between the Last and First Freeze to the Freeze Free Period

—o— Last Freeze —y=213.91-0.59241x R=0.72695
-F— First Freeze

-— y=213.91 + 0.40759x R=0.58873
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Figure 20f

Correlation between the Last and First Freeze to the Freeze Free Period

—=&— Last Freeze ——y=200.95-0.48247x R=0.84004
-=— First Freeze

-—— y=200.95+0.51753x R=0.8567

Willow Reservoir, WI
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Figure 21a

Correlation between the Freeze Free Period and the Length of the Growing Season

—y=286.948 + 0.20288x R=0.15333

Birch Hill, MA

160 | ‘ |

140

130

120

110

Freeze Free Period (Days)

100

90

80 i i i i i i
140 150 160 170 180 190 200 210

Length of the Growing Season (Days)

215



Figure 21b

Correlation between the Freeze Free Period and the Length of the Growing Season
——y=127.76 + 0.25388x R= 0.2996

Chapel Hill, NC
260 | | | |

240

220

200

Freeze Free Period (Days)

180

240 260 280 300 320 340 360

Length of the Growing Season (Days)

216



Figure 21c

Correlation between the Freeze Free Period and the Length of the Growing Season

——y=128.4+0.16121x R=0.14818

Cheboygan, MI
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Figure 21d

Correlation between the Freeze Free Period and the Length of the Growing Season

——y=144.52 + 0.15002x R=0.2131

Manhattan, KS
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Figure 21e

Correlation between the Freeze Free Period and the Length of the Growing Season
—y=161.7 + 0.044378x R=0.085077
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Figure 21f

Correlation between the Freeze Free Period and the Length of the Growing Season

—y=102.71+0.10769x R=0.072254

Willow Reservoir, WI
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Figure 22a

Correlation between the Start of the Growing Season and Cool Period Mean
Temperatures

——y=261.58-5.1365x R=0.59832
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Figure 23a

Correlation between the Freeze Free Period and Warm Period Minimum
Temperatures

——y=-147.83 + 5.9263x R=0.61157
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Figure 24a

Correlation between the Start of the Growing Season the End of Snow Cover (Red)

—o— Start of the Growing Season y =36.918 + 0.59165x R=0.67707
-&— Last Freeze

-— y=110.73-0.10148x R=0.21067

Manhattan, KS

140 \ I
120 oo B b e e B .
r e oo
[ i e o et = L
100 [ e T T T e :

Days after Jan. 1

20 o e e e —

0 20 40 60 80 100

End of Snow cover (Days after Jan. 1)

223



