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Abstract 
The vegetation of Wisconsin has undergone a dramatic transition since the days oforiginal European settlement, from predominantly 
forests to a dominance of agricultural land. This has resulted in the development of sharp horizontal gradients in vegetation across 
central Wisconsin that may be capable of influencing temperature and precipitation regimes in the state. This study investigates such 
a hypothesis by analyzing a combination of historical, climatOlogical, and satellite data Preliminary results indicate that the 
anthropogenicalJy-induced modifications to Wisconsin ' s vegetation cover may have inadvertently increased cloud cover, 
precipitation, and possibly severe weather over the southeastern third of the state. 

Introduction buoyancy of the atmosphere and lead to the formation 
of "local" wind circulations that differ from the 

The characteristics of the earth's surface have long dominant synoptic-scale circulation pattern. The 
been suspected to be an important contributor to boundaries that separate these different land use areas 
atmospheric conditions. Specifically, variations in the represent locations where convergence of air occurs as 
moisture content and temperature of the surface are cool, moist air undercuts the warm, dry air and vertical 
known to modify the moisture and temperature con lifting is favored. Hence, convective cloud formation 
ditions of the boundary layer as well as of the may be encouraged along and downwind of such 
remainder of the lower atmosphere « 700 mb; Pielke boundaries. In the present study, these processes are 
et al. 1991). Human modifications to the surface via investigated by analyzing the influence of anthropo
land use change can disrupt and significantly change genic activities on the formation of one such "conver
the influence that the surface can have on the lower gence boundary" in Wisconsin. 
atmosphere. Investigations into the impact of modi The landscape of Wisconsin has undergone 
fications such as irrigation, deforestation, and urban dramatic transition since the days of original European 
sprawl have demonstrated that these activities can settlement. Finley (1976) summarized the historical 
modify the temperature and moisture characteristics of land cover of Wisconsin for the period 1832-1866 and 
the atmosphere above and immediately downwind of demonstrated that the northern two-thirds of the state 
these locations (Cotton and Pielke 1996). This is contained widespread forests prior to settlement. A 
especially common in areas where surface modifi high percentage of the southern third of the state was 
cations are extensive and sufficient in size to create also forested but mixed with areas of open prairie and 
mesoscale circulations that are distinct from the brush. Since that time a strong emphasis on agricul
synoptic circulation pattern. ture, large amounts of deforestation in the central "cut

Mesoscale circulations are created when extreme over" region, and increasing population demands on 
contrasts in surface characteristics (i.e. forested land vs. land use (e.g., via urban sprawl) have resulted in a 
agricultural land) create gradients in surface present-day land cover that is remarkably different. 
temperature and moisture conditions, thus producing A recent study by the Wisconsin Department of 
sharp contrasts in Bowen Ratio values (i.e. the use of Natural Resources (WDNR) utilizing aerial photo
sensible heat versus latent heat) over a small horizon graphy collected during the period 1971-1981, 
tal distance. This can result in large differences in the demonstrated that the greatest amount of land cover 
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procedures described in this document. A preliminary draft of this paper was reviewed by Dr. Dave Arnold of Mississippi State 
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change in Wisconsin has occurred in the southern two
thirds of the state (WDNR 1995a and I 995b ). The 
northern third is still heavily forested, in part due to 
successful efforts at reforesting areas which were 
originally cleared, but the central and southern regions 
now contain a much higher percentage of agricultural 
land (Figure I). These modifications have resulted in 
the formation of a sharp boundary separating the 
forested northwestern region from the predominantly 
agricultural southeastern region of the state. The size of 
this boundary, which extends approximately 200 
kilometers through the central portion of the state (from 
northeast to southwest), and the sharp contrast in 
surface conditions on either side indicate that this 
boundary may be strong enough to influence local 
climate. 

The present land cover of Wisconsin can, there
fore, be divided into three distinct regions. The 
northern third represents a predominantly forested 
region, the southwestern third represents a fairly even 
miA1ure of fNested and agriCUltural land cover, and the 
southeastern third is characterized by the substantial 
dominance of agriCUltural land use. Figure I 
summarizes possible scenarios of mesoscale cir
culations that could be generated by these distinctly 
different land cover regions.2 Each of the circulations 
flow from the more forested regions to the more 
agricultural regions (i.e. less forested) with the 
strongest circulations most likely to be generated where 
the forested north meets the agriculturally-dominated 
southeast. This assumption is based on the physical 
differences between the characteristics of the boundary 
layer over the forested areas, where the air is more 
likely to sink and diverge due to the relatively cool 
temperatures generated by the higher rates of evapo
transpiration, and that of the wanner agricultural areas. 

All of the mesoscale flows depicted in Figure I 
should promote increased lifting along and downwind 
of the dominant central Wisconsin boundary (i.e. over 
the southeastern region), especially with the added 
convergence provided by the westerly flow off of Lake 
Michigan. Though this flow can vary significantly in 
intensity during the summer months, it can have an 
important influence on the climate of eastern Wiscon
sin (e.g. Scott and Changnon 1996). The present study 
utilized this hypothesis to determine if the develop

ment of this anthropogenically-induced "convergence 
region" has resulted in an increase in cloud and 
precipitation during the twentieth century over the 
southeastern third of the state. 

Objectives of the Study 

Within the context of the aforementioned hypo
thesis, this study had two primary objectives. The first 
was to determine if the development and apparent 
strengthening of the convergence boundary extending 
through central Wisconsin, and its influence on local 
climate, is evident within the climatological data 
record. A gradual strengthening of the convergence 
boundary, via increased clearing of land and more 
agriculture east of the boundary during the twentieth 
century, should have resulted in a gradual increase in 
cloud development and precipitation along and 
downwind of the boundary. Hence, the climate data 
should show an increase in precipitation (and a 
reduction of drought) over the southeastern third of the 
state as compared to the other regions in the state 
apparently unaffected by the development of the 
convergence boundary. 

The second objective of the study was to determine 
if specific impacts of the convergence boundary were 
apparent in "present day" observations. This was 
accomplished by studying high resolution satellite 
imagery to determine if the southeastern third of the 
state was a favored area for cloud convection during 
weak atmospheric flow situations. Though not a 
specific objective, additional inspection was com
pleted in this part of the study to determine if the 
convergence boundary may have also played a role in 
the development of recent tornadoes in the state. 
Information from such observations could be important 
from a forecasting perspective for determining rates of 
cloud convection, precipitation, and severe weather 
potential within the state. 

Methods of Data Collection and Analysis 

a. Land Caver Change and Climatological Data 
Analysis 

As a means to determine where land cover change 
has been the greatest and, therefore, where anthropo

21n the depiction on Figure 1, the arrows indicate possible mesoscale wind flows generated by vegetation gradients (wider arrows 
correspond to the location of the strongest potential flows). Regional boundaries are overlain onto a map of Wisconsin's 
climatological division boundaries. 
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Figure 1. Location ofWisconsin's Three Land-Cover Regions 
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genically-induced climate changes are most likely to be 
evident, it was fIfSt necessary to quantifY the magnitude 
ofland cover change throughout the state. A series of 
maps were obtained from the WDNR that summarize 
land cover change over time (WDNR, 1995a and 
1995b). The.se maps were analyzed to determine the 
bulk change from the "original" land cover (1832-1860) 
to the "present" land cover (1971-1981). The procedure 
was completed by placing a 1 x 1 degree (latitude 
/longitude) gridded overlay onto each map and then 
determining the percent change from forest to agricul
ture for each grid. 

Recognition of land use change influences on 
Wisconsin climate required the use of historical clima
tological data for comparison to present conditions. 
Hence, division-level data were purchased for analysis 
from the National Climate Data Center (NCDC) on 
compact diskette (NCDC 1994a). The historical length 
of the available data set was 1895-1994. Two primary 
periods within the climatological data record were 
selected for analysis: 1895-1924 and 1965-1994. These 
represented, respectively, the oldest and the most recent 
30-year "normals" available for calculation using the 
division-level data set. It was assumed that the climatic 
impacts of any significant land use modifications 
during the twentieth century would become evident 
when comparing these 30 year periods. Hence, the 
1895-1924 period was assumed to represent the 
"historical" climate conditions, and the 1964-1993 
period was assumed to represent the "present" climate. 

Admittedly, a significant percentage of the 
aforementioned land use change in Wisconsin may 
have occurred prior to the 1895-1924 period. How
ever, it is likely that the additional land use change that 
has occurred since that time has resulted in a continued 
strengthening of the convergence boundary now 
existing in the central part of the state. 

The precipitation "normals" were calculated for 
each period by climatological division, which repre
sents the average of all weather observing stations 
within each division's boundaries, and then averaged 
by the three distinct land use regions demonstrated in 
Figure 1. 

The locations and sizes of each division can also 
be seen in Figure 1. The boundaries of each division 
are determined by the National Weather Service and 
NCDC to best represent similar regions of physical 
geography within the state (e.g. vegetation, soil, 
topography, etc.) for forecasting and data consistency 
purposes. 

b. Satellite Data Collection and Analysis 
Satellite data provided an additional source of 

information to investigate the importance of Wiscon
sin's convergence boundary on present day climate. 
Satellite data, When available, are more appropriate for 
studying mesoscale circulations than climatological 
data due to their superior spatial and temporal 
resolution. These data can also be obtained in digital 
form and analyzed on computer to allow objective 
analyses oflarge data sets. Moreover, specific features 
of interest can be enhanced or animations can be 
utilized when appropriate. The satellite data selected 
for analysis in this study were hourly images of 
Wisconsin (and bordering states) taken from the 
GOES-7 satellite (1 Ian resolution) for the summer of 
1988 (June, July, and August). 

The summer of 1988 was selected for analysis due 
to the fact that it was the driest summer on record since 
GOES high resolution digital imagery became 
available. During this period there was an increase in 
the likelihood that surface forcing mechanisms (i.e. 
mesoscale circulations) were maximized and any cloud 
development that did occur could potentially be 
attributed to local surface features rather than to 
synoptic scale processes (i.e. fronts, jet stream 
maximums, etc.). Prior to obtaining the satellite data, 
synoptic surface and upper air charts (700mb and 
500mb) were analyzed using an additional data set 
(NCDC 1994b). This was done to ensure that a weak 
synoptic flow indeed existed for each time period 
selected for analysis. Only those days which were 
characterized as having weak atmospheric gradients in 
temperature and pressure, and no evidence of fronts, 
were selected for analysis. Data were then obtained for 
a total of25 days during the summer of 1988. One mid
afternoon (approximately 3:00 p.m. local time) visible
band scene for each day was purchased. The visible 
wavelength band was selected due to its superior ability 
to recognize low level cumulus clouds. Therefore, it 
was assumed that a higher pixel brightness (greater 
reflectively/high albedo ofclouds) would correspond to 
a region containing a greater amount of convective 
clouds. Additional images in hourly increments were 
also purchased for 5 of the most ideal weak-flow days 
to allow animations ofconvection to be inspected. Each 
animation period extend from approximately 1 PM to 
5 PM local time. 

The Man Computer Interactive Data Access Sys
tem (McIdas) software was used for all satellite 
analyses and animations and to quantifY the rates of 
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convection over Wisconsin (Unidata 1995). Convec
tion rates were quantified by determining the average
brightness characteristics for each of the three land use 
change regions in the state. The quantification pro
cedure was completed using McIdas to overlay the 
boundaries for each land cover region onto each image 
and then obtain a pixel brightness average (in counts) 
for each region. The procedure was repeated for a 
series of five clear sky scenes also from the same time 
period to ensure that no significant differences in 
surface albedo existed between each region which 
could potentially bias the cloud brightness results. No 
significant differences were found. 

Results and Discussion 

a. Percentage ofLand Use Change By Division 
The percentage of land use change summarized by 

climatological divisions is presented in Figure 2. 
Though significant change has occurred in all areas of 
the state, the greatest amount has occurred in the 
southeastern third of the state (divisions 6, 8, and 9), 
where greater than 75% of the total land area has been 
modified from its original state before large-scale 
European settlement. This is predominantly a result of 
the conversion of forested areas to agricultural land 
cover as well as the growth and expansion of large 
urban areas. The least amount of land cover change has 
occurred in the northern third (divisions 1,2, and 3) 
where slightly under 25% of the total land area has 
been modified. As mentioned previously, it is possible 
that at one time a greater portion of the north had been 
modified due to deforestation but the change is no 
longer as apparent due to a heavy emphasis placed on 
reforestation during the past 50 years. The remaining 
portion of the state, recognized as the southwestern 
third (divisions 4,5, and 7), can be classified as having 
a moderate amount of land use change (i.e. about 5(010). 
This also may be underestimated due to reforestation in 
this area. The result of these changes has been a 
"present day" landscape that is still predominantly 
forested in the north, a fairly even mixture of forests 
and agriculture in the southwest, and predominantly a 
agricultural region in the southeast, all separated by a 
narrow transition boundary. 

The similarity in vegetation change within three 
groups of divisions that approximately correspond in 
location to the three land cover regions described 
previously suggested that subsequent climatological 
and satellite analyses would be best served by 
comparing cloud and precipitation data between each 

of these three groups rather than between individual 
divisions. Moreover, an analysis focused on the 
regional scale rather than on the divisional scale is 
more appropriate, if the assumption is that the physical 
processes of interest in this study (i.e. mesoscale 
circulations capable of creating or enhancing cloud 
convection) are more likely to operate at scales larger 
than the size of an individual division (e.g. Andre et al. 
1990). Hence, to test the hypothesis that the 
convergence boundary may have modified Wiscon
sin's cloud and precipitation regime, all subsequent 
climatological and satellite analyses were completed by 
comparing cloud and precipitation conditions between 
the three regions described above. 
b. Climatological Data Analyses 

The results of the comparison of average summer 
precipitation between the historical (1895-1924) and 
present (1964-1993) periods are summarized by region 
in Figure 3. Summer precipitation has increased 
between the two periods for all regions in the state. 
Additional analyses for states surrounding Wisconsin 
indicate this increase in precipitation has been common 
in nearly every state in the upper Midwest region of the 
U.S. (NCDC 1994a). The greatest increase in 
Wisconsin has occurred in the southeast region with 
approximately 60% more of an increase than the 
southwest region and approximately 300% more of an 
increase than the northern region. This result corres
ponds with the hypothesis that anthropogenic land use 
changes have resulted in the development and gradual 
strengthening of the convergence boundary that now 
exists over central Wisconsin. Air convergence 
generated by mesoscale circulations from the north and 
west into the southeast portion of the state, in 
combination with the typical Lake Michigan lake 
breeze flowing towards the west, may have 
increasingly encouraged the formation of convective 
clouds and increased the likelihood for showers and/or 
thunderstorms over the southeast portion of the state. 
This process would be most obvious during wann 
season, weak flow conditions when atmospheric 
forcing is typically at a minimum. 

A second analysis was completed on the two data 
sets to determine if the increase in precipitation 
demonstrated in Figure 3 was important enough to 
offset drought. In addition, if the surface forcing is 
indeed important, then its influences should be most 
obvious during drought years. A "drought" was defined 
in this study as a cumulative summer (June, July, and 
August) precipitation amount of less than 10 inches in 
a given region. During such situations, substantial 
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irrigation would be necessary for successful crops. 
The tota. number of "drought years" for each 

period is shown by region in Figure 4. These results 
indicate that the number of drought years has in
creased from the early period to the present for both the 
north and southwest regions. However, the southeast 
region shows a marked decrease in the number of 
droughts. This once again supports the contention that 
the southeast has become a favored region for precipi
tation, possibly due to anthropogenic activities. 

Moreover, this suggests that the changes in land 
cover may not be as important during "normal" 
summers when the synoptic flow is sufficient to 
encourage convection and is more likely to override 
any mesoscale circulations induced by the surface 
gradients. These gradients, however, become important 
during weak synoptic flow summers when drought may 
otherwise have occurred. The heavy emphasis on 
agriculture in the southeast, and dependence on ample 
precipitation during the growing season, suggests that 
this result may be of great importance. 
c. Analysis ofConvection Using Satellite Imagery 

The final analysis completed to test the hypothesis 
that convection is favored in the southeast portion of 
the state during weak flow situations was done using 
the aforementioned GOES digital satellite data. The 
results, from a sample of twenty-five weak flow cases 
occurring in the Summer of 1988, indicate that 
convection was indeed greatest for the southeast region 
of the state while the northern region had the least 
amount (Figure 5). 

Further analyses satellite animations for five case 
study days demonstrated that this enhancement of 
convection in the southeast region of the state was most 
dominant during weak northwesterly flow situations. A 
northwesterly wind flow would be perpendicular to the 
orientation of the convergence boundary and may act 
to enhance uplift more so than the prevailing 
southwesterly flow which would tend to parallel the 
boundary. These results once again support the 
contention that convection is favored during weak 
flow, warm season situations in the southeastern part of 
Wisconsin. Such results, if confmned via analysis of a 
larger number of images covering a greater temporal 
period., and under a wider range of conditions, are 
important from a forecasting perspective. They suggest 
that the southeast is more likely to be cloudier, and 
possibly receive more precipitation, during certain 
weak flow situations. 

d. Occurrence ofTornadoes in Wisconsin 
A fmal task of this study was to investigate the 

possibility that Wisconsin's convergence boundary 
may be contributing to the development of tornadoes in 
the state. Though no specific analytical technique was 
utilized to test this hypothesis, a summary of the 
locations ofrecent tornadoes in Wisconsin (1974-1994) 
was obtained for comparison to the location of the 
convergence boundary (Helman 1994). These are 
summarized in Figure 6 . 

Visual inspection of the geographical distribution 
of Wisconsin tornadoes indicates a clustering of 
occurrences along and to the southeast of the conver
gence boundary (i.e. over east-central Wisconsin). This 
would suggest a possible relationship between the 
boundary and tornadic occurrences. Though the 
specific process for such a relationship is not presently 
clear, it is possible that the interaction between the 
specific land cover regions of the state creates added 
wind shear which increases the likelihood for 
mesocyclone circulation. This, combined with the 
added uplift of the convergence boundary, may create 
a more favorable environment for severe thunderstorm 
persistence and eventual tornado formation. More
over, the clustering of tornadic thunderstorms to the 
southeast of the boundary suggests that storms moving 
from northwest to southeast across this region may be 
most favored for intensification to severe levels. 
Additional data and a more clear understanding of the 
processes is required before any physical associations 
between the convergence boundary and the tornadic 
thunderstorms can be confirmed. However, it is worthy 
to note that the two most violent tornadoes in 
Wisconsin since 1990 have occurred in or near this 
particular region of the state. 

Summary and Future Research Goals 

The present study represents a "pilot" analysis of 
preliminary investigations into possible relationships 
between anthropogenically-induced land use changes 
in Wisconsin and their potential influences on Wis
consin's regional climate. A number of preliminary 
results have been presented in this study, suggesting 
that such relationships may indeed exist. Some of the 
most important results are summarized below. 

First, anthropogenic activities since the original 
settlement period to the present have resulted in 
significant land uselland cover change in Wisconsin. 
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---

Figure 6. Distribution o/Tornado Occurrences (And Paths) in Wisconsin/or the Period 1974-1994 
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The result has been the creation of a convergence 
boundary in central Wisconsin that has the potential to 
create mesoscale wind circulations and to modify local 
climate. 

Second, a comparison between historical clima
tological data (1895-1924) and present climatological 
data (1965-1994) suggests a possible increase in 
summer precipitation and decrease in summer drought 
for the southeastern part of the state that is not matched 
in the other regions of the state. Third, analysis of high 
resolution satellite imagery suggests that convection is 
favored in the southeastern part of the state during 
weak flow situations during the summer months. 
Analysis of the same data for five case days where 
animations were available suggests the importance of 
a weak northwesterly flow in enhancing the cloud 
development in the southeastern region of the state. 
Fourth, a visual inspection of tornadic thunderstorm 
occurrences in Wisconsin (1974-1994) indicates a 
possible clustering of these storms near and to the 
southeast of the convergence boundary (i.e., over 
southeastern and east-central Wisconsin). 

Though each of these results are intriguing, and do 
seem to support the hypothesis, it should be 
emphasized that they are only preliminary and are 
subject to a more rigorous set of analyses on more 
elaborate data sets to confirm their significance. Future 
plans to expand this study include, among others, the 
following: First, stratification of the data by 
prevailing wind direction and analysis of the 
relationships uncovered in this study to determine 
their importance during certain wind flow 
situations. The influence of a convergence boundary 
should be most obvious when the prevailing surface 
wind is perpendicular to its axis of orientation. 

Second, further investigation of the possible 
relationships between the convergence boundary 
and the existence of tornadic thunderstorms. This 
would require the use of satellite imagery, radar, and 
severe storm reports to determine if the tornadic 
thunder-storms that occurred were induced by the 
convergence boundary, or at least encouraged to 
intensify as they crossed over this region. 

Third, expansion of the analysis to include all of 
the Midwest. This would allow a larger data set to be 
analyzed and the confmes of state boundaries would 
become negligible. Moreover, additional convergence 
boundaries, either natural or anthropogenically
induced, would likely be recognized and allow a more 
comprehensive investigation into the preliminary 

associations recognized between Wisconsin's conver
gence boundary and regional-scale climate. 

Fourth, utilization of mesoscale surface obser
vations to confirm the existence of the mesoscale 
circulations discussed in this study. This has not been 
possible in the past due to a lack of a sufficient spatial 
density of stations taking regular wind observations. 
However, future plans to implement an automated 
weather observation network throughout the state 
would provide such an opportunity to study these 
processes (A WS 1996). 
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