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LONG-TERM VARIATIONS IN SEASONAL WEATHER CONDITIONS
AND THEIR IMPACTS ON CROP PRODUCTION
AND WATER RESOURCES IN ILLINOIS

by Stanley A. Changnon and Derek Winstanley

ABSTRACT

An analysis of long-term records of corn yields, water resource conditions, and seasonal weather
con-ditions in lllinois found major temporal shifts and important spatial variations in the types of seasonal
weather conditions that have positive and negative impacts on yields and water conditions. Nineteen
different types of corn-weather seasons (May—August) occurred during 1901-1997, of which nine types
accounted for most high corn yields (highest 20 of the 97 values) and eight types produced most low
yields (lowest 20 values).

An assessment of the years with either high or low yields revealed three findings about the
distributions of the corn-weather seasons creating these extremes: 1) some types were uniformly
distributed throughout the century; 2) others were unevenly distributed over time, some occurring only
in the century’s early decades and others only in the last few decades; and 3) certain types varied greatly
regionally. Yield responses to certain sea-sonal types varied over time. The findings helped establish that
changes in farming practices, corn varieties, and agricultural technology all affect how a given type of
growing season affects corn yields. Sizable regional differences in yield outcomes from a given set of
weather conditions, a result of varying soil and climate differences across Illinois, further revealed how
impacts of similar seasonal weather conditions can vary spa-tially. These two conclusions revealed the
importance of using weather effects in defining seasonal extremes. In general, the statewide results
showed that the types of seasons creating high yields predominated during 1901-1910 and 1961-1997,
and most seasons creating low yields were concentrated in 1911-1920, 1931-1940, and 1951-1960.

Major seasonal weather effects on Illinois’ water resources (surface water supplies, ground-water
sup-plies, and water quality) were found to occur in the spring and summer seasons. Two conditions
caused these effects in each season: either above normal temperatures and below normal precipitation,
or above normal tem-peratures and precipitation. Spring impacts on water resources were typically
mixed, some negative and some positive, whereas impacts from summer season extremes had largely
negative impacts on water supplies and water quality. More impacts, positive and negative, occurred in
southern Illinois than elsewhere, and most of the seasons having negative impacts on water resources
occurred in Illinois during 1911-1960.

Comparison of the 1901-1997 temporal distributions of yield extremes (high and low) and the
nega-tive summer water resource impacts with the temporal distributions of cyclone passages and the
incidence of El Nifilo Southern Oscillation conditions that affect spring and summer weather conditions
revealed a generally good relationship. Periods with many seasons creating numerous negative impacts
on corn yields and water resources occurred in several decades (1911-1920, 1931-1940, and 1951—
1960) when the number of cyclones was low and most incidences of La Nifia conditions that create warm
temperatures and negative impacts pre-vailed. Conversely, when seasonal weather conditions were
generally beneficial (1901-1910, 1961-1970, and 1981-1997), Illinois had relatively large numbers of
cyclone passages and most El Nifio-related cool and wet summers occurred.

Consideration needs to be given to the shifting temporal responses to various kinds of seasonal
weather conditions during the 20th century to determine how future climatic conditions may affect
Illinois' agriculture and water resources. Furthermore, some influential seasonal weather types appeared
sporadically, some only during the early decades of the century and others only in the latter decades. Thus,
data from the past 97 years reveal that efforts to project impacts of future climate conditions on agriculture
and water resources may be difficult and subject to considerable error.
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INTRODUCTION

Tempora fluctuations in seasonal climatic conditions
are a key issue in assessing the impacts of past and future
climate conditions. Weather events combineto form seasonal
climate conditions, and these have an enormousinfluence on
agricultureandthewater resourcesof I1linoisandtheMidwest.
M ost atmosphericimpactsarecaused by theclimatic conditions
during the growing season (May—August) for cropsand those
in the warm season (A pril-September) for water resources.

Numerous studieshaveinvestigated historical trendsand
fluctuations of temperatures and precipitation in the four
climateseasons(spring, summer, fall, andwinter). For example,
after identifying 12 small community weather stations with
the highest quality long-term (1901-1997) recordsin I1linais,
the 97-year trends in seasonal temperature and precipitation
valueswere determined, revealing slight downward shiftsin
temperaturesin the spring and summer and upward trendsin
summer precipitation amounts (Changnon et al., 1997). Karl
and Riebsame (1984) assessed sharp fluctuationsin seasonal
temperatureand preci pitation conditionsunder theassumption
that abrupt changes (defined statistically) over 10- to 20-year
periodswould createsomeform of regional impacts. However,
such studies have not addressed a key question: do such sea-
sonal shiftshaveany impactsof significanceto society? Does
adecrease in summer temperatures of two degrees (Fahrenheit)
over 50 to 100 years create more or fewer impacts than ade-
crease of one degree Fahrenheit? Does a 15 percent increase
in precipitation during 20 years in eastern Illinois have
minor or major impacts on the region’s water resources?

Weather and climateimpact analyses often focuslargely
either on the frequency and magnitude of weather extremes
resulting from short-term events such as hurricanes, or from
seasonsor runsof yearswith climateextremessuch asdroughts
or cold winters (Pielke, 1997). For example, an impact-based
view of Midwestern summer weather recognizesthat hot, dry
summers reduce crop yields. Studies related to effects of
changing climate conditions on crop yields have typically
examined historical data and, after normalizing the valuesto
accommodate changing technological practices, have
examined the temporal behavior of crop yields as an indirect
measure of shifting weather conditions (Offutt et al., 1987;
Hollinger, 1988). However, this approach does not identify
thechangesin thevariousgrowing seasonweather conditions,
such asin the amount of July rainfall, that could still produce
similar crop yields, either high or low. Thus, yield-based
temporal analyses do not allow a climatological assessment
of the tempora fluctuations in various types of growing

season weather conditionsthat have occurred over time. That
is, aretheremoreor fewer seasonsinrecent (or past) yearswith
weather conditions good or bad for crop yields? Do weather
conditions that produced good crop yields in 1910 still
produce comparably high (or higher) yieldsin 1997?Weather
impacts on various natural processes and on society also
change over time and must be accounted for in assessing
extremes that vary over time. Historical variations in these
climate-impact interactionsal so challengemeaningful efforts
to forecast the impact of future climatic conditions on
agriculture, water supplies, or other currently weather-sensitive
endeavors (Carter et a., 1994). This study provides some
interesting results applicable to interpreting future
prognostications of impacts from amore variable climate or
one shifting to warmer and wetter or drier conditions.

This study approached the analysis of historical long-
term fluctuations in seasonal weather conditions based on
thoseidentified as highly important from an impacts perspec-
tive, while retaining the weather conditions as the form of
seasonal typing associated with pronounced impacts. In this
manner one can examine the temporal variability of critical
weather conditions and their impacts when along record exists.

Two seasonal assessmentsweremade, one based on corn
growing seasons in Illinois and the other based on seasonal
conditionswhen the most significant water resourcesimpacts
occur in lllinois. Both assessments were for 1901-1997, the
longest period of good data. The results from lllinois are
considered to be representative of other parts of the Midwest
withsimilar soils, physiography, and climate, andillustratean
approach involving shifting climate-impact relationships.

Datafrom 41 Illinois weather stations, sel ected based on
length of record (1901-1997) and high-quality data, were
used to define the seasona conditions. Station locations
encompass the 640 kilometers (km) north-south length and
480 km width of Illinois (figure 1). This considerable areal
extent in a continental type climate results in significant
regional differences in average temperatures and precipita-
tion, and Illinois has wide differences in soil types that also
greatly affect crop yields and the hydrologic cycle (Wascher
etal., 1950). Thesefactorsrevea theimportanceofa  re-
gional-temporal analysisof the seasonsthat create major crop
and water resourcesimpacts. Thisstudy required an approach
for defining the weather-yield rel ationship that allowed clas-
sification of the growing season conditions each year from
1901 to 1997 into a uniform class comparable to that of all
other seasons.
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Figure 1. Corn-weather regions in Illinois and the weather stations used
to define seasonal values, 1901-1997.



DATA AND ANALYSIS

Crop-Based Seasonal Weather Types

Severa approaches for establishing the relationship be-
tween cropyieldsand weather conditionshavebeen used over
the past 70 years. The approaches fall into three general
classes, each with strengths and weaknesses for a given
application. Typically the approach is chosen on the basis of
the purpose of the given study and the availability of data. No
matter whichapproachissel ected, however, modeling of crop
yield-weather relationships represents asimplification of the
actual physical processes that occur.

The most definitive approach uses physiological models
that candefinein detail how daily or even hourly weather con-
ditions, farming practices, and known technological shifts
determine crop yields (Hollinger, 1988). Unfortunately, this
approach is not suitable for this long-term historical study
because the detailed historical data needed do not exist (for
example, acentury of solar radiation and pan evaporation data
for many sites scattered across large areas). This modeling
approach is often used where localized detailed data exist
such as on an experimental farm.

Another crop-weather modeling approach involves defi-
nition of crop and weather relationships through assessments
by crop experts who identify the periods and type of weather
conditions affecting yields, such as dry July and August
periods. Their assessments are then integrated with climate
recordsin aregion to assessthetemporal and spatial variabil-
ity of crop important conditions (Richman and Easterling,
1987). The expert systems modeling approach could not be
used becauseit doesnot furnish precise quantitative measures
of the effects of varying climate conditions, particularly
acrosslarge areaswith different soilsand climate conditions.

The most commonly used approach involves regression
modeling of yields, weather, andtechnology. Itisbest adapted
tolargeareaandlong-term assessmentsof weather effects. For
example, the Erosion-Productivity Impact Cal culator (EPIC)
regression modeling of crop-weather relationswas used in a
recent study of the yield increases and income shifts related
to use of the El Nifio Southern Oscillation (ENSO) forecasts
and effectsinthegrowth of variouscrops(Solow et al ., 1998).
Thetechniquerelieson statistical determinationsof how each
weather variable affects plant production or crop yields and
how the effects of agricultural technology have shifted over
time. The “technological” effect is generally based on the
assumption that the time trend of the yields is a proxy for
changesinfarming practices, new plant varieties, and agricul -
tural technological advances over many decades (Thompson,
1975). This trend may also include a trend in crop relevant
climate conditions, but Thompson (1986) has shown that this
was not the case for corn yields in the Midwest.

The limitations associated with this modeling approach
arethat ittypically usesmonthly or seasonal weather variables
or both, which can mask identification of key shorter term,
time-varying weather conditions within a month (for ex-
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ample, five days of high temperatures at a critical growth
stage). Furthermore, because of itsstatistical nature, theinter-
actions between farm technology and weather, as well as
temperature-rainfall interactions, mask some of the effect of
individual weather elements on yields (Offutt et al., 1987).
However, this approach was considered the best for defining
quantitatively the most important weather variables for this
study of multi-decadal variations in weather conditions ex-
tending across areas of thousands of sguare kilometers and
over the longest possible period (Thompson, 1969).

The regression approach was used to identify critical
monthly weather variables affecting corn yields, and these
served asthe basis for identifying the different types of corn-
weather seasonsin lllinoisduring 1901-1997. The seasons so
identified, and their relative effect on cornyields, becamethe
input for examining the temporal fluctuations in 1901-1997
corn-weather seasons.

Past research assessing the relationship between corn
yields and weather conditions across Illinois for design of
irrigation water needs had identified types of growing season
weather conditionsfor eachregiondetermined onthebasis of
varying rainfall effects on yields (Changnon, 1969). That
research used multiplecurvilinear regressionrel ationshipsfor
1931-1965 with yield-weather-technol ogy equations devel-
oped for several regionsin lllinois.

In a similar approach, long-term 1901-1997 climate
records were used to classify each corn-weather season into
one of several types defined using the key weather variables
identified from a multiple regression analysis of the weather
andyieldsduring 1931-1997. Ananalysiswasconducted for
each of four regions of Illinois as described below. These
regional regressions used technological variables based on
statistical fittings to the long-term regional distributions of
cornyields, asdonein prior studiesand as shown for Illinois
on figure 2 (Thompson, 1975; Offutt et al., 1987).

Theregression resultsindicated that seven weather vari-
ables explained most of the Illinois corn yield variations:
May rainfall, June temperature, June rainfall, July tempera-
ture, July rainfall, August temperature, and August rainfall.
This agrees well with findings from numerous past crop-
weather relationship studiesfor Illinois (Changnon and Neill,
1967; Thompson, 1969, 1975; Richman and Easterling, 1987;
Offutt et al., 1987).

Sufficient regional differencesin soilsand climate exist
acrosslllinoistorequiredelineation of regions, eachwith  its
own weather-yield-soil relationship. Four regionswereiden-
tified (figure 1) based ontherelationship of yieldsand weather
previously defined for each Illinois county (Chang-non and
Neill, 1967). As described above, regional equations were
derived for the four regions for 1931-1997 by multiple
regression analysis of corn yields, seven weather conditions,
and agricultural technology. Weather conditions, when



regressed alone with yields, explained 57 percent of theyield
variability in the north region; 65 percent in the central
region; 78 percent in the west; and 89 percent in the south
(where the state’ s poorest soils exist). When technology and
weather factors were included, the regression equations ex-
plained morethan 90 percent of theyield variability inall four
regions. The unexplained variability is considered to be due
to random factors and to weather conditions not included in
the equation.

These four regions correlate well with the corn yield-
weather regions defined based on expert systems analyses
(Richman and Easterling, 1987) and on the weather-yield
resultsbased onthestate’ sninecropreporting districts (Offutt
et al., 1987). Theregionsalso match the distribution of soils
across the state. Southern Illinois has light-colored shallow
soils developed under forest vegetation; western l1li-nois has
amix of light and dark soils developed under prairie grasses
and forests; central Illinois has dark soils developed under
grass; and northern Illinoishas soilssimilar tothosein central
Illinois but with considerable amounts of sandy loamsand
glacial tills (Fehrenbacher et al., 1967).

To determine corn-weather-season types in each region,
data from 9-12 quality long-term weather stations in each
region were chosen for analysis (figure 1). The stations
monthly values for each year during 1901-1997 were com-
bined to form regional average weather values for each year
and for each of the seven monthly conditions. The 97 values
for each weather condition were ranked and classified as
above normal (upper third of all values), near normal (middle
third), and below normal (lower third). Each growing season
was then assigned a set of normality values, as shown for the

threeyearslistedin table 1. Earlier research has shown that
relationships between Midwestern crop yields and summer
weather conditions expressed inthesethree normality classes
could be meaningfully interpreted (Changnon, 1982; Sonka
et al., 1988).

The next step involved comparison of the 97 yearly
classes and sorting them into types. Conceivably there could
be 2,100 seasonal types based on all combinations of seven
weather variables, each with three levels, but a much more
limited number was sought based onthoseweather conditions
most critical to corn production. Regression results of this
study and all past corn weather research have shown that July
temperatureandrainfall valueshavethegreatest effect oncorn
yields, and hence seasonal typing began by categorizing the
two July variables. For example, there were nine July combi-
nations including: 1) above normal temperature and above
normal rainfall (AA), 2) abovenormal temperature and normal
rainfall (AN), 3) abovenormal temperature and bel ow normal
rainfall (AB), 4) normal temperatureand abovenormal rainfall
(NA), 5) normal temperature and normal rain-fall (NN), 6)
normal temperatureand below normal rainfall (NB), 7) below
normal temperature and above normal rain-fall (BA), 8)
below normal temperature and normal rainfall (BN), and 9)
below normal temperatureand bel ow normal rainfall (BB). All
combinations occurred in the 97-year records in all four
regions.

Then for each July class, August and May rainfall levels
were compared because these two conditions ranked as the
third and fourth most important weather variablesin all four
regions. A region was considered to have a type of corn-
weather season 1) if threeor moreyearsinthe 97-year sample
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Figure 2. Annual cornyields in lllinois, 1900-1997. Curve was fit to the values and represents temporal changes
resulting from shifting farm practices and changing agricultural technologies including seed varieties.



Table 1. Total Rainfall (inches) and Aver age Temper ature (°F) during Three Years
Qualifyingfor Corn-Weather Type 17 (A-BN-BN-BA) in Southern Illinois, 1901-1997

May June July August

Year Rain Temp Rain Temp  Rain Temp  Rain
1915 A B N B N B A
Average 5.3 71.0 4.5 75.6 2.7 715 9.1
1950 N N N B N B A
Average 39 75.2 5.3 76.2 31 74.8 8.0
1992 A B B B N B A
Average 54 69.5 0.5 76.8 35 70.7 4.4
Maost common A B N B N B A
Average 4.9 719 34 76.2 31 72.3 7.2

Notes: A = above normal, N = normal, and B = below normal.

Table 2. Corn-Weather Season Types Identified in Illinois, 1901-1997

May . June July August
Type Rain Temp Rain Temp Rain Termp Rain
1 B N N B A B A
2 B B N N A B N
2 N N N A A N N
3 N N B N N N N
4 B A B A N N A
6 B A N N N N B
7 N N N B N N N
8 A A A B N A N
9 B N B A B A A
10 N A B A B A B
1 A N A A B N N
12 A B A N B B B
13 N N N B B B N
14 A B A B B A B
15 N B A B A B B
16 N N B A N A N
17 A B N B N B A
18 A B A N B B A
19 B A A A A A A
Totals
Above 6 5 6 7 5 6 6
Near 7 7 8 5 7 6 7
Below 6 7 5 7 7 7 6

Notes: A =abovenormal, N = normal, and B = below normal.



had identical July conditions, and 2) whentheassociated May
and August rainfall conditionseach had clear preferencesfor
being above normal, normal, or below normal. For example,
as shown in table 1, in southern Illinois there were three
seasons(during 1901-1997) with bel ow normal July tempera-
tures, normal July rainfall, and above normal rainfall in May
and August. Note that if one of the May or August rainfall
valuesfor agiven year wasonelevel away from the predomi-
nant classfoundinall other years, asillustrated by 1950 May
rainfall being normal and not above normal as found for the
other two years, this year was still included in the seasonal
type. Two other corn-weather seasonsidentifiedinthisregion
had the same bel ow normal temperatures and normal rainfall
sequencefor July, but onehad normal May and August rainfall

(foundinsix years), and the other had abovenormal May rainfall
and normal August rainfall (found in four years).

June conditions and August temperature levels were not
used to further subdivide the seasonal types since their effect
on corn yields was relatively small, explaining less than 10
percent of theyield variability. However, thetwo Junevalues
and the August temperatures were used along with the other
four conditionsto determine the most preval ent weather con-
ditions ineach corn-weather season (asillustratedin table 1).

By this process, 19 corn-weather season types were de-
fined (table 2). Also shownisthefrequency of above normal,
normal, and below normal conditions for each of the seven
weather conditions. These numbers show rather uniform dis-
tributionsamong thethreeclasses, indicating arepresentative
sampling of various growing season conditions.

Regional Variations in Corn-Weather-Season Types

The seasonal classification processled to the identification
of corn-weather-season types in each region, most of which
werefoundintheother regions. Asshowninfigure3, 14 of the
19 season types occurred in northern Illinois during 1901—
1997. All 14 types also occurred in the other three regions;
central lllinoishad 16 types; westernllinoishad 17 types; and
southernlllinoishad 19types. Thissouthwardincreasereflects
the more diverse summer weather conditionsthat occur inthe
state's southern sections (Changnon and Huff, 1980).

Table 3 shows the frequency of each season type in each
region, revealing spatia differences. Type 1 wasmore prevaent

inthenorth (17 occurrencesin 97 years), whereastype2wasmore
prevalent in the central and southern regionsthan else-wherein
Ilinois. Type 11 was nearly twice as frequent across central
Ilinois (west and centra regions) as in the north or south,
reflecting the climatic differencesthat can occur acrossan area
640 kmlong. Types4 and 6 were more common in the northern
and central regions. Morethan haf of the 14 weather types (5, 7,
8,9, 10, 12, 13, and 14) had approximately the same frequency
of occurrencein al four regions. Many of these types were not
associatedwithyearsof highcornyidds, buttypes9and10 with
hot, dry July conditions often produced very low yields.
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Figure 3. Number of corn-weather-season types found
ineachregion, 1901-1997.



Table 3. Frequency of Corn-Weather Season Typesin Each Region of I llinois, 19011997

Freguency of season types
Region 1 23 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19
North 7 67 94 9 5 5 6 9 4 9 4 3 0 0 0 0O
Central 9117 123 5 6 5 7 410 5 3 3 4 0 0 0 3
Wes 5 78 77 3 6 3 5 6 8 7 3 312 0 3 0 4
South 9 124 54 3 6 4 6 7 5 4 3 4 5 6 3 4 3

The varying regional frequencies of several seasonal
typesillustrate the importance of treating the crop-seasons
on aregional basis, reflecting the important climate and
soil differences across Illinois. Although types 1-14 oc-
curred in all four regions, types 15-19 occurred only in
portions of Illinois. For example, type 15, a cool summer
with wet June and July conditions (normal May rainfall,
bel ow normal Junetemperatures, abovenormal Junerainfall,
bel ow normal July temperatures, abovenormal July rainfall,
and below normal August temperatures and rainfall),
occurredinall regionsexcept northernlllinois, whiletypes

17(6)
13(6)
17(7)
g
17(8)

4

T

a. July temperatures below normal and rainfall
above normal (types 1 and 15). Values in
parentheses show the number of cool-wet

Julys associated with high corn yields.

16 and 18 occurred only in southern l1linois, reflecting the
greater number of seasonal types there. Figure 4a depicts
theregional frequencies of typesbased on acool, wet July,
commonly recognized as good for corn production. These
values vary from a low of 13 such seasons during 1901—
1997 in central lllinois to 17 seasons in western and
northern lllinois. Also depicted in figure 4a are the
frequencies with which these weather seasons were
associated with one of the top 20 corn yields during 1901—
1997. For example, central Illinoishad ahigh cornyieldin
6 of the 13 years when a cool, wet July occurred.

19(10)

21(15) |

"

19(14)

18(12)

;

Va

b. July temperatures above normal and rainfall

below normal (types 9, 10, and 11). Values in

parentheses show the number of hot-dry Julys
associated with low corn yields.

Figure 4. Number of corn-weather seasons, 1901-1997: a) with July temperatures below normal
and July rainfall above normal: (types 1 and 15) and b) with July temperatures above normal
and July rainfall below normal: (types 9, 10, and 11).



Figure 4b depictstheregional frequencies of yearswhen
July conditions were hot and dry, recognized as harmful to
corn production. These values range from a high of 21 years
in central Illinois to a low of 18 years in southern Illinois,
revealing little spatia variability in these July conditions.
Also shown, in parentheses, are the frequencieswith which a
hot, dry July was associated with ayear when quitelow yields

High and Low Corn Yields

Cornyielddatawereobtainedfor eachregion by averaging
the county yields for the 1931-1997 period, but a two-step
process was required to estimate regional yields for 1901—
1930. First, regional weather values for each year (1901—
1930) were inserted in 1931-1960 regression equations
developed for eachregionto calculatetheir yield val uesbased
onaperiodwhenfarmingtechnologieswererelatively similar.
Theseregional yield valueswere expressed asapercent of the
technological mean yield for 1931-1960, and then the
departures(fromthemean) of theestimated 1901-1930yields
for each region were compared with the departures of the
actual state yields, which were available for 1901-1930
(figure2). Thiswasdoneto determineif any major differences
existed, such as two or three regions with estimated yields
bel ow the mean when the statewide departure was above the
mean. No such differences were found.

The technological mean values for 1901-1930 were
determined using the curve fit to the 1901-1930 state yields
shown in figure 2. Thishad adlight linear increase from 35
bushels per acre (bu/acre) in 1901 to 38 bu/acrein 1930. The
percentage departures of the calculated yieldsfor each region
and year were then applied to this mean yield value for the
year, as based on the statewide mean technology curve for
1901-1930, resulting in annual yield values estimated for
each region. For example, the yield calculated for 1913 in
southern Illinoiswas 30 percent bel ow the 1931-1960 mean,
and itsadjusted val ue (based on 1913 with amean value of 36
bu/acre) was 25 bu/acre (36 minus 11). In summary, the

occurred, with low defined asthe lowest 20 yields during the
19011997 period. These conditions exhibit greater spatial
variability but do reveal that hot, dry July conditions were
responsiblefor many regional low cornyields, accounting for
10 of the 20 low yieldsin northern lllinoisand 15 of the20in
centra lllinois.

estimated yields for each region for 1901-1930 were depen-
dent on the weather-yield relationships for another period
(1931-1960) when agricultural practices were somewhat dif-
ferent than in 1901-1930, which has some effect on the mag-
nitude of the estimated yields. However, since the ensuing
analysis of 1901-1997 yields was based on only the 20
highest and 20 lowest yields, which are extreme values (1 or
2 per decade), the effect of any yield estimation errors on the
findings about high and low yieldsis considered to be minimal.

High and low corn yields during the 97-year period were
determined based on departures from the long-term curve fit
to the historical yields in each region, which included the
19011930 estimated yields. To ensure selection of only the
most critical yield seasons, the 20 highest and 20 lowest yield
years were identified within each region.

Table 4 presents the weather types that were associated
with two or more high yield years for each region, and there
are considerable regional differences. For example, type 15
(below average July temperatures and above average July
rainfall) was related to more high yields in the western and
southernregionsof thestatethan any other weather type (table
4), but type 15 waslessfrequently associated with highyields
in northern and central 1llinois where soils are deeper and
weather effectsonyieldsareless. Types1 (below average July
temperatures and above average July rainfall) and 2 (normal
July temperaturesand above average July rainfall) were often
associated with high yieldsin northern and central Illinois, as
showninfigure 5. Types 1 and 15 had identical July conditions

Table 4. Regional and State Frequencies of High Corn Yields Associated
with Corn-Weather Seasons ProducingHigh Yieldsin Twoor More Years, 1901-1997

North Central West South Satetotals
1(5) 1 (4) 15 (5) 15 (5) 1(14)
7(4) 2 (3 2 (3 103 15(12)
2(3) 4 (2 12 (3) 2 (3 2(12)
6(2) 6 (2) 4 (2) 4 (3) 12 (8)

12 (2) 7,12,15 (2) 1,17,19 (2) 17 () 4 (8)
Notes:

Firg number =type, and number in parentheses = number of years that a particular type occurre



Type 1 Type 2 Type 15

-

o_

ﬂoo'
1

Type 15 Type 7 Type 4

L N |

T

] ?—5
T T

Figure 5. Patterns based on the frequency of the six corn-weather season types associated
with the greatest number of high corn yields, 1901-1997. Values in each region represent
the number of times the type identified produced a high yield in that region.
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(below averagetemperaturesand aboveaverage July rainfall),
but differed in four other monthly conditions (May rainfall,
Junetemperaturesandrainfall, and August rainfall), asshown
intable2. Four types(9, 10, 11, and 14) were not associated
with any high yields.

High corn yields are expected with cool, wet July condi-
tions (types 1 and 15) and with normal temperature-wet July
conditions(type2), andthesethreetypesaccountedfor 38  of
the 80 top yields (4 regions times 20 values) during 1901—
1997. However, there were 97 seasonswith types 1, 2, and 15
during 1901-1997, indicating that only 40 percent (38) of
the time did such conditions produce high yields. Thus,
several other weather types resulted in high yields.

Type 6 with normal July conditions wastwicerelated to
high yields in both northern and central Illinois but did not
produce highyieldsin southernand westernlllinoiswherethe
weather stress is much greater due to poorer soil conditions
(Wascher et al., 1950). Above or near normal July rainfall
accompanied most highyields, asexpected. However, type 12
with below normal July rainfall occurred with high yieldsin
up tothreeyearsin each region (figure5). Type 12 had above
normal rainfall in May and June, and near normal July tem-
peratures, all acting to reduce crop stress and to provide
adequate soil moisture when most needed in July. Most years
inwhich type 12 was associated with high yields occurred in
early to mid-century including 1910 (north), 1925 (south and
central), 1937 (central), 1946 (west and north), and 1972
(west). Type 12 occurred in eight years after 1972, but none
were associated with the top 20 yields.

Valuesintable 5 show the number of seasonsassociated
with two or more low corn yields (20 lowest yieldsin 1901—
1997 for eachregion). Thesevaluesfor all four regions reveal
three seasonsfrequently produced low yields (types9, 10, and

11). All threetypeshad ahot, dry July, but they differedinthe
conditions that existed in May, June, and August. Type 11
created added problemswith awet May and June, conditions
that can delay planting, |ead to shallow root development, and
leach nitrogenfertilizer, all actingto reduceyields asin 1974,
atype 11 year with low yields (Changnon, 1975). Figure 6
shows the regiona patterns of types 9, 10, and 11 reveal
interesting spatial differences. For example, type 9 occurred
most ofteninthesouthernhalf of thestate, whereastype 10was
most common in the west and north. These types accounted
for 10 low yields in northern Illinois (half of the 20 lowest
yields), 14 low yields in the west, 15 low yields in central
Illinois, and 12 low yields in southern Illinois. Collectively,
they accounted for 51 of the 80 possible (64 percent)
regional low yield seasons during 1901-1997. These three
types occurred in 77 years during 1901-1997, and 51 of
these, or 67 percent, created low yields. The results also
reveal that 29 years of low yields were related to other
weather types.

Regional differenceswerefoundfor certain other weather
types associated with low corn yields. Type 5 (figure 6)
produced two low yield years in centra lllinois, three in
western lllinois, but none in northern and southern Illinois.
Type 16 created threelow yield yearsin southern lllinois but
none elsewhere in the state. Above normal July and August
temperatures with near normal rainfall found in type 16 are
conditions more limiting to crop growth in the clay pan soils
of southern Illinocisthan elsewherein Illinois (Wascher et al.,
1950). Five seasonal types (1, 2, 7, 15, and 17) were not
associated with alow yield in any region during the 97-year
period. All but type 2, which had normal July temperatures,
had below normal July temperatures, and all five types had
normal or above normal July rainfall (seetable 2).

Table 5. Regional and State Frequencies of Low Corn Yields Associated
with Corn-Weather Seasons Producing Low Yields in Two or More Years, 1901-1997

North Central West
10 (6) 9 (5 10(6)
4 4 11 (7) 9(4)
3 10 (3) 11(4)
11 (2 19 (2 5(3)
9 (@ 5 (2 12(2)

Notes:

South Statetotals
10 (5) 10 (20)
9 (4) 11 (16)
11 (3) 9(15)
16 (3) 5(5)

8(2 34

Firg number =type, and number in parentheses = number of years that a particular type

occurred.
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Figure 6. Patterns based on the frequency of the six corn-weather season types associated
with the greatest number of low corn yields, 1901-1997. Values in each region represent
the number of times the type identified produced a low yield in that region.
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Water Resource-Weather Seasons

The effect of seasonal weather conditions on Illinois
water resources was defined based on consideration of three
factors: surface water conditions, including streamflow and
reservoir supplies; ground-water supplies; and the quality of
both surface water and ground-water supplies. Structured
interviews using pre-set questions about these three water
conditionswere conducted with 15 hydrologistsvery familiar
with water issues in lllinois, and this was the primary tech-
nique used to define the most critical water issues for all
seasons (Changnon and Easterling, 1988).

Each hydrologist was asked to consider the three water
conditions (surface water, ground water, and water quality)
and to identify whether above normal, normal, or below
normal temperature and precipitation conditions, or both,
were weakly or strongly beneficial or harmful to each water
condition for each of the four climatological seasons and for
varying regions of Illinois. Their responses were the primary
basis for defining the most important weather-water seasons
and which temperature and precipitation conditions were
most critical. I nterview resultswerecompared with published
results(Linsetal., 1990) toensurethecritical seasonshad been
defined accurately and that other seasons or conditions of
importance were not omitted.

Analysis of the responses revealed that al three water
resource conditionsweremost frequently sensitivetoweather
conditions in spring (March-May) and summer (June—

August). Furthermore, the results showed no major impacts
when temperature or precipitation values were in the near
normal class (middle third of the values). Mgjor effects of
seasonal weather conditions on water resources in Illinois
come from extremes, not near normal conditions. This out-
comewas further verified after comparison with resultsfrom
studies of Illinois floods (Singh, 1987; Changnon and Huff,
1987), droughts (Easterling and Changnon, 1987; Changnon
and Easterling, 1989), surface water supplies (Singh et al.,
1992), ground-water supplies (Changnon et al., 1988), and
water quality (Bhowmik, 1988; Barcelona et al., 1989).

Table 6 shows the combinations of seasonal weather
conditions and their impacts in the spring and summer. The
conditions listed as having positive (beneficial) or negative
(harmful) effectswerebased on consistent responsesfromthe
water expertssampled. In caseswheretherewereuncertainties
over the magnitude of the impacts, or the identification  of
only minor effects, or major differencesin the experts' views
about thetype of effects (positive or negative) from aspecific
type of seasonal weather condition, the condition was not
identified as creating a major impact. Only those effects
defined by two-thirds or more of the sampled experts as
producing major impactswere chosenfor study. This ensured
assessment of critically important outcomes, aswith the crop
assessment based on only the 20 highest and 20 lowest
corn yields.

Table 6. Major I mpacts to Water Resourcesin lllinois Associated with Above
and Below Normal Temperatures and Precipitation Amountsin Springand Summer

Tenperature
Above normdl Below normal

Spring
Precipitation
Resour ces Abovenormal  Below normel
Surface water + -
Ground water + -
Water quality - *
Summer
Precipitation
Resour ces Abovenormal  Below normal
Surface water 0 -
Ground water — -
Water quality - *

Tenperature
Above normdl Below normal

Notes: - = mgjor negative effects, + = major positive effects, — = amall or neutral effects
Water quality refers to both surface and ground water conditions.
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Figure 7. The number of weather-water seasons of two types, below normal precipitation
and above normal temperature (BN-AN) and above normal precipitation and above normal temperature
(AN-AN), occurring in each region during spring and summer seasons, 1901-1997.



The analysis of those weather-water seasons producing
major impactsonthestate’ swater resourceswasaccomplished
by examining the sasmefour regionsdefined for thecornyield
analysis for possible regional climatic differences. Water
resource conditions vary somewhat across the state due to
varying climatic conditionsand to moderately different physi-
ographic conditions. Southern Illinais is classified by geo-
morphologistsashill country, western I1linoisasamixture of
flat and rolling topography, and central and northern Illinois
as flat land with many poorly developed natural drainage
systems(Leightonetal., 1948). However, theexpertssampled
did not indicate any significant regional differences in the
occurrence of major impacts resulting from the spring and
summer weather conditions. That is, a summer of above
normal precipitation and above normal temperatures was as
bad for the water resourcesin northern Illincisasfor thosein
southern lllinois.

Analysis of the spring conditions revealed the major
impacts came with two sequences of conditions defined by
both precipitation and temperature conditions:

*Warm and wet spring (above normal temperatures and
above normal precipitation) isdeemed as both good
and bad for surface water conditions, has mixed effects
on water quality, and has positive effectson ground-
water conditions.

*Below normd precipitation and above norma tempera-
tures (a dry and warm spring) were defined as having
negative effects for suface water conditions with mixed
outcomes, positive and negative, for water qudity con-
ditions.

Analysis of the summer conditions and their major im-
pacts showed the following outcomes for two sequences of
conditions when abnormal precipitation and temperature
conditionsjointly acted to createimpactsin at least one of the
three water resource conditions assessed.

*Above normal precipitation and temperature conditions
(wet and warm) have mixed effects on surface water
conditions and negative effects on water quality.

*Below normal precipitation and above normal temper-
atures (dry and warm) produce negative effects for all
three water conditions.

Results reveal that various combinations of spring and
summer conditionscause someform of beneficial or negative

effects on water resources, but most results in summer are
negative as shown in table 6. Mixed impacts, good and bad,
occur with most spring conditions. For example, above nor-
mal precipitation in the spring helps sustain surface water
supplies, butit alsocanhelp createspring floods(Singh, 1987,
Singh et a.,1992). Heavy spring rainfall also helps enhance
shallow ground-water supplies(Changnonetal., 1988), but it
erodes soil and leaches fertilizer, creating water quality
problems (Bhowmik, 1988).

Comparison of the spring and summer resultsreveal sthat
in both seasons the combinations of a) below normal precipi-
tation and above normal temperature, and b) above normal
precipitation and temperatures produced the most pervasive
effectsin al threewater conditions. Other seasonal combina-
tions, such as below normal precipitation and temperatures,
produce effects limited to one or two of the three water
conditions and to only one weather condition. Hence, the
temporal analysis of seasonal conditions producing the major
water resources impactsin Illinois was based on spring and
summer conditions, which were either above normal precipi-
tation and temperature or below normal precipitation and
above normal temperatures.

The regional frequencies of each type of weather-water
season occurringinthespring and summer areshowninfigure
7. Thebelow normal precipitation and above normal tempera-
ture conditions occurred more often across central Illinois,
whereas above normal precipitation and temperature condi-
tions in spring were less prevaent across the state’s mid-
section. Southern Illinois with a total of 26 weather-water
seasons during 1901-1997 had slightly more such seasons
than occurredinwestern and central 11linois (25 seasonseach)
and in northern Illinois (24 seasons).

Theregional frequenciesin summer (figure7), whichare
largely negative impactsto water resources, show that below
normal precipitation and above normal temperature seasons
(dry and hot) had a north-south distribution across the state
with the maximum of incidences in southern Illinois and
the minimum in northern lllinois. In contrast, the above
normal precipitation and temperature (wet and hot) seasons
were most frequent in northern Illinois. Summation of the
two summer season frequencies shown in figure 7 reveals
that southern Illinois had 29 weather-water seasons in
1901-1997, slightly more than in the other three regions.
Recall al sothat thesummer seasonimpactsonwater resources
are negative.
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TEMPORAL TRENDS IN CORN-WEATHER SEASONS

The temporal frequencies of the various types of corn-
weather seasonsinnorthernllinoisappear intable7. Inspection
revealsseveral weather types(1, 3,4, 11, and 12) wereevenly
distributed throughout the century. Sometypeswere common
intheearly decadesof the century (types8and 9); otherswere
prevalent in mid-century (5, 6, and 10); and still others
occurredlargely inlater decades(2, 7 and 13). Thesetemporal
differences in seasonal types, as based on the climatol ogical
structure of weather conditions from May—August, indicate
that some growing season atmospheric conditionswere repe-
titious over time, whereas otherswere shifting on longer time
scales. For example, weather type 2 did not appear inthefirst
40 years of the century, and type 9 did not occur again after
1960. Such mixesof even and uneven temporal distributions
were found for corn-weather typesin the three other regions.
In southern Illinois (table 8), weather type 6 occurred three
times but only during 19511960, and type 13 occurred only
three times and only during 1981-1990. Such anomalous
variations haveinteresting implicationsfor climate modeling
and reflect wide changes in atmospheric circulation patterns
during the 20th century. Tables 9 and 10 present the corn-
weather type distributions for central and western Illinois.

Comparison of the seasonal distributions for the four
regions revealed certain weather types with similar
distributions in three or more regions. For example, weather
types 1-5, 11-12, and 18 exhibited rather uniform temporal
distributionsin all four regions. Weather types 9-10, 14, and
17 primarily occurred early inthe century. Weather types 6—
7,16, and 19 occurred mainly during mid-century, and weather
types8, 13, and 15 occurred mainly inthemost recent decades.
The temporal fluctuations in the corn-weather seasons that
produced most of the high and low yields in each region
appear in tables 11-13. Recall that most of the high and low
yields in each region occurred with only five weather types,
asillustratedintables4 and5. Thetopfiveweather typesineach
region accounting for the greatest number of high cornyieldsare
listedintable4, and the distributionsreved that thefive weather
typeswereassociatedwith 150r 16 of the20highestyieldsineach
region. Similarly, the five weather types accounting for most of
the 20 lowest yieldsin each region were associated with from
17 to 19 of the 20 lowest yield years.

The temporal distributions of the five weather types
producing thegreatest number of highyieldsweredetermined
for each region. Table 11 shows the incidence of types with
high cornyields, whether highor not, andall four regionsshow
comparable values in many decades. Seasons capable of
producing high yields were quite frequent everywhere in
Illinois during five decades. 1901-1910, 1961-1970, 1971—
1980, 19811990, and 1991-1997. A preponderance of these
seasons came during thelast 37 yearsof the century. In 1921—
1930, several potentially high corn yield seasons occurred in
central and northern Illinois, but few occurred in southern
Illinois. The northern region had more good seasonsin 1961—

16

1970 and 1991-1997 than did the other three regions. Three
decades (19111920, 1931-1940, and 1951-1960) had very
few seasons with the potential for high corn yieldsin all
four regions.

Theregional findings on high and low cornyield seasons
revealed two other interesting results. First, a given weather
type that was often associated with high (or low) yields
sometimes was also occasionally associated with alow (or
high) yield, as revealed by the southern Illinois example in
table 12. Corn-weather types 1 and 2 were often associated
with high cornyields, but type 2 had one year with low yields
during 1981-1990. A second important result, as illustrated
intable 12, isthat not all occurrences of agiven weather type
produced an outstanding high or low yield. For example, type
2 was associated with high yields during 19011970, but the
fivesuch seasonsthat occurred after 1970 were not associated
with any of the region’s 20 highest yields. This may reflect
varying weather-yield rel ationshipsdueto shifting farm prac-
tices, technology, and cornvarieties, or sampling vagariesdue
tothe20yieldlimit setondefininghighandlowyields. Yields
during the five years were all near to above average.

Table 13 shows the temporal distributions of weather
types most often producing low cornyields, based onthefive
seasons with the greatest frequency of low yields (table 5).
Regional valuesare comparablein many decades, but consid-
erable regional differences in frequencies appear in 1921—
1930 (valuesranging from 1 to 4) and in 1941-1950 (values
ranging from 2 to 5). Inspection of all regional distributions
shows high frequencies of potentially low-yield years in
1911-1920 and 1931-1940. Statetotal s (table 13) reveal that
most seasons capable of producing very low corn yields
occurred during the50-year period, 1911-1960, with 83 of the
123 total values.

Comparison of the state decadal totals of high and low
yields (tables 11 and 13) reveals that high- and low-yield
seasons occurred in all ten decades (including 1991-1997, a
seven-year period). The decada ratios of low to high fre-
quencies of seasons reveal that relatively small ratios (more
high- than low-yield seasons) occurred in 1901-1910 (0.4),
1961-1970 (0.16), 19811990 (0.43), and 1991-1997 (0.35).
Quite high ratios, indicating decades with predominately
low-yield seasons, occurred in 1911-1920 (1.6), 1931-1940
(3.8), and 19511960 (1.4). This agrees well with findings
from astudy of dry summersduring 1901-1990 (Changnon et
al., 1996), which showed the state’ s higher frequencies of dry
summers occurred in 1911-1920 and again in 1931-1940.

Figure 8 depicts the temporal variationsin the statewide
values of high- and low-yield seasons based on the sum of all
regional values. Thisillustratesthat decadeswith moreevenly
distributed incidences of high- and low-yield seasons
included 1921-1930, 19411950, and 1951-1960. Thefigure
illustrates the dramatic differences between valuesin 1911—
1920 and 1931-1940, and thosein thefour periodsafter 1960.
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Decade

1901-1910
1911-1920
1921-1930
1931-1940
1941-1950
1951-1960
1961-1970
1971-1980
1981-1990
1991-1997

Table 7. Decadal Distribution of Corn-Weather Types 1-14 in Northern Illinois, 1901-1997

Frequency per decade or weather types
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Decade

1901-1910
1911-1920
1921-1930
1931-1940
1941-1950
1951-1960
1961-1970
1971-1980
1981-1990
1991-1997

Table 8. Decadal Distribution of Corn-Weather Types 1-19 in Southern of Illinois, 1901-1997

Frequency per decade of weather types
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Table 9. Decadal Distribution of Corn-Weather Types 1-15 and 19 in Central Illinois, 1901-1997

Frequency per decade of weather types

Decade 1 2 3 4 5 6 7 8 9 10 11 12 13 14

1901-1910 0 3 0 1 0 0 1 1 0 1 0 0 0 2
1911-1920 1 0 0 0 0 2 2 0 1 2 2 0 0 0
1921-1930 1 1 0 4 0 1 0 0 0 1 0 1 1 0
1931-1940 0 0 3 0 0 0 0 0 2 0 3 2 0 0
1941-1950 0 1 1 2 0 1 1 0 1 0 0 0 1
1951-1960 1 0 1 2 0 0 1 0 0 2 1 0 0
1961-1970 1 3 0 2 1 0 0 1 0 0 1 0 1 0
1971-1980 3 0 1 0 1 1 0 1 1 0 1 0 0 0
1981-1990 2 2 1 0 1 0 1 1 0 0 1 1 0 0
1991-1997 0 1 0 1 0 0 1 0 2 0 0 0 1 0
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Table 10. Decadal Distribution of Corn-Weather Types 1-15, 17, and 19 in Western Illinois, 1901-1997

Decade

1901-1910
1911-1920
1921-1930
1931-1940
1941-1950
1951-1960
1961-1970
1971-1980
1981-1990
1991-1997

Frequency per decade of weather types
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Table 11. Temporal Frequency of Five Corn-Weather Types Most Often Associated
with High Yields in Each Region, 1901-1997

Decade South West Central North State total
1901-1910 5 5 5 5 20
1911-1920 3 3 5 2 13
1921-1930 3 2 7 5 17
1931-1940 1 4 0 1 6
1941-1950 1 4 5 4 14
1951-1960 3 1 3 3 10
1961-1970 7 3 6 9 25
1971-1980 6 5 4 6 21
1981-1990 5 6 5 5 21
1991-1997 3 5 3 6 17
Notes:

The totals include all occurrences including those years when high yields did not occur. The following
weather types produced high yields: south (1, 2, 4, 15, and 17), west (1, 2, 4, 12, and 15), central (1, 2, 4,
6, and 7), and north (1, 2, 6, 7, and 12).

Table 12. Temporal Distributions of Two Corn-Weather Types in Southern Illinois
and their Occurrences with High and Low Corn Yields
(Upper and Lower 20 Percent or All Yields), 1901-1997

Decades Type 1 Type 2
All events High yield Low yield All events  High yield  Low yield

1901-1910 1 2 1

1911-1920

1921-1930 1 1

1931-1940

1941-1950 1 1

1951-1960 2

1961-1970 1 3 1

1971-1980 2 2

1981-1990 2 1 2 1
1991-1997
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Table 13. Temporal Frequency of Five Weather Types Most Often Associated

with Low Yields in Each Region, 1901-1997

Decade South West Central North

1901-1910
1911-1920
1921-1930
1931-1940
1941-1950
1951-1960
1961-1970
1971-1980
1981-1990
1991-1997

—_— = W = W BN
[N O e A S BN B VS o) W \9)
DD W DR D N = =
—_ W W o R, N AN W

Notes:

State total

21
12
23
13
14

13

The totals include all occurrences including those years when low yields did not occur. The
following weather types produced low yields: south (8,9, 10, 11, and 16), west (5,9, 10, 11, and

12), central (5,9, 10, 11, and 19), and north (3,4, 9, 10, and 11).

28

L Lowest Yields

Highest Yields

NUMBER OF REGION-YEARS
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Figure 8. Number of years (sum of four regions) per decade with corn-weather seasons producing
either high or low corn yields in the four regions of lllinois, based on five weather types that produced
the greatest number of high and low yields. Values are sums of the decadal regional frequencies.
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TEMPORAL TRENDS IN WEATHER-WATER SEASONS

Table 14 shows temporal distributions of the weather-
water seasonsfor central lllinois sorted according to two key
conditionsin spring and summer: above hormal precipitation
and temperatures, and below normal precipitation and above
normal temperatures. The combined seasonal incidences in
spring resulted in peaks of occurrences in 1921-1930 (five
such seasons), and 19811990 (four such seasons). Only one
springweather season created major water resourceimpactsin
1961-1970 and 1991-1997. The combined summer
distribution, based on the sum of the two weather-water
seasons' frequencies, shows that a majority occurred during
1911-1960 with many fewer impact seasons since 1960.
Recall that the negative impacts predominate in the summer.
Weather-water seasons based on above normal precipitation
and above normal temperatures in summer were rather
uniformly distributed over time in central lllinois, whereas
bel ow normal preci pitation and above normal temperaturesin
summer were most common in early to mid-century (table 14).

Table 15 presentstimedistributions of theweather-water
seasonsoccurring in thefour regions. Spring distributionsfor
1901-1997 reveal important regional differences. The spring

frequencies of impact-creating seasonal weather conditions
in central and northern Illinois both peaked in 1921-1930, but
the highest frequencies occurred in western Illinois in 1901—
1910 and 1981-1990. The spring peak of weather seasons
causing major impacts on water resources in southern Illinois
occurred in 1931-1940. However, all regions experienced
low seasonal incidences in the springs of 1951-1960, 1961—
1970, and 1991-1997. The central and west regions had high
incidences of impact-creating westher-water seasons in both
spring and summer during 1981-1990 when the other regions
had few such conditions. Some regional uniformity exists
across lllinois because similar weather conditions persisted
throughout Ilinoisin several years. For example, abovenormal
springpreci pitation and temperatures(wet and warm) occurred
statewide in 1922, 1938, 1945, and 1964, and below normal
spring precipitation and above normal temperatures occurred
statewide in 1910, 1911, 1930, 1936, and 1987.

Figure 9 shows the 1901-1997 distribution of all the
impact-significant weather-water seasonsin spring, based on
the sum of the values from al four state regions per decade.
This statewide distribution peaked in 1921-1930, and was

Table 14. Frequencies of Weather-Water Seasonal Conditions Creating Major Impacts
on Water Resources in Central Illinois, 1901-1997

AN - AN! BN-AN? Sum of All Conditions
Decade Spring Summer Spring Summer Spring Summer
1901-1910 0 0 3 1 3 1
1911-1920 1 1 1 2 2 3
1921-1930 3 0 2 3 5 3
1931-1940 1 3 1 4 2 7
1941-1950 1 3 1 1 2 4
1951-1960 1 0 1 4 2 4
1961-1970 1 0 0 0 1 0
1971-1980 2 2 1 0 3 2
1981-1990 1 2 3 1 4 3
1991-1997 1 0 0 2 1 2
Totals 12 11 13 18 25 29
Notes:

'AN-AN = above normal precipitation and above normal temperatures.
BN-AN = below normal precipitation and below normal temperatures.
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Table 15. Temporal frequency of Weather-Water Seasons
Causing Major Water Resources Impacts in Illinois, 1901-1997

Spring Summer

Decade North  Central West South North Central West South
1901-1910 4 3 4 3 1 1 1 2
1911-1920 2 2 3 3 2 3 4 3
1921-1930 5 5 3 4 4 3 4 4
1931-1940 3 2 3 5 8 7 6 7
1941-1950 3 2 2 4 2 4 1 3
1951-1960 0 2 2 2 5 4 4 4
1961-1970 2 1 2 1 1 0 1 1
1971-1980 3 3 1 I 2 2 1 3
1981-1990 1 4 4 1 3 3 4 0
1991-1997 1 1 1 1 0 2 0 0
Totals 24 25 25 25 28 29 26 27

30

25 — —

L Summer

NUMBER OF WATER-WEATHER SEASONS

0 | | | | | | | |

1901-  1911-  1921-  1931-  1941-  1951-  1961-  1971-  1981-  1991-
1910 1920 1930 1940 1950 1960 1970 1980 1990 1997

DECADES

Figure 9. Number of weather-water seasons per decade in the spring and summer seasons
based on the sum of the regional frequencies.



followed by a decline in incidences until a secondary peak
occurred during 1981-1990. Thefirst 50 years of the century
had many moreweather-water seasons (65 inthefour regions)
in spring than occurred in the last 47 years (only 34 events).
Thus, the kinds of spring weather conditions that seriously
affect water resources in lllinois have declined markedly
over time.

Summer distributionsof theweather-water seasonsinall
four regions (table 15) are similar to those in spring. All
summer distributions maximized in the 1931-1940 decade
withastatetotal of 28 seasonsof negativeeffectsonthestate's
water resources. Regional valuesrangedfrom6to8duringthis
decade, revealing that most summers during the 1930s expe-
rienced negativeeffectsonwater resources. Figure9 showsthe
1901-1997 frequencies based on the sum of thefour regional
values of weather-water seasons in summer. This reveals a

steady increase in incidences from 1901 to a peak in 1931-
1940, followed by alow value in 1941-1950, higher values
againin 1951-1960, very low frequenciesin 1961-1970, and
athird lesser peak again in 1981-1990.

Regional valuesfor summer (table15) reveal that all parts
of Illinois had few impact-creating weather-water seasonsin
the summers during 1901-1910, 1961-1970, and 1991—
1997. Dry and hot summer weather conditions (below normal
rainfall and above normal temperatures) existed  acrossthe
entire state in 1901, 1913, 1922, 1933, 1936, and 1952. The
50-year-period (1911-1960) included 84 of thefour regions’
water-weather seasons, whereas the other 47 years of the
century included 28 such seasons, only one-third of the 1911—
1960 total. Asin spring, the kinds of summer weather condi-
tions having major impacts on water resources have declined
significantly since 1960.
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TEMPORAL FLUCTUATIONS OF CYCLONES AND ENSO CONDITIONS

Thegoal of thisphase of theresearchwasto find and ana-
lyze measures of fluctuationsin atmospheric conditions dur-
ing 19011997 that could help explain the distributions of
the seasonal variations found for corn yields and water re-
sources. Twoavailablesetsof long-term atmospheric datathat
hel p define the atmospheric conditions over lllinoisaffecting
seasonal temperaturesand precipitation wereanalyzed: 1) the
number of cyclonescrossing lllinois, and 2) theyearswhen El
Nifio and La Nifia events occurred. El Nifio (warm tropical
Pacific Ocean) and LaNifia (cool tropical Pacific Ocean) are
the opposite phases of ENSO conditions, and each produces
effects on the weather conditions in the Midwest.

Cyclone frequency helps explain the incidence and
amount of seasonal precipitation in lllinois (Hiser, 1956;
Changnon and Huff, 1980). For example, during 1951-1960,
southern Illi-nois had only one good corn yield year and three
low-yield years, as compared to three good yield years in
northernlllinois. During summersof thisdecade, 38 cyclones
crossed northern Illinois, but only 19 cyclones crossed south-
ernlllinois. Angel (1996), in astudy of cyclonic activity over
theGreat L akesbasin, defined the passagesof all cyclonesand
those with a strong central pressure (<992 millibars or mb)
during 1900-1990. These data, supplemented with cyclonic
data for 1991-1997, became the source for measuring sea-
sonal cyclonepassagesacrosslllinois. Cyclonefrequencieswere
summed per decadefor comparisonwith seasona wesather types.

A recent analysis of the ENSO conditions in the tropical
Pecificdefinedtheeffectsof theintermittent El Nifioand LaNifia
eventson the seasonal wesather conditionsin the Midwest for the
1895-1997 period (Mauget and Upchurch, 1998). These data
provided the basi sfor examining the potential effect of thesetwo
conditions on the seasonal preci pitation and temperature condi-
tionsin Illinois. The aforementioned study found that the 11 El
Nifio years during 1901-1997 resulted in summer conditionsin
[llinois with below norma temperatures and above normal
precipitation (1902, 1905, 1918, 1941, 1951, 1957, 1965, 1972,
1982,1987,1987, and 1997). Thestudy further found that these
11 El Nifio events correlated highly with above normal corn
yields in Illinois.

Mauget and Upchurch (1998) dso found a dtatigtically
significant rel ationshi p between seven strong LaNifiaeventsand
abovenormal summer temperaturesinllinoisand below normal
cornyields (1916, 1954, 1955, 1970, 1973, 1975, and 1988). A
third effect defined was between El Nifio conditions and below
normal early spring (February—April) precipitation in Illinois.
This condition would negatively affect spring season water
resources and could negatively influence corn yields if the
ensuing summer rainfall was low. The years with this effect
included 1905, 1906, 1914, 1915, 1919, 1926, 1931, 1940,
1941, 1958, 1983, 1987, and 1992.

Summer values of the high and low yields and summer
weather-water seasons (negative impacts) for each decade
were compared with 1) the cycloneincidences (all eventsand
only the stronger cyclones), and 2) with theincidences of the
El Nifio and La Nifia events. Summer values determined for
eachdecadewere: 1) theratio of number of low-yieldyearsper
decade to number of high-yield years, and 2) the rank of the
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decade based on the statewide incidences of negative
weather-water seasons (based on the sum of the summer
valuesin table 15).

Examination of thesetwo measuresledtoasortingof the
tendecadesintothreehighly different classes: 1) decadeswith
very good weather conditions (many high yields and few bad
water resources seasons), 2) decades with very bad weather
conditions (many low corn yields and many water resource
seasons producing negative impacts), and 3) decades with
mixed conditions, some positive and some negative impact
years. Table 16 lists the decades qualifying in each class,
revealing that four decades had good weather conditions
(beneficial impacts) for cornyieldsand water resources, three
decades had mixed good and bad impacts, and three decades
had largely bad weather seasons. Asshownintable16, thefour
decades classified as good all had notably low yield ratios,
0.42 or less, indicating many moreyearswith highyieldsthan
low yields. The ranks based on the number of water resource
impacts were al classified as high and included decades
ranking 1 (fewest negative impacts), 2, 3, and 5. In general,
what wasgood for cornwasgood for water resourceconditions
in lllinois.

For comparative purposes, the frequency of cyclone pas-
sages per decade was ranked high (most) to low (1=highest
number), and these rankings are listed in table16 along with
the number of El Nifio and La Nifia years per decade. The
1991-1997 frequencies of cyclones were adjusted (actual 7-
year valuedivided by 0.7) to estimate adecade equiva ent value.

Comparison of the yield and water resource rank values
for thefour decadeswith good weather seasonsrevealed large
numbers (high ranks) of cyclones (ranks 1, 2, 3, and 4) and of
strong cyclones(ranks1, 3,4, and 5). Thegood weather decades
alsoincluded 7 of the 11 El Nifio summerswhen good yields
occurred with only one LaNifia season and only two of the El
Nifio-driven dry springs. In contrast, the three bad weather
decades with large numbers of negative seasonal conditions
(19111920, 1931-1940, and 1951-1960) had relatively low
numbers of cyclone passages. The frequency of all cyclone
passages for the three bad decades had ranks of 7, 9, and 10
(lowest number), and the three strong cyclone values ranked
6, 8,and 9. These30yearsalsoincluded 4 of the 7 bad LaNifia
yearsand 6 of the 11 El Nifio yearsthat produced dry springs.

Rankings for the decades with a mix of good and bad
weather seasonsfor cornyieldsand water resourceswereinthe
middle range (4, 5, 6, and 8). These decades included 1921—
1930, 19411950, and 1971-1980. Rankingsfor theincidence
of cycloneswassimilar andinthemiddlerange (5, 6, and 8) for
all cyclones. Clearly, amixtureof atmospheric conditionspro-
ducing seasons capabl e of good and bad impactson cornyields
and water resources existed during these decades. Thompson
(1986) noted that alargenumber of extremely highandlow corn
yieldsoccurred inthe Corn Belt after 1972, following adecade
(the 1960s) with consistently good weather and high yields.
The comparative analysisindicated that the degree of seasonal
weather impacts per decade was reasonably well related to
decadal cyclone frequencies and to the type and number of
ENSOevents.
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Table 16. Decadal Values Based on Ratios of Bad-to-Good Corn Yield Years, Frequencies of Summer Season
Negative | mpacts on Water Resour ces, Summer Frequencies of All Cydonesand Strong Cyclones, and the I ncidence
of ENSO Conditions Affecting Illinois' Summer and Spring Weather

Rank Number of years
Rati g Water resource All cydone Strong cyclone El Nifio ummer La Nifia summer  El Nifio
impacts® passages® passages® effects effects spring effects

Positive impacts

1901-1910 042 3 5 3 2 0 1

1961-1970 0.16 2 2 5 1 0 0

1981-1990 0.40 56 34 4 2 1 1

1991-1997 0.35 1 (fewest) 1 (most) 1 2 0 0
Mixed impacts

1921-1930 0.72 8 8 2 0 0 1

1941-1950 0.90 56 34 7 1 0 1

1971-1980 0.63 4 6 10 1 3 1
Negative inpacts

1911-1920 16 7 7 6 1 1 3

1931-1940 39 10 (most) 10 (fewest) 9 0 0 1

1951-1960 14 9 9 8 2 2 2

Notes:

@ Values less than 1.0 mean more good yield seasons than bad yield seasons

@ Rark 1 = fewest negative, 10 = most negative i mpacts
©® Rark 1= most cyclones, 10 = fewest



SUMMARY AND

During 1901-1997, 19 distinctly different corn-weather
seasonswereidentifiedinlllinois. Theseseasonsweredefined
using weather-cornyield technol ogy regression analyses, and
identified seven monthly weather variables, beginning the
seasonwith May rainfall and ending with August temperatures
andrainfall, asimportant for explaining yields. Combinations
of theseweather variableswere used toidentify typesof corn-
weather seasons. The number of these corn-weather types
during 19011997 decreased from south to north (19 typesin
southern lllinois versus 14 in the north), reflecting known
geographical differencesinthewarm seasonclimateof Illinais.

Regional analysis of the 19 types showed that 14 types
were prevalent throughout the state, whereas five types oc-
curred in only certain parts of the state. Corn-weather type 1
(with acool, wet July) occurred 17 timesin northern Illinois
but only 9 timesin southern lllinois. The number of cool, wet
Julys during 1901-1997 ranged from 13 (central lllinois) to
17 (northern and western Illinois). Hot, dry July conditions
occurred in 18 years in southern lllinois with a regional
maximum of 21 such yearsin central lllinois.

Analysis of the seasonal conditions associated with the
20yearswiththehighest cornyieldsduring the 97-year period
revealed that weather type 15 (norma May precipitation,
below normal June temperatures, above normal June pre-
cipitation, below normal July temperatures, above normal
July rainfall, and below normal August temperatures and
precipitation) occurred most often with high yieldsin south-
ernandwesternlllinois. Types1and 2, which had normal July
temperatures and above normal precipitation, were the most
common seasonswhen high cornyieldsoccurredinthecentral
and northernregions. Asexpected, most highyieldyearscame
with July conditionsthat had normal or above normal rainfall,
but weather type 12, which had below normal July rainfall,
also came with high yieldsin all regions. Type 12 had above
normal precipitation in May and June and below normal June
and July temperatures, conditions that minimized crop mois-
turestressin July.

Threetypes (1, 2, and 15) with below or near normal July
temperaturesand above normal July precipitation, conditions
expected to produce high corn yields, did account for 50
percent of the 80 high yields. The temporal distributions of
these three seasons showed they were concentrated in the
1901-1910 and 1961-1997 periods when 70 percent of these
types occurred.

More than 63 percent of the 20 lowest corn yields in
1901-1997 occurred with weather types 9, 10, or 11. These
typesall had ahot, dry July but with temperature and precipi-
tation conditionsdifferingintheother growing season months.
Certainother weather typescreated |ow yieldsin someregions
but noneinothers. Type 3wasassociated withlow cornyields
inwestern and northern I1linoisbut with none el sewhere; type
5wasassociated with low cornyieldsin both thewestern (two
times) and central (three times) regions but none elsewhere;
and type 16 was associated with three low-yield years in
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CONCLUSIONS

southern Illinois but none elsewhere. Five of the 19 weather
types(1, 2,7, 15, and 17) werenot associated with low yields,
and four weather types (9, 10, 11, and 14) were never associ-
ated with high yields. More of the 80 low-yield years were
concentrated around fewer seasons than were the 80 good
yield seasons, which occurred with awider diversity of sea
sonal weather conditions.

The temporal distributions of the corn-weather seasons
revealed that two decades before mid-century (1911-1920
and 1931-1940) had many more seasons that resulted in low
corn yields than did any decade of the last 50 years. Seasons
with hot, dry July conditions were responsible for low corn
yields throughout the century, but 66 percent of these Julys
occurred in 40 percent of the years, 1911-1940 and 1951—
1960. Certain other low-yield seasons were also very un-
evenly distributed throughout the century. For example,
types 3 and 4 produced five low yields in northern Illinois
between 1901 and 1934, but no low yields in their nine
occurrences since 1940. Weather type 16 (hot July with near
normal rainfall) occurred during six yearsin southernlllinois,
andthreeof theseyears (1916, 1933, and 1944) had low yields.
Theother threetype 16 seasonscameinlater yearsanddid not
have low corn yields. These varying temporal responses
reflect differing yield responses to weather resulting from
constantly changing corn varieties, farming practices, and
other technological changes since 1901.

Weather extremes expected to create low corn yields,
such as hot, dry July conditions, produced 63 percent of the
80 low yields (four regions with 20 lowsin each), but many
low yields came with seasona conditions that would not
necessarily have been selected a priori as a set of conditions
causing very low yields. For example, weather type 3 with
normal valuesinall non-July conditionsand ahot but wet July
accountedfor four of the40low yieldsinwesternand northern
Illinois. Weather type 5 with a hot July and normal July
precipitation and with above normal precipitation in August
and below normal precipitation in June would not be expected
to cause low yields, yet thistype was associated with five of the
lowest 80 yields during 1901-1997.

Weather conditions vary sufficiently across Illinois in
any given decadeto result in seasonswith high yieldsin some
regions and other seasons with low yields in other regions.
Comparablenumbersof high- andlow-yield seasonsoccurred
in lllinois during 1921-1930 and 1941-1950.

The decades when good corn yield seasons were most
common came early in the century, 1901-1910, and again
duringthe 37 yearssince 1960. Certain seasonal weather types
that occurred throughout the century (for example, types 1, 2,
and 15) were often associated with high yields, but many of
their occurrences did not produce high yields. For example,
type 1 occurred in southern Illinois in nine years distributed
throughout the century, but the type 1 years with high yields
al came during the 1971-1997 period. This again reflects
how temporal changes in farming practices and agricultural



technology altered crop responses to a given sequence of
growing season weather conditions. Weather type 12 (July
withnormal temperaturesand bel ow normal rainfall) occurred
seven timesin western Illinois and three of those years were
associated with high yields, but the other four  type 12
occurrences, all in years prior to 1934, did not result in high
yields. Such temporal differencesin weather-yield responses
further reflect shifting responses to weather conditions. For
example, the extremely good crop-weather seasons of the
1960s led farmersto increase planting densities and fertilizer
applications (Thompson, 1986).

Another factor to consider is the long-term trends in
seasonal weather conditions. Thompson noted that since the
1930s there had been a systematic trend towards cooler and
wetter growing season conditionsin the Corn Belt. A study of
Illinois' summer maximum and minimum temperatures for
1901-1995 found an increase from 1901 to peak valuesinthe
1930s, followed by decreasing values, becoming 1 to 2
degrees Fahreinheit lower by the 1990s (Changnon et al.,
1997). Mean summer temperatures during the 1947-1996
periodin much of theeastern United States(figure 10) and the
Midwest have been lower than in the preceding 50-year
period, 1897—-1946. Summer precipitation trends in Illinois
for 1901-1995 showed slight increasesinwesternand northern
Illinoiswith little change el sewhereinthe state. Insummary,
it appears that summer weather conditions important to corn
production and water resource conditions have improved
gradually withtimein Illinoisand especially since the 1930s.

Major water resource impacts, some positive but most
negative, occurred with two types of precipitation-tempera-
ture conditions in spring and two types in summer. These

impacts to surface water, ground water, and/or water quality
conditionswere caused by weather-water seasonswith either
below normal preci pitation and above normal temperaturesor
above normal precipitation and temperatures. Regional fre-
guencies showed that dlightly more water-weather seasons
occurred during 1901-1997 in southern Illinois: 26 spring
seasonsand 29 summer seasonscompared to 24 spring seasons
and 28 summer seasons in northern Illinois.

Temporal analysisof theweather-water seasonsin spring
for the four regions of lllinois revealed that both seasonal
typesweresimilarly distributed. Thegreatest number of water-
impact seasons in spring occurred during 1921-1930 with a
secondary maximum in 1981-1990. In summer, the dry, hot
seasons occurred primarily during 1911-1960, whereas the
impact-creating wet, hot seasonsweremoreevenly distributed
throughout the century. The summer fre-quencies of both
weather types, whichlargely caused negativeimpactstowater
resources, had a magjor peak in the 1931-1940 decade, the
same period when corn-weather seasons causing low yields
peaked. Water- impact-producing seasons declined in 1941—
1950 but increased again during 1951-1960 with athird peak
in 1981-1990. Periods with the fewest summer seasons
producing impacts on the states' water resources included
19011910, 1961-1970, and 1991-1997.

Inmany respects, thetemporal distribution of theweather-
water seasons in summer during the century issimilar to that
for corn-weather seasonsproducinglow cornyieldsinlllinois.
Both temporal distributionswerelow (few negative impacts)
early in the century (1901-1910); both were extremely high
in 1931-1940; both had a secondary peak of incidences in
1951-1960; and both had few occurrencesin 1961-1970 and

Figure 10. Pattern of the temperature difference between 1947-1996 and 1896-1946, isotherms
indegrees Centigrade.
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again in 1991-1997. However, they differed in 1981-1990
when several water-impact seasons occurred, but few low-
yield seasons occurred.

This study of seasons causing agricultural and water
resourceimpactsinlllinoisreveal sthat major temporal changes
in the weather-impact rel ationshi ps occurred during the 20th
century. The more stressful seasonal conditions were most
frequent from 1911 to the late 1950s, and many fewer stress-
causing seasons have occurred since 1960. Also, the effects
of several corn-weather seasons causing either high or low
yields shifted during the century. Certain weather conditions
causing either high- (or low-) yield outcomesinthefirst 30 to
40 years of the century did not produce the same yield
responses in later years of the century, and some seasonal
conditions not related to high or low yieldsin early decades
were related to yield extremes later in the century.Yield
responsesto seasonal weather conditionshave shifted consid-
erably dueto altered farming practices, improved corn varie-
ties, and technological developments.

Atmospheric measures of storm activity and precipita-
tion in summer, as reflected by the frequency of cyclone
passages over lllinois, exhibited agood relationship between
the incidence of good and bad yield years and summer water
resource problems. Periods with notably good weather, de-
finedasmany high-yieldyearsand few summerswith negative
water resource impacts, had the century’ s largest number of
cyclones (1901-1910, 1961-1970, and 1980-1997). The
three decades with the highest incidence of bad weather
(1911-1920, 19311940, and 1951-1960) had the fewest
cyclones, indicative of lessrainfall, and also had three of the
century’s seven La Nifia years that create low yields. In
general, these results reveal that fluctuations in atmospheric
conditions affecting summer weather conditions in Illinois
agreed with the incidence of good and bad seasonal weather
conditions, as defined by impacts on corn yields and the
state’ swater resources.

Theresultsreveal why it is difficult to arbitrarily select
seasonal weather conditionsasextremesof significancewith-
out considering the impacts of the seasonal weather condi-
tions. Many crop-weather seasons accounting for either high
or low yields during 1901-1997 would likely not have been
thoseselectedapriori. Crop-yield responsesto certainweather
conditions have clearly shifted over time, and the seasonal
differences in weather-yield responses found across the re-
gions of Illinois further point to the need to assess impacts
when sel ecting seasonal weather extremes of significanceto
human activities and the environment.

Theshiftingyield responsesto variousseasonal weather
types found during the 20th century illustrate the
complexities that must be faced in attempting to forecast
yield responses to future weather and climate scenarios.
Such endeavors require accounting for possible changing
growing season weather types (and the frequency with
which each type may occur in agiven future period such as
adecade), aswell as defining changing crop responses due
to ever-changing agricultural practices, crop varieties, and
technol ogies. Assessment of thefutureimpactsof achanged
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climate, agoal of the Intergovernmental Panel on Climate
Change or IPCC (Carter et al., 1994), involves projections
of societal and technological changes and how they will
interact with a changed climate. In the case of crop
production, Thompson (1986) illustrated the difficultiesin
projecting the yield trends due to shifting farm practices
and agricultural technol ogies. For futureimpact assessments,
the estimation of the future climate conditions used by the
IPCC isbased on the concept that the climate conditionswill
differ from existing or recent past conditions and the climate
scenariosthat can bedefined areessentially unlimited (Carter
et a., 1994). The impact assessment process advocated by
IPCC rests on defining the future relationship between a
different climate and a different societal-technological mix
thanhasexistedinthepast (Carter etal., 1994). M ost statistical
modeling of relationships, as used in thislllinois study, rests
on historical data relationships that are likely invalid for
predictingimpactsof futureclimateconditions. Analternative
approach, estimating future relationships through use of
process modeling, involves many assumptions and the
predicted outcomes become highly problematic.

Regardless of the approach used for future projections of
climate impacts, the results of this study of Illinois’ crop-
weather conditions during the 20th century are not encourag-
ing that either approach can achieve realistic projections of
futurecropimpactsunder achanged climate. For example, if
thisanalysis of crop-weather seasons had been based solely
on the results from the 1910-1950 period, as the basis for
future projectionsto 1997, it would have to anticipate: 1)
occurrences of several crop-weather seasonal types that did
not occur in 1901-1950, 2) a very different frequency of the
types that had occurred in 1910-1950, and 3) many of the
seasonal conditions during 19011950 that produced high
(or low) yieldswould not result in the same extremesagainin
the next 50 years.

Infact, afew crop-weather seasonsin 1901-1950that led
to high corn yields in turn created low yields during 1951—
1997, areflection of the effect of the major changesin farm
practices after 1950. Would a 1950-based point of projection
beableto correctly predict al2-year run of continuously good
crop weather (1960-1971) that led to rapid increases in
planting densities and fertilizer usethat forever dramatically
shifted agricultural production? It seems unlikely, and keep
in mind that what happened during 1901-1997 was without
amajor changein climate. In sum, thisstudy of the 97years of
crop-weather seasonsacrossfour regionsof lllinoisillus-trates
the enormous difficulty of projecting realistic futureimpacts
of climate, with or without a climate change.
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