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Introduction

The Midwestern USA, defined here as a region stretching
from Minnesota, lowa, and Missouri eastward to Michigan
and Ohio ranks among the most important agricultural
production areas of the world and contains a significant
portion of the Great Lakes Basin, the largest supply of fresh
water in the world with more than 20% of the global total
(Quinn, 1988). The region spans a region of steep climate,
geological, and vegetation gradients. Geological features
transition from ancient, crystalline rocks overlain by glacial
sediments in the north to a series of sedimentary rock
strata covered by deep unconsolidated deposits across
central sections to igneous/volcanic rock deposits within
the Ozark Plateau in southern Missouri (Vigil et al., 2000).
Changes in elevation are relatively minor, ranging from less
than 500 feet above sea level along the Ohio River Valley to
more than 1300 feet in the Superior Uplands of northern
Minnesota, Wisconsin, and Michigan and across sections of
the Ozark Plateau in Missouri and the Appalachian Plateau
in eastern Ohio. Native vegetation varies greatly across the
region, ranging from boreal forest in far northern sections
to grassland across the central and western sections to
hardwood forest in the south and east to savanna in
between. This pattern is strongly related to soil type, which
ranges from loess-dominated soils across most western and
central sections of the region to alluvial soils near the major
rivers to coarse-textured, highly heterogeneous soils in
northeastern sections resulting from repeated glaciations to
relatively old, highly-weathered soils in the southeast.

Controls on Regional Climate

The current climate of the Midwest region is chiefly
governed by latitude, continental location, large scale
circulation patterns, and in northeastern sections by the
presence of the Great Lakes. Day-to-day and week-to-week
weather patterns are generally controlled by the position
and configuration of the polar jet stream in the winter and
transition seasons, with somewhat less influence in the
summer, when the region is also influenced by frequent
incursions of warm, humid air masses of tropical origin
(Andresen and Winkler, 2009).

The type and frequency of air masses moving through the
westerlies is strongly dependent on the location of
longwaves and the configuration of the jet stream across
the Northern Hemisphere and the North American
continent. Climate in the Midwest is a direct reflection of
four primary airmass types from three different source
regions: 1) northwestern Canada (continental polar), 2)
Gulf of Mexico/southern United States (maritime tropical),
3) Hudson Bay/northeastern Canada (continental polar),
and 4) northern Rockies/Pacific Northwest (maritime
polar) (Shadbolt et al. 2006). Less frequently, airflow
originates from the East Coast and western Atlantic and on
occasion from the southwestern United States and Northern

Mexico. The relative importance of the different airflow
source regions varies with season.

Migratory midlatitude extratropical cyclones are an
important component of regional climate, responsible for a
significant portion of annual precipitation (Heideman and
Fritsch 1988). Cyclogenesis is driven by upper-atmospheric
circulation and cyclone tracks are dictated by the
amplification and propagation of Rossby waves in the mid-
latitudes. There are several principal areas of cyclogenesis
in North America. Of particular importance for the Midwest
are the Alberta and Colorado cyclogenesis regions, both of
which are located on the leeward (downwind) side of the
Rocky Mountains (Whittaker and Horn 1981). The Midwest
also experiences a number of cyclones that form along the
western Gulf Coast (Trewartha and Horn 1980, while
approximately 20% of cyclones form within the region itself
(Isard et al., 2000). Tropical cyclones, with origins in
tropical and subtropical oceans, occasionally move into the
region during the late summer and fall months following
landfall in the southern or eastern USA and may bring
widespread rainfall. Fortunately, wind or other related
damage from these storms in the region is rare.

There are some existing statistical links between upper
tropospheric flow and seasonal weather patterns across the
region with global atmospheric teleconnection indices, but
in general they are not as strong as in other regions of the
USA (Hansen et al,, 2001). For the El Nifio/Southern
Oscillation (ENSO), there is a tendency for an enhanced
subtropical jet stream during negative phase (El Nifio)
winters across the southern United States, while the main
polar branch of the jet stream retreats to a more northward
than normal position across central Canada. As a result, the
Midwest tends to experience weaker winds aloft, fewer
storms and milder than average temperatures (Climate
Prediction Center, 2005a). During positive phase (La Nifia)
events, jet stream flow tends to be relatively meridional
across North America, with either much above or below
normal temperatures and wetter than normal weather
across southeastern sections of the Midwest. Statistical
links with ENSO in other seasons (especially the transitional
fall and spring seasons) are relatively weak or non-existent,
although a tendency for wetter and cooler (drier and
warmer) than normal weather has been observed over at
least portions of the region during the summer months
during negative (positive) phase events (Carlson et al,,
1996). Recent studies suggest that the ENSO-related
impacts in the Midwest may be modified on interdecadal
time scales (approximately 21 year time periods) by the
Pacific Decadal Oscillation (Birka et al, 2010). There are also
established links with Midwestern weather patterns and
the North Atlantic Oscillation (NAO). A positive NAO phase
represents a deeper than normal low pressure system over
Iceland and a stronger high pressure system near the
Azores, whereas these systems are weaker than normal
during a negative NAO phase (Rogers et al,, 2004). Portions
of the Midwest, especially eastern sections, tend to have
above average temperatures (Climate Prediction Center,
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2005) and above normal precipitation totals during winter
and spring seasons with positive NAO phase (Kingston et
al,, 2006), although the link is not particularly strong
(Rodionov, 1994; Hurrell, 1995). Leathers et al. (1991)
demonstrated a link to temperature and precipitation in the
USA to the Pacific North America pattern (PNA), mostly in
the winter and nearby months. In the Midwest, both
variables are generally negatively correlated with the PNA,
which can be further related to changes in sea surface
temperature in sections of the equatorial Pacific region. In a
study of wintertime precipitation, Rodionov (1994) found
negative correlation between the phase of PNA and
precipitation totals. During the positive phase of PNA (with
upper air ridging across western North America and
troughing across the east), cyclonic activity across the
region tends to be of northern origin and contains relatively
less precipitation. During the negative phase, there is a
greater frequency of cyclones of southern plains origin
which tend to contain more Gulf of Mexico-origin moisture,
resulting in greater precipitation totals across the Midwest
(Isard et al., 2000). Rodionov (1994) also found that the
position of the upper atmospheric trough across the eastern
USA to be important, with a more westerly position being
associated with a greater frequency of Colorado (central
Rockies)-origin cyclones, and a decrease with an easterly
position (and a corresponding increase in Alberta (northern
Rockies)-origin) cyclones.

Finally, it is also important to consider the influence of
smaller scale systems on the region’s climate.

Mesoscale convective weather systems in the form of
clusters of showers and thunderstorms account for
approximately 30% to 70% of the warm-season (April-
September) precipitation over the Midwest region, with an
even greater percentage during the June through August
period (Fritsch et al., 1986). More recent studies have
further identified links between precipitation spatial
patterns and major land use boundaries in the region, with
enhanced warm season convection along and near
boundaries between agriculture- and forest-covered
landscapes (e.g. Carleton et al, 2008).

Influences of the Great Lakes

The proximity of the Great Lakes has a profound influence
on the weather and climate of northeastern sections of the
region (Scott and Huff 1996). Overall, so-called ‘lake effect’
influences result in a cloudier, wetter, and more moderate
climate in areas downwind of the lakes (e.g. Michigan, Ohio)
than in areas upwind or away from the lakes. These
influences are related to three major physical changes
associated with air flowing across the surface of the lakes
and onto nearby land surfaces: changes in friction/surface
drag, changes in heat content, and changes in moisture
content (Changnon and Jones, 1972). It is important to note
that these modifications typically act in combination.

Arguably, the spatially most widespread lake effect-
associated impact is a change in the amount and frequency
of cloudiness, which in turn directly impacts insolation
rates and air temperatures. In areas directly downwind of
the lakes, given climatological source regions of relatively
cold continental polar or arctic polar air masses in the
interior sections of northern North America and the Arctic,
a majority of lake-related cloudiness is associated with
northwesterly wind flow across the region during the fall
and winter seasons. Enhanced cloudiness results in mean
daily insolation rates in that are less than 75% of rates in
areas upwind of the lakes at the same latitude, ranking the
region statistically among the cloudiest areas of the country
(Andresen and Winkler, 2009). During the late spring and
summer seasons when lake water temperatures are
relatively cooler than air and adjacent land surfaces, the
impact on cloudiness is symmetrically opposite, as the
cooler water leads to relatively greater atmospheric
stability, general low-level sinking motion, and to fewer
clouds over and immediately downwind of the lakes.

Other modifications include moderated air temperatures,
with a general reduction in temperatures in downwind
areas during the spring and summer seasons and an
increase during the fall and winter seasons. Combined with
the enhanced cloudiness, daily and annual temperature
ranges are also reduced. Changnon and Jones (1972)
estimated that mean winter maximum and minimum
temperatures in areas just east of the lakes are 6% and
15%, respectively warmer than locations upwind of the
lakes, while mean summer maximum and minimum
temperatures on the downwind side are 3% and 2% lower
than those upwind, respectively. Climatological extreme
minimum temperatures in areas within 30 miles of the
shores of the Great Lakes are as much as 20°F warmer than
those at inland locations at the same latitude across the
state. The impact is somewhat less in the summer season,
with extreme maximum temperatures in coastal areas are
as much as 14°9F cooler than those at inland locations
across the state (Eichenlaub et al. 1990).

Given enough atmospheric lift and moisture, lake effect
clouds may also produce precipitation. Altered precipitation
patterns are among the most significant lake influences on
regional climate. So-called lake effect snowfall greatly
enhances the seasonal snowfall totals of areas generally
within 150 miles of the downwind shores of the lakes
(Norton and Bolsenga 1993). For example, Braham and
Dungey (1984) estimated that 25-50% of the yearly
snowfall totals on the eastern shores of Lake Michigan could
be attributed to lake effect snowfall.

Current Regional Climate

General Description
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As noted earlier, Midwestern climate conditions are largely
determined by the region’s location in the center of the
North American continent. The generic Modified Koeppen
classifications for the region range from Mesothermal,
humid subtropical (Cwa) across far southern sections of the
region to Microthermal humid continental hot summer
(Dfa) across central sections to Microthermal humid
continental mild summer (Dfb) across northern sections.
Average annual temperature varies by about 20°F across
the region (Figure 1) from less than 38°F in northern
Minnesota to more than 60°F in the Missouri Bootheel.
Seasonally, the greatest range in temperature across the
region occurs during winter (December-February) with the
least during the summer months (June- August). Seasonally,
mean temperatures across the region typically peak in late
July or early August and reach minima during late January
or early February. Coldest overall temperatures tend to be
observed in northern interior sections away from the lakes
(Figure 2). Base 50°F seasonal growing degree day totals, a
temperature-derived index of time spent above the 50
degree threshold, range from around 2000 in far northern
Michigan and northeastern Minnesota to over 4000 in
southern Missouri and Illinois.

Average annual precipitation increases from northwest to
southeast across the region (Figure 3) ranging from about
20 inches in northwest Minnesota to 47 inches in southern
Missouri and along the Ohio River. Precipitation occurs in
all months and seasons, but is generally greatest during the
warm season and least during the winter months. The
degree of seasonality increases from east to west across the
region. Average summer rainfall exceeds 12 inches across
most western sections, accounting for almost 50% of the
annual total (Figure 4). Snowfall in the Midwest region is
generally associated with either large, synoptic-scale
weather disturbances or with the lake effect phenomenon,
which may lead to highly varying snowfall totals over only
short distances. Average annual snowfall varies from less
than 10 inches in the far south to more than 200 inches in
Michigan’s Upper Peninsula, where seasonal snowfall totals
and seasonal duration of snow cover are climatologically
among the greatest of any location in the USA east of the
Rocky Mountains.

Vulnerabilities

Weather and climate have major influences on human and
natural systems in the Midwest, although the overall
impacts are relatively less than in other sections of the U.S.
(Cutter and Finch, 2008). Agriculture is a major component
of the Midwestern economy, with over $200B in farm gate
value (NASS, 2012a). The region has over 400,000 farms
and is responsible for a significant portion of total global
corn and soybean production. The Midwest is also a major
producer of fruits, vegetables, dairy and beef cattle, and
pigs. Weather and climate remain among the most
important uncontrollable variables involved in the region’s

Figure 1. Average annual temperature (°F), 1981-2010. Figure
courtesy of Midwestern Regional Climate Center.

Average Temperature (*F): December 1 to February 29
Averaged over 29 years: 1981-82 to 2009-10

Figure 2. Average winter (December-February) temperature,
1981-2010. Figure courtesy of Midwestern Regional Climate
Center.



U.S. National Climate Assessment: Midwest Technical Input Report: Historical Climate'SectorWhitePaper

agricultural production systems. Frequency and amount of
rainfall, heat stress, pests, ozone levels, and extreme events
such as heavy precipitation, flooding, drought, late spring or
early fall freezes, and severe thunderstorms (high winds,
hail) can seriously affect yields and/or commodity quality
levels. The risks of significant losses from such events are
often higher for smaller producers and for specialty crops.

The major urban centers in the region, which include
Chicago, Cincinnati, Cleveland, Detroit, Indianapolis,
Milwaukee, Minneapolis-St. Paul, and St. Louis, are more
sensitive to some weather and climate events due to the
specific characteristics of the urban environment such as
building density, land use, urban sprawl, and proximity to
the Great Lakes. Extreme air and dew point temperatures
can have large impacts on human health, particularly in the
urban core where the urban heat island effect elevates
summer afternoon temperatures and slows cooling at night.
Severe storms, both winter and summer, result in major
disruptions to surface and air transportation that often
have impacts well beyond the region. During the winter,
cities such as Chicago, Milwaukee, and Cleveland are
susceptible to lake-enhanced snowfall during winter
storms. Extreme rainfall causes a host of problems,
including storm sewer overflow, flooding of homes and
roadways, and contamination of municipal water supplies.
Climate extremes combined with the urban pollution
sources can create air quality conditions that are
detrimental to human health.

The region serves as the nation’s center for air and surface
transportation; weather and climate extremes influence
each form—commerecial airlines, barges, trains, and trucks.
Severe weather, including floods and winter storms, either
stops or slows various forms of transportation for days and
sometimes weeks. The Mississippi River, Ohio River, and
the Great Lakes are used intensively for barge and ship
transport; high and low water levels and ice cover, all
determined largely by climate conditions, affect barge and
ship traffic.

Human health and safety are affected by climate conditions.
Temperature extremes and storms have impacts on human
health and safety, including loss of lives. Tornadoes,
lightning, winter storms, and floods combined annually lead
to many fatalities. Over the recent 15 year interval (1996-
2010), approximately 104 weather-related deaths occurred
per year across the 8 Midwestern states while
approximately 823 injuries occurred

(www.weather.gov/om/hazstats.shtml). The occurrence of

vector-borne diseases is modulated by climate conditions.

With several large urban areas, as well as miles of
shorelines along the Great Lakes and other lakes, tourism is
a large business sector in the Midwest. Climate conditions
can greatly affect the number of tourists that decide to
travel to and within the Midwest. Temperature extremes
and precipitation fluctuations in the spring and summer
affect fruit production, lake levels for fishing and other

Total Precipitation (inches): January 1 to December 31

Averaged over 30 years: 1981 to 2010

Figure 3. Average annual precipitation, 1981-2010. Figure
courtesy of Midwestern Regional Climate Center.

Total Precipitation (inches): June 1 to August 31

Averaged over 30 years: 1981 to 2010

Figure 4. Average summer (June-August) precipitation, 1981-
2010.
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water activities, golf course maintenance, and state park
visits, as well as attendance at sporting events and
historical sites. In the winter, recreational activities such as
skiing and snowmobiling are very dependent on the large
annual fluctuations of snowfall and temperature across the
region.

Specific major climate vulnerabilities include:

Regional Floods

Flooding is a major and important economic risk along
Midwestern rivers. Some of the most costly flooding events
in U.S. history have occurred along the Mississippi (1927,
1965, 1993) and the Ohio (1913, 1937, 1997) Rivers. The
largest of these, the 1993 Mississippi River flood, is the
second costliest flood in modern times (after Hurricane
Katrina in 2005), with most of the losses occurring in the
Midwest (Parrett et al., 1993). In a study across the central
states of the U.S., Changnon et al. (2001) ranked Iowa first,
Missouri fourth, and Illinois sixth in state losses due to
flooding during the 1955-1997 period. In addition to
agricultural losses and direct damage to homes and
infrastructure, floods can cause national disruptions to
transportation because of the region’s role as the center of
the surface and riverine systems. In the 1993 flood, bridges,
railroads, and the river were all shut down for periods of
weeks to months. A more recent flood event in eastern lowa
in 2008 led to massive flooding in Cedar Rapids, IA when
the levels on the Cedar River exceeded the previous record
by more than 11 feet and led to total damages on the order
of $10B (Temimi et al, 2011). In response, the city created
an award-winning redevelopment plan that will help
mitigate against the impacts of floods in the future
(http://www.cedar-rapids.org/city-news/flood-recovery-
progress/floodrecoveryplans/pages/default.aspx).

Flooding along the Ohio River Valley during the winter
season has been linked to upper tropospheric
teleconnection patterns. La Nina (cool or negative phase)
conditions in the Pacific have been shown to be significantly
associated with wetter winter conditions and El Nino
(warm or positive phase) with drier winters (Coleman and
Rogers 2003). The Pacific-North American (PNA)
teleconnection index is even more strongly linked to the
Ohio River Valley winter moisture with zonal(meridional)
flow being related to wet(dry) conditions. PNA mode was
strongly zonal during the period leading up to the 1997
Ohio River flood as well as during the 1937 flooding event.

While many flooding events are due to persistent patterns
in heavy rainfall like the ones above, another type of
flooding occurs in the spring due to melting snowpacks. In
the spring of 1997, record floods occurred along the Red
River of the North and the Mississippi River in Minnesota
and lowa due to snowfall totals exceeding average by 150 to
250 percent (Kunkel 2003).

Sector White Paper:

Severe thunderstorms

Severe thunderstorms can be accompanied by tornadoes,
hail, lightning, and strong straight-line winds, causing
property and crop damage and human injuries and death.
Non-tornadic thunderstorms are the most frequently-
occurring weather catastrophe type (as defined by the
insurance industry) based on insurance losses in this region
(Changnon 2010). The mean annual numbers of severe
thunderstorms generally decrease from southwest to
northeast across the region, with southwestern portions
included in the nation’s ‘Tornado Alley’ region of greatest
severe weather frequency. Four states in the Midwest
region, MO, IL, IA, and IN, ranked among the top 10 states
with greatest frequency of hail catastrophes ($1M or
greater damage) during the period 1949-2006, with relative
rankings of 5t, 7th, 8th and 9th, respectively (Changnon,
2008). Severe thunderstorm frequency varies by season
across the region, with greatest frequency during late
spring and early summer over southern sections and during
mid-summer months across the far north. Most violent
severe weather tends to occur during the spring.

Summer drought, heat, and excess rain

Since most agriculture in this region is rainfed, the Midwest
is highly vulnerable to summer drought. As the nation’s
“breadbasket” and a major international food production
area, droughts can have substantial economic ramifications
both nationally and internationally. Large scale regional
droughts were relatively common in the Midwest during
the period of 1895 to 1965, but since 1965, only the
summer droughts of 1988 and 2012 have had severe
impacts across the entire region. Due to the potentially
large areas impacted, regional droughts may contribute to
large increases in world-wide commodity and food prices.

During the summer, convective events can produce
excessive rain over localized areas. These events can
produce flooding along small rivers and streams as well as
in urban areas where drainage is not adequate. Despite
typically being short-lived, these flash flooding events can
leave behind much damage. Climatologically, the fraction of
annual precipitation associated with the 10 largest events
of the year increases from less than 0.3 across eastern Ohio
to more than 0.5 across western sections of Minnesota,
Iowa, and Missouri (Pryor et al., 2009a).

Heat waves

Major widespread heat waves occurred in the region during
1934, 1936, 1954, 1980, 1995, 1999, 2011, and 2012
(Westcott, 2011), The 1995 heat wave, which lasted only 4
days, resulted in over 700 fatalities in Chicago, the most
deadly U.S. heat wave in decades. Maximum daily
temperatures were equal to or greater than 90°F for seven
consecutive days, and greater than 100°F for two days at
the peak of the heat wave. Even more importantly, there
was no relief at night, as nighttime minimum temperatures
remained above 80°F during the hottest days. Heat waves
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also cause major power outages and disrupt a number of
economic activities. Climatologically, the number of days
with temperatures reaching 90°F or greater in the 9 largest
urban areas of the region (Chicago, Cincinnati, Cleveland,
Detroit, Des Moines, Indianapolis, Milwaukee, Minneapolis-
St. Paul, and St. Louis) average from 7 (Milwaukee) up to 36
(St. Louis) days each year, while the number of days over
100°F range from one every two years up to an average of
two per year. The factors that determine the region’s
climate favor occasional episodes of intense heat that are
frequently accompanied by very high humidity. The heat
index combines temperature and humidity to estimate how
hot humans feel. Currently, southern Midwest states
experience between 6 (Indiana and Iowa) and 18 (Missouri)
days per year with a heat index over 95°F while northern
states and states that border the Great Lakes such as
Michigan and Ohio experience less than 3 days per year.
Bentley and Stallins (2008) identified three predominant
synoptic features associated with extreme dew point (and
heat wave) events across the Midwest: 1) The development
and propagation of low pressure from the high plains
through the upper Great Lakes with the surface advection of
low-level moisture from eastern Nebraska, lowa, Missouri
eastward into Illinois and Indiana. 2) Healthy agricultural
crops and sufficient soil moisture content throughout the
region and 3) Restricted low-level mixing in the boundary
layer allowing near-surface moisture to become trapped.
The episodic nature of these events contributes to
vulnerability because the population does not become
acclimated to the intense conditions as is the case in
warmer regions of the country (Anderson and Bell, 2011).
There is evidence that adoption of simple community
adaptive responses can mitigate the impacts of heat waves
(Palecki et al., 2001) and that the adverse impacts of
heatwaves across the region have declined in recent
decades due to improved health care, increased access to
air conditioning, and infrastructural adaptations (Davis et
al,, 2002). In response to the 1995 heat wave, the City of
Chicago put together an extreme weather operations plan
that included mitigation steps for the city to take during
heat waves. These were implemented during a 1999 heat
wave that was nearly as hot as the 1995 event, but fatalities
were far less numerous. The city has also put together an
ambitious Climate Action Plan that outlines both adaptation
and mitigation strategies. One strategy is an aggressive
“green roof” campaign, which has resulted in the
installation of seven million square feet of green roofing.
Green roof tops have been shown to reduce temperatures in
urban areas by as much as 5.5°F, but concerns exist that
they also increase surface dew point temperatures, which
lead to smaller decreases in the apparent temperature
(Smith and Roebber 2011).

Winter storms

Major blizzards, snow storms, and ice storms create many
problems for surface and air transportation. These in turn
create numerous other impacts on the full spectrum of
economic activities. Winter storms are the second-most

frequent weather-related catastrophe in the region. The
average annual incidence of snowstorms of 6” or greater
snowfall in a 1-2 day period across the Midwest range from
less than 0.5/year along the Ohio River to 1.0/year across
most central sections of the region to 1.5 or more in
northwestern Minnesota to more than 6/year along the lee
sides of Lakes Superior and Michigan (Changnon et al,,
2006). Major snowstorms are numerically most common in
December in the lake effect snowbelt regions and during
January and February elsewhere across the region.

Regional Climate Trends
Paleoclimate

Ideally, the search for climatological patterns and trends
thus requires consistent, unbiased data from as many long
term sources as possible, as the magnitude of such trends
may be far less than changes experienced on an annual,
daily, or even hourly basis. In general, the amount and
quality of data available for climatological analysis in the
Midwest region decreases quickly with time into the past.
Routine instrumental observations began in during the
middle 19t century across much of the region, but the
number and quality of those data and as well as differences
in technology with current observations before the latter
half of the 19t century complicate their use in such
analyses.

There are a number of paleoclimatic records in the region
based on fossil, sediment cores, tree rings, and other such
evidence which illustrate large shifts in climate over
geologic time scales, ranging from humid tropical
conditions during the Carboniferous and Devonian eras
400-300 million Years Before Present (YPB) to frigid, glacial
conditions as recently as 12,000 YBP during the end of the
Pleistocene era. These major shifts are thought to be the
result many factors, including tectonic drift of the
continents, changes in the composition of the earth’s
atmosphere, periodic changes in the earth’s tilt and orbit
around the sun (Milankovitch cycles), and catastrophic
singular events such as the impact of large meteorites and
major volcanic eruptions.

More substantial paleoclimatological evidence of regional
changes in climate is available since the end of the last
major glacial epoch about 12,000 years before present.
During early portions of the Holocene era approximately
10,000 years before present (YBP), climate in the region
warmed rapidly following the end of the last major glacial
epoch, resulting in a relatively mild and dry climate (versus
current and recent past conditions) which lasted until about
5,000 YBP. During this period, the levels of the Great Lakes
fell until the lakes became terminal or confined about 7,900
YBP (Croley and Lewis, 2006) and vegetation in the region
gradually transitioned from a dominance of boreal to xeric
species (Webb et al. al., 1993). Beginning about 5,000 YBP,
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climate cooled and precipitation totals increased, possibly
associated with a change in jet stream patterns across
North America from mostly west - east or zonal to more
north - south or meridional (Wright, 1992). The cooler,
wetter climate favored the establishment of more mesic
vegetation, which is among the primary vegetation types
today. Given a more meridional jet stream flow (and an
increase in frequency of polar and arctic-origin airmasses
into the region), there is also evidence to suggest that the
frequency and amount of lake effect precipitation increased
relative to previous periods at about 3,000 YBP (Delcourt et
al,, 2002). Finally, during the late Holocene, the region
experienced a period of relatively mild temperatures from
approximately 800A.D. to 1300 A.D. (sometimes referred to
as the ‘Medieval Warm Period’) followed by a period of
relatively cool temperatures from about 1400A.D. until the
late 19th Century (the ‘Little Ice Age’).

The mid-continent of North America was likely drier than
present during the mid-Holocene, based on inferences from
fossil-pollen data and estimates of past lake levels, and such
conditions have often been explained by increases in the
dominance (frequency and/or duration) of Pacific
airmasses, zonal flow patterns, or enhanced westerlies
(Schinker et al., 2006). The authors of this study also

suggested that large-scale circulation patterns alone may
not provide a full explanation of surface-moisture
anomalies due to the dynamic interplay between surface
conditions and atmospheric processes and that moisture
availability (determined by atmospheric moisture flux and
soil-moisture recycling) must also be considered.

Instrumental Record

Temperature

Although there is tremendous inter-annual variability in
regional temperatures, and there are multiplepoints in time
when temperature shifts occurred, mean temperatures
have increased overall since 1900 (Figure 5). Based on data
obtained from the CRUTEM3 data set (Brohan et al., 2006),
a homogenized data set with spatial resolution of 5 x 5°,
annual mean temperature over the Midwest increased by
approximately 0.059°C per decade during 1900-2010
period, increased 0.12°C per decade for the period 1950-
2010, and 0.26°C per decade for the period 1979-2010. The
trends and temporal patterns are somewhat similar to
overall global trends which include an increase in mean
temperature of about 0.8°C since 1850 (IPCC, 2007).

Temperature anomaly (OC) from 1961-1990

I
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Figure 5: Annual temperature anomalies for the Midwest from the CRUTEM3 data set. The anomalies are relative to 1961 -
1990. The data have a spatial resolution of 5 x 5° thus the domain used to construct this figure is 35°N to 50°N and 95°W to
80°W. Data were downloaded from http://www.cru/uea.ac.uk/cru/data/temperature/#datdow. Also shown is a 5 year
running mean and linear fits to the annual data for 1900-2010, 1950-2010 and 1979-2010. The shading represents the 95%
confidence intervals on the fits. The slopes of the region-wide trend estimates are expressed in °C per decade and are
shown for 3 time periods; 1900-2010, 1950-2010, and 1979-2010 (Pryor and Barthelmie 2011a).
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Precipitation

Overall, annual precipitation across the Midwest generally
decreased from the late 1800’s through the dust bowl years
of the mid 1930’s, followed by a general increasing trend
beginning during the late 1930s that continues to the
present (Groisman and Easterling, 1994; Andresen, 2012),
with an overall increase in precipitation during the past
century. In general, annual precipitation has increased since
1895 by 2.5 - 5.5 inches, or a range of 5-15%. The 1930’s
were the driest decade on record regionally, while the
recent 2-3 decades were the wettest (Lorenz at al., 2009b).
The increase in precipitation since the 1930’s has occurred
both as a result of an increase in the number of heavy
precipitation events (Kunkel et al., 2003) as well as overall
increases in the number of wet days and multiple wet day
events. In northeastern sections of the region, for example,
the number of both single and 2-day consecutive wet day
frequencies has increased more than 30% between the
1930s and the present (Andresen, 2012; Grover and
Sousounis, 2002). Climate modeling results suggest that
wetland drainage across large areas of the region over time
has resulted in significant changes in the regional energy
(sensible and latent heat flux) and radiation (long-wave
radiation) budgets, particularly from May to October. As a
result, the climate has become warmer, and convective
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precipitation has decreased during summer months (Kumar
etal, 2010).

Seasonality of Temperature, Precipitation Changes

The increases in temperature and precipitation during the
past century have not been consistent across season or time
of day. Trend statistics for precipitation and mean
temperature by state and season are given in Tables 1a and
1b for the periods 1895-2010 and 1981-2010, respectively.
While changes in precipitation and mean temperature have
been generally consistent during both time frames across
states within the region, a relatively greater proportion of
the regional warming occurred during the winter and
spring seasons during the 1895-2010 period, and during
the summer and fall seasons during the last 3 decades. In
some sections of the region (e.g. IL, IN, MI) mean summer
temperatures actually decreased with time, possibly due to
landscape cover type changes associated with intensified
agriculture over time (Pan et al., 2004). Just as importantly,
much of the warming in recent decades has been associated
with warmer nighttime (i.e. minimum) temperatures
(Lorenz et al., 2009a; Easterling et al., 1997). The latter
results are consistent with the results of Zhang et al. (2000),
who found largest increases in temperature across
southern Canada between 1900 and 1998 had occurred in
winter and early spring.

Precipitation (in./year) Temp (2F /year)

1895-2010 Annual Winter Spring Summer Fall Annual Winter Spring Summer Fall
1A 0.040%** 0.002 0.017*** 0.020%** 0.000 0.009** 0.014 0.014** 0.004 0.001
IL 0.039%** 0.004 0.012 0.012* 0.010 0.004 0.005 0.011* -0.001 -0.001
IN 0.049%** 0.001 0.015* 0.020%** 0.012 0.003 0.006 0.010* -0.005 -0.001
MI 0.038*** 0.003 0.004 0.016%** 0.016%** 0.001 0.008 0.007 -0.006 -0.008
MN 0.029%** 0.003 0.008 0.008 0.010* 0.014*** | 0.022* 0.015** 0.008* 0.006
MO 0.027 0.005 0.010 -0.004 0.015* 0.005 0.008 0.010* 0.002 -0.004
OH 0.034*** -0.002 0.011* 0.008 0.015%** 0.008*** | 0.011 0.014%** 0.002 0.003
WI 0.022** 0.002 0.005 0.012* 0.003 0.009*** | 0.019* 0.013* 0.002 0.002

AVG 0.035 0.002 0.010 0.012 0.010 0.007 0.012 0.012 0.001 0.000
Precipitation (in./year) Temp (2F /year)
1981-2010 Annual Winter Spring | Summer Fall Annual | Winter Spring | Summer Fall
1A 0.075 0.031 0.044 0.079 -0.081* 0.007 -0.031 -0.010 -0.006 0.062
IL 0.078 0.029 0.053 0.051 -0.053 0.036 0.014 0.046 0.020 0.050
IN 0.196* 0.073 0.066 0.069 -0.011 0.033 0.005 0.058 0.016 0.040
MI 0.000 0.040 0.033 0.006 -0.076** 0.041 0.036 0.018 0.030 0.0871***
MN 0.016 0.028** 0.023 -0.025 -0.003 0.028 0.007 -0.037 0.005 0.122%**
MO 0.014 -0.007 0.073 0.013 -0.065 0.038 0.020 0.035 0.045 0.043
OH 0.222%* 0.084*** 0.066 0.057 0.017 0.042* 0.008 0.060 0.048 0.047
WI -0.005 0.033 0.035 0.033 -0.104 *** 0.037 0.030 -0.005 0.015 0.100%**
AVG 0.075 0.039 0.049 0.036 -0.047 0.033 0.011 0.021 0.022 0.068

Table 1 a, b. Yearly trends in precipitation (inches/year) and mean temperature (2F/year) for a) 1895-2010 and b) 1981-2010
periods. Asterisks denote significance at 0.10 (*), 0.05(**), and 0.01(***) levels respectively.
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Seasonal differences were also noted for
regional precipitation trends. The majority of
the increase in precipitation since the 1930’s
has occurred during spring, summer, and fall
seasons, accounting for over 90% of the
increase in the overall annual precipitation.
In contrast, during the most recent three
decades trends for fall precipitation were
negative for all states except OH, while
trends for almost all other seasons and states
were positive. There were also relatively
larger increases in winter precipitation
(0.039 inches/year on average).
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Baker (1985) concluded that frost free
growing season length had increased an
average of 14 days between 1899 and 1992.
Similarly, Robeson (2002) found the length
of the growing season in Illinois to have
increased by nearly one week 1906-1997,
much of the change the result of earlier last
spring freezes. The date of the first fall freeze
in the study was virtually unchanged during the study
period. These regional trends are consistent with larger,
hemispheric trends (Linderholm, 2006) and have been
confirmed with satellite data depicting phenological
changes over large areas Zhou et al. (2001). Averaged
across the 8-state region over time (Figure 6), the frost free
growing season length averaged about 155-160 days prior
to the 1930s, then increased to around 160 days during the
1930s into the 1980s. Since the 1980s, it has continued to
increase and now averages about a week longer than during
the 1930s to 1980s period. In some contrast to the findings
of Robeson (2002), the increase in length across the region
is the result of both earlier last spring freezes and later first
fall freezes.

Longer growing seasons allow production of longer season
crop types and varieties, many of which have potentially
greater yields. This has resulted in profound changes in
cropping systems and mixtures across the region, especially
across northern sections (Parton et al,, 2007). In North
Dakota, for example, the number of planted acres of corn
and soybean across the state increased from 300,000 and
200,000 in 1980 respectively to 3,200,000 and 4,550,000
respectively in 2012 (NASS, 2012b). Longer growing
seasons have also resulted in changes to the typical crop
production calendar. From 1981-2005, corn planting dates
in major U.S. production areas advanced about 10 days
earlier, with a concurrent lengthening of the period from
planting to maturity of about 12 days and an average
increase in corn yields of 0.9 - 2.2 bu/acre for each
additional day of earlier planting (Kucharik 2006; Kucharik,
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Figure 6: Length of the growing season, defined as the period between the
last occurrence of 32° in the spring and first occurrence of 32°F in the fall.
The red line is a 10-yr moving average. Based on data from the National
Climatic Data Center for the cooperative observer network and updated
from Kunkel et al. (2004).

2008). While shifting climate played a major role in these
changes, changes in agronomic technology such as
improved cultivars and increasing capacity of agricultural
implements were also found to be important (Sacks and
Kucharik, 2011). Not all of the impacts associated with
changing seasonality have been positive. Changing
seasonality has also advanced the dates at which
overwintering perennial natural and agricultural crops
break dormancy, which leaves them more vulnerable to
subsequent freezing temperatures. While the last freezing
temperatures of the spring season have tended to also come
earlier with time across the region, the rate of change is not
as rapid as the date of initial greenup, which results in an
overall longer period of freeze risk for many fruit crops
such as cherries and apples (Winkler et al., 2012).

Ice Cover

Among the impacts resulting from the recent warmer
winter temperatures is a reduction in the amount and
duration of ice cover on lakes across the Midwest region
including the Great Lakes. This trend is well documented in
previous studies by Magnuson et al. (2000) and Magnuson
et al. (2010) which suggest an increasingly later onset of
first ice cover on inland lakes in the region by 6-11 days
since the middle 19t century and an increasingly earlier
breakup of ice in the spring from 2-13 days during the same
period. While available for a much shorter period of record,
satellite imagery provides a more comprehensive estimate
of ice cover changes on the Great Lakes as shown in Figure
7 for the period 1973-2009 (Wang et al., 2010). Average ice
cover area across the Great Lakes during this period peaked
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during the late 1970’s before decreasing by more than one

half during the 1-2 decades of record. These numbers are in 150
good agreement with the results of Duguay et al. (2006), —
who documented similar decreases in ice cover duration as E i
well as trends towards earlier lake ice break up in the 2, 100
spring season during the period 1951-2000 in nearby areas =
of Canada. §
8 50
Snowfall 3
Trends in seasonal snowfall across the Midwest during 0

recent decades have varied by lqcatlon. Avera.lge seasonal 1970 19‘75 19I80 19|85 19'90 19‘95 20'00 20'05 20'10
snowfall totals plotted for the thirty-year periods 1961- Year

1990 and 1981-2010 in Figures 8a and 8b reveal some
interesting patterns. In general, mean seasonal snowfall
decreased across far southern sections of the region
between the two periods, remained about the same across

Figure 7: Time series of annual average ice area coverage on
the Great Lakes. From Wang et al. (2010).

central sections, and increased across the north, especially 2000, with downward trends across southern sections and
in areas downwind of the Great Lakes. These trends are upward trends across the north (Changnon et al,, 2006). In
consistent with a reduction in the number of synoptic terms of snow cover, Dyer and Mote (2006) found minimal
snowfalls and an increase in the frequency of lake effect changes in North American snow depth through January,
snowfalls, possibly both linked with milder wintertime with regions of decreasing snow depths beginning in late
temperatures and the warmer, more open waters of the January and continuing through March and into April,
Great Lakes during the past few decades (Burnett et al., implying an earlier onset of spring melt. As noted by
2003). Similarly, temporal trends in the frequency of major Andresen (2012) in sections of the Great Lakes region,
snowstorms varied widely across the region during 1901~ there are distinct connections with snow cover and trends
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Figure 8. Mean seasonal snowfall (inches) across the Midwest for a) 1961-1990 (left) and b) 1981-2010 (right)
periods. Figures courtesy of Midwest Regional Climate Center.
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towards milder temperatures, with recent observations
suggesting that milder winter temperatures are melting
snow more quickly than in past decades even though more
snow is falling.

Cloudiness

Given trends toward more annual precipitation and days
with precipitation in recent decades, it is also logical to
assume that cloudiness in the region has increased as well.
Unfortunately, quality cloudiness and solar radiation
observational records in the region are scarce. In an
examination of observations obtained from U.S. military
installations between 1976 and 2004, Dai et al. (2006)
concluded that total cloud cover over most of the
contiguous United States has increased during the period,
including changes at Midwestern locations in the range of 1-
3% per decade. While these findings are limited by the
relative lack of data available for the study, they are
consistet with the observed reduction in U.S. surface solar
radiation from 1961 to 1990 reported by Liepert (2002)
and average global decreases of 2.7% per decade noted by
Stanhill and Cohen (2001). Besides the increasing frequency
of precipitation, Minnis et al., (2004) attributed at least part
of the recent increase in cloudiness to increases in high
level cirriform cloudiness across the Midwest associated
with jet aircraft contrails.

Humidity

The search for trends of humidity is complicated by the
relative lack of quality observations and past changes in
sensor technology. Most existing studies suggest that
humidity levels across the Midwest have increased in recent

decades. For example, Gaffen and Ross (1999) reported
positive trends of both relative and specific humidity across
the USA, although the relative humidity trends were weaker
than specific humidity trends. Dai (2006) found relatively
large changes of 0.5-2.0% per decade in surface relative
humidity observations from 1976 to 2004 across the
central USA while Changnon et al. (2006) reported a steady
increase of the frequency of high dew point days during the
period 1960-2000. In a very recent study, Schoof (2012)
found increases in maximum dew point temperatures
during the summer season across the Midwest which
partially offset flat or decreasing maximum air
temperatures and a wide variance in trends of resulting
apparent temperatures. A likely cause of higher dew point
temperatures during the growing season is the significant
increase in plant density from earlier decades, which
greatly enhances the transpiration of water from the soil to
the atmosphere (Changnon et al. 2003).

Wind

Similar to humidity, there is a relative paucity of long-term
records of near-surface wind speeds, which when coupled
with inconsistencies manifest in different data sets, the
highly uneven spatial coverage of surface observing
stations, and issues pertaining to local land-cover change in
the proximity of the observational sites, confound accurate
assessment of wind climates and the presence or absence of
temporal trends. In an analysis by Pryor et al. (2009b)
based on North American Regional Reanalysis (NARR) 8-
times per day output, 10m wind components at a resolution
of ~ 32 x 32 km were extracted for 1979-2006 and
analyzed to quantify mean temporal trends in a range of
metrics of the wind speed distribution. In general, there
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Figure 9: a) Mean sum of the top-10 wettest days in a year (mm) (1971-2000). b) Trend in sum of the top-10 wettest days in a
year 1901-2000 expressed in a percent per decade. Red circle indicates the station showed a statistically significant increase
through time; blue circle indicates a statistically significant decline. Plus symbol indicates trend was not significant (shown as 0
in the legend. The diameter of the dot scales linearly with trend magnitude (Pryor et al. 2009b).
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was no evidence of significant changes in either the central
tendency or higher percentiles of the wind speed
distribution over the period of record.

Extreme Precipitation

Intense precipitation events are an important part of annual
hydrology in the Midwest, with over 30% of total annual
precipitation obtained in the ten wettest days of the year in
most areas of the region (Pryor et al., 2009a). In the
western part of the region, as much as 50% of annual
accumulated precipitation falls in 10 daily events. Spatial
patterns in the total amount of precipitation in the 10
greatest rainfall events per year and the temporal trends of
that sum are given in Figures 9a and b (from Pryor et al,,
2009a). Both metrics closely mirror those present in the
total annual precipitation with the highest values in the
south of the region and lowest values in the north. In
general, stations that exhibit significant changes in the
metrics of extreme precipitation indicate trends towards
increased values. Twenty-two percent of the stations
considered in the study exhibited significant increases in
the total accumulated precipitation during the top-10
wettest days of the year. Over the region as a whole, the
occurrence of intense precipitation events has risen
substantially in recent decades. In an update of an earlier
study by Kunkel (2003), the number of 24 hour, once in 5-
yr storms was found to have increased by about 4% per
decade since the beginning of the 20t century (Figure 10).
About 85% of the events occurred during the warm season
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Figure 10. Time series of extreme precipitation index for the
occurrence of 1-day, 1 in 5 year extreme precipitation events.
The annual time series and linear trend (straight line) are
shown in blue. A time series for the months of May through
September is shown in red. Analysis is averaged for the
states of IL, IN, IA, MI, MN, MO, OH, and WI. Based on data
from the National Climatic Data Center for the cooperative
observer network and updated from Kunkel et al. (2003).
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period of May through September and approximately 90%
of the annual trend was due to increases during the warm
season period. Synoptically, the risk of intense rainfall
events in the region tends to be associated with a westward
extension and strengthening of the Bermuda subtropical
high across the western Atlantic Basin (Weaver and Nigam,
2008; Bell and Janowiak, 1995) as well as the development
of a slow moving, cut-off-low system over the Rockies
Mountain and Great Plain region which steadily advects
low-level moisture into the Upper Mississippi region from
the Gulf of Mexico (Gutowski et al., 2008). The trend
towards heavier rainfall has resulted in an overall increased
risk of flooding threat across the region (Markus et al.,
2007), although in many urban areas the increased flood
risk was found to be more strongly associated with land
cover change factors than climatologic factors
(Scharffenberg and Fleming, 2006; Changnon et al,, 1996a).

Extreme Temperatures

Time series plots of 4-day cold waves and heat waves in the
region from 1985 through 2010 are given in Figures 11 a)
and b) after Kunkel (2003). Following relatively higher
frequencies during the first few decades of the 20t century
and from the late 1960’s through the early 1990’s, intense
cold waves have been relatively infrequent, but similar to
periods experienced from the early 1920s through 1960.
The frequency of intense heat waves has also been
relatively low in recent decades, especially relative to the
1930s Dust Bowl era which remains the most intense in the
historical period of record.

Given recent upwards trends in temperature overall, a
majority fraction of climate observing sites within the
region recorded significant increases in warm extreme
maximum temperature exceedences during the 1960-1996
period as well as increases in warm minimum temperatures
and decreases in cold extreme maximum and minimum
temperature exceedences (DeGaetano and Allen, 2002).

Drought

Given an increase in precipitation across the region during
the past several decades, the incidence of drought has
decreased with time. In a study across central sections of
the Midwest, Mishra et al. (2010) found upward trends of
precipitation and temperatures from 1916-2007 were
associated with increases in total column soil moisture and
runoff and decreases in frozen soil moisture. The authors
also concluded that the study region has experienced
reduced numbers of extreme and exceptional droughts with
lesser areal extent in recent decades. A study by Andresen
et al. (2009) suggests that a majority of the 10-15%
increase in annual precipitation in Michigan during the past
50 years ended up as shallow aquifer recharge, which is in
turn supported by observations of increasing base
streamflow across the region (Johnston and Shmagin,
2008). In a study of Midwestern droughts during the 1950-
1990 period, Changnon et al.(1996b) found that droughts in
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during the 1950-1970 period covered a relatively greater
area of the Midwest region and lasted longer, while
droughts during the 1971-1990 period impacted fewer
basins and have been of shorter duration. The trend
towards a wetter climate and decreasing drought frequency
has also had a major impact on the region’s agriculture
industry in recent decades, with relative increases in crop
yields due to less moisture stress and overall more
favorable growing conditions (Andresen et al., 2001).

Synoptic Changes

The links between upper tropospheric flow, synoptic
circulation patterns, and climatologic trends over the region
are complicated. In general, synoptic patterns characterized
by large amplitude long waves in the middle and upper
levels of the hemispheric circulation across the region lead
to anomalously cool or warm weather, and depending on
the location of the upper air feature, and to relatively wet or
dry conditions resulting from the influence of cyclones or
anticyclones, respectively. In contrast, a flatter, more zonal
pattern across the region is characterized more by more
frequent, weaker cyclones and anticyclones Angel and Isard
(1998). On a hemispheric scale, Agee (1991) found a
positive correlation between increased (decreased) cyclone
frequency and increased (decreased) hemispheric
temperatures associated periods of warming and cooling
mean temperatures between from 1900-1990 across the
Northern Hemisphere. He associated the periods of
warming with a flatter, relatively zonal pattern jet stream of
short waves carrying more numerous yet weaker
disturbances, and periods of cooling with stronger, less
numerous disturbances. In the Midwest, Booth et al (2006)
linked enhanced westerly upper air flow during the
summer season with increases in the frequency of relatively
dry Pacific-origin air masses, reductions in northward
transport of Gulf of Mexico-origin moisture, and to drier
than normal conditions across western sections of the
region. There have also been important synoptic changes
over time across the region. Grover and Sousounis (2002)
suggest that upper tropospheric flow across the region
during the fall season was relatively more meridional
during the 1935-1956 period, and more zonal during the
1966-1995 period, which may have led to both greater
frequency and total amounts of precipitation. The zonal
flow was associated with greater baroclinicity across the
Rocky Mountain region as well as a stronger subtropical jet
and stronger low-level flow of moisture from the Gulf of
Mexico. As noted earlier, other studies have linked extended
droughts or wetter than normal periods in the Midwest to
large scale oceanic sea surface temperature and circulation
patterns in the Pacific and/or Atlantic Basins (e.g. McCabe
etal, 2004).

In terms of mean pressure patterns, early studies of cyclone
and anticyclone frequency and intensity across the region
generally suggested a decrease in the frequency of cyclones
and anticyclones during the second half of the last century
(Agee, 1991; Zishka and Smith, 1980). More recent studies
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Figure 11: Time series of an index for the occurrence of a)
cold waves (left) and b) heat waves (right) defined as 4-day
periods colder and warmer than the threshold fora 1in 5
year recurrence, respectively. Based on data from the
National Climatic Data Center for the cooperative observer
network and an update by Kunkel et al. (1999).

suggest more complex trends. For example, Angel (1996)
found a statistically significant increase in the frequency of
strong cyclones over the Great Lakes region in November
and December during the 20th century. A subsequent study
by Polderman and Pryor (2004) reinforced these findings,
reporting an increasing frequency of cyclones originating
from Colorado and surrounding region along with a
decrease in the frequency of Arctic (cold polar highs)
outbreaks in the Midwest during their 1956-1999 study
period. Results from the same study also linked record low
lake levels of the Great Lakes with a polar jet stream
displaced further south than normal, reduced winter
cyclone activity, increased evaporation, and reduced ice
cover on the lakes. Polderman and Pryor (2004) concluded
that their results suggest that climate change is being
manifested both in terms of changes in the frequency and
surface manifestations of synoptic circulation patterns.
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