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Causes for Precipitation Increases 
in the Hills of Southern Illinois 

by Douglas M. A. Jones, Floyd A. Huff, and Stanley A. Changnon, Jr. 

A B S T R A C T 

More precipitation falls on the western Shawnee Hills of southern Illinois than falls on the 
flatlands both north and south of the hills. Three methods differing in scale and time have been 
used to delineate the hill anomaly and to determine the reasons for it. 

Average monthly precipitation values were studied in a series of climatic investigations. The 
effect of the hills was found to be most pronounced during the warm season of the year when 
showers and thunderstorms are the major source of precipitation. 

A 5-year study involving a dense recording raingage and wind recording network installed 
in the hills began in 1965 to better define the hill area maximum. The results from this network 
data also showed that the hill-related increases apparendy came through enhancement of heavy 
showers associated with squall-line and cold frontal conditions. 

An intensive field study in July 1970 used the recording raingage and wind network, a hy-
grothermograph network, meteorological radar, and a meteorologically instrumented aircraft. 
The 1-month study occurred in an abnormally dry period, and because of this most of the rain 
was from air mass showers, not frontal storms. These air mass showers were found to be en
hanced partially by the moisture derived from the forested hills under low wind conditions. In 
addition, the low speed winds from the south were found to be directed by the valleys within the 
hills so as to develop a convergent pattern above the hills where the atmosphere was convectively 
unstable. 

The explanation of the hill enhancement of precipitation is the addition of moisture due to 
greater evapotranspiration from the forested hills and the convergent wind field created over the 
western hills caused by the configuration of the hills and valleys. 

I N T R O D U C T I O N 

Climatological studies of the precipitation of Illinois 
have shown the presence of increased precipitation in 
the average annual and seasonal precipitation patterns 
in a hill area of southern Illinois (Water for Illinois— 
A Plan for Action, 1967). This hill high was not as 
well defined geographically by the existing climatic sta
tions as might be desired, but the few stations in the 
hills had 10 to 15 percent more precipitation on the 
average than did stations located in the lower and flat
ter lands to the north and south of the hills. 

If the increase is real, its causes are important and 
challenging questions to be answered from a view to 
increasing our knowledge of atmospheric processes 
and their interaction with the biosphere and hence the 
water resources of southern Illinois (Roberts et al., 
1962). 

If the rain increase is topographically related, it rep
resents a sizeable rainfall change with a minor eleva
tion change, a heretofore unsuspected phenomenon. 
The hill area has a mean elevation that averages only 
400 feet higher than the surrounding flatlands. How
ever, the southern edge of the hills, part of which is at 
r ight angles to the prevail ing low-level southerly 
winds, rises abruptly (300 to 500 feet within a distance 

of 2000 feet) from very level flatlands, and this con
ceivably could produce localized vertical motions and 
convergence. 

Another possibility for the increase in rainfall over 
the hills relates to land use differences, since the hills 
are largely in forest and the flatlands in row crops. 
These land use differences could 1) affect the turbu
lence of the lower levels, 2) account for spatial differ
ences in humidity due to differences in 
evapotranspiration, 3) lead to different natural 
amounts of cloud and ice nuclei released to the atmo
sphere, and 4) result in a difference in the partitioning 
of solar energy impinging upon the different surfaces. 

Scope of Project 

To obtain answers to the questions of reality, di
mensions, and causes of the rainfall anomaly, the Illi
nois State Water Survey pursued three sequential 
avenues of investigation. First, a series of climatic 
studies of precipitation distribution were performed 
during 1960-1963. These initially considered daily, 
monthly, and seasonal data for comparison of hill and 
flatland stations. These initial climatic studies tended 
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to confirm the reality of the hill high, and to reveal 
that it was a warm season phenomenon. 

Subsequently, a 5-year project was planned to better 
define the areal extent of the hill high. This project 
involved facility support from the National Science 
Foundation to purchase 44 recording raingages and 5 
recording windsets. This equipment was installed and 
operated in a dense network (Shawnee Network) dur
ing 1965-1969. Analyses of these data, on the basis of 
individual rain periods, months, and seasons did de
scribe the dimensions of the rainfall high in the hills 
and the rather exact placement of the maximum rain
fall area within a portion of the hills. 

Finally, these results and those from the climatic 
studies were used to design a 1-month field study in
volving a weather radar, 3 cloud cameras, 5 weather 
(temperature-humidity) stations, 1 pilot balloon site, 
and aircraft sampling flights. 

Unfortunately, the extensive 1-month effort in the 
field sampled a very dry period in the hills, and hence 
very few desired data on rain days were collected. 
This necessitated further analyses of certain climatic 
data and that from the 5-year operation of the dense 
rain-wind network in order to 1) evaluate the meager 
results from the 1-month field effort, and 2) under
stand better the possible causes involved in the in
crease over the hills. 

This report is divided into three sections. The first 
presents various climatic data and results considered 
relevant to 1) establishing the reality of the hill rainfall 
high, 2) suggesting the processes involved in the rain 
increase, and 3) verifying whether the dry 1-month 
sample should exhibit rain increases. 

The second section is based on the 1965-1969 net
work data for summer. On the basis of rainfall pat
terns, each rainfall period (storm) was classified as 1) a 
potential hill-effect storm (maximization in hills), 2) a 
potential no-effect storm (maximization in flatlands), 
or 3) an indeterminate storm (major centers in both 
hills and flatlands). Then analyses were performed 
with respect to seasonal rainfall patterns; synoptic 
storm types; rain types; mean values of rainfall vol
ume, duration, and rate in the hill, flatland, and inde
terminate storms; the frequency distributions of mean 
and maximum rainfall in the topographically grouped 
storms; and the distribution of heavy storm rainfalls. 
These analyses, although based on a semisubjective 
definition of hill-effect storms, provided useful infor
mation in verifying the presence of a hill-effect mecha
nism and in defining the meteorological factors most 
strongly related to the apparent hill-effect. 

The third section of the report presents results 
from the 1-month field project conducted during July 
1970. A few of the individual rain periods are dis
cussed, and various other results from the data as par
titioned on either a regional (hill vs flatland) basis or 
on a time (cloud vs no-cloud) basis are included. 

Background 

The fact that mountains significantly affect the 
weather on and around them has been thoroughly 
documented (Fujita et al., 1962). In recent years it has 
been shown that orographic features of much lesser 
heights are effective in modifying the temperature re
gimes about them, and in altering the precipitation re
gimes to a degree unexpected heretofore (Bergeron, 
1968). However, the 'Project Plevius' studies of Berge
ron were concerned primarily with precipitation en
hancement by forest-crowned hillocks with maximum 
height of 200 feet during stable rains. Bergeron has 
explained the hill enhancement as being caused by the 
increase in size of raindrops falling from altostratus 
clouds and dropping through cumulus 'feeder' clouds 
generated orographically by the gentle uplift in air
flow over the hillocks. The hillocks receive more pre
cipitation unde r these condit ions than do the 
surrounding lowlands. 

During convective rains no hillock-associated pattern 
has been established, although Bergeron hypothesizes 
that it is present and would thus be expected to ap
pear in the average pattern from a large number of 
convective storms. 

A difference in the flora on the Cypress Hills of 
Manitoba, Canada, has been used to explain and to es
timate an annual precipitation of 20 inches compared 
with 13 inches at Medicine Hat which has a different 
flora at 1800 feet lower altitude and 35 miles distance 
(Holmes, 1969). In addition, the Cypress Hills (width 
15 miles, length 150 miles) lay orthogonal to the pre
vailing westerly winds. Holmes has stated, "Further, 
the effects of the hills can be measured in the atmo
sphere to a considerable height above the summit." 

Climatic records reveal that the Shawnee Hills of 
southern Illinois, with a mean height above the bor
dering Ohio and Mississippi Rivers of 310 feet, have a 
climate different from the surrounding lower and flat
ter lands, as evidenced by higher valley winds and typ
ical hill and valley temperature contrasts. For this hill 
and flatland area, a difference in flora cannot be used 
to indicate an increase in precipitation, since both hills 
and lowlands receive more than enough precipitation 
to support dense forest cover of both conifers and 
hardwoods. However, land use and flora differences 
between the two areas (crops in flatlands, forests in 
the hills) lead to regional differences in evapotranspir-
ation that might help explain a rainfall difference. 
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R E S U L T S O F C L I M A T I C S T U D I E S 

Thirty-year normal annual precipitation amounts 
for the period from 1931 through 1960 were deter
mined for the U.S. Weather Bureau (now National 
Weather Service) Cooperative Climatological Stations 
of Anna, New Burnside-Creal Springs, Carbondale, 
Brookport, Jackson, and Cape Girardeau, and for the 
National Weather Service First Order Station at Cairo. 
These stations are shown on the average annual pre
cipitation map of figure 1. This map shows that the 
two hill stations (Anna and New Burnside-Creal 
Springs) have larger mean annual precipi tat ion 
amounts than the flatland stations around them. In 
particular, Anna had 10 percent more annual precipi
tation than Cape Girardeau and 7 percent more than 
Cairo, both located in the Mississippi River Valley por
tion of the flatlands to the south. 

Also shown in figure 1 is a generalization of the 500 
foot mean sea level contour to indicate the outline of 
the hills. The 500-foot contour was chosen because 
most of the surrounding area is less than 500-feet msl, 
and the hills rise abruptly above the lowlands through 
this level. The highest point in southern Illinois is 

1030 feet msl in the western hills near Cobden. 
T h e cooperative stations were divided into two 

groups, hill stations and flatland stations. Group aver-

Figure 1. Average annual precipitation, inches, 1931-1960 

Table 1. Comparison of Mean Monthly, Seasonal, and Annual Precipitation (Inches) 
for Hill and Flatland Areas, 1931-1960 
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ages of monthly, seasonal, and annual precipitation 
are presented in table 1. The average of the hill sta
tions is the higher on an annual basis, but the hill ex
cess does not exist in winter. The hill excess is most 
pronounced in the spring and summer seasons, and 
this suggests that the hill-effect is most active in con-
vective precipitation since 50 to 90 percent of spring 
and summer precipitation in this area is related to 
thunderstorms (Changnon, 1957). 

Since the historical differences might be caused by 
errors in precipitation measurement rather than dif
ferences in orography and land use, an investigation 
of the quality of the historical records was performed. 
However, the pattern coherence with the highest aver
age rainfall in the hills and the lowest in the flatlands 
suggested accurate records. 

Annual Rainfall and Station Evaluation 

The histories of the particular climatic precipitation-
measuring stations including their physical sites, in
strumentation, and the observer changes were perti
nent to this entire climatic study. Reliance must be 
placed upon lengthy records free of bias to determine 
whether the hills influence precipitation processes 
(and hence precipitation patterns), or whether the in
crease was due to observational-instrumental errors. 
The excess of precipitation in the hills, as compared 
with more southerly and lower-level stations, was first 
noted in a study of long-term rcords (Page, 1949). It is 
conceivable that a 10 percent difference between near
by stations might be generated through the years by 
slight differences in exposure. Seven stations within 
and around the hills of southern Illinois have been in 
existence from 1931 through 1960, the interval used 
by the National Weather Service to determine the nor
mals listed in table 1, and their histories were carefully 
examined. 

Cape Girardeau. This station in Missouri was at the 
same site from 1 November 1904 until 1 February 
1969 when the station was moved south of the city to 
the city airport. During the time that the station was 
within the city (elevation 345 feet msl), the station in
strument readings were recorded by three members of 
the same family with a single individual taking the re
sponsibility from 1932 until the city station was closed 
in 1969. Thus, this station apparently had a homoge
neous record. 

Brookport. The U. S. Army Corps of Engineers in
stalled a precinitation-measuring station on this site 
during the construction of Lock and Dam No. 52 on 
the Ohio River at Brookport, Illinois (elevation 330 
feet msl). The recording of precipitation data began in 
November 1928 and has been continuous since under 
the supervision of several lockmasters. The record is 
considered to be homogeneous. 

New Burnside. This station began continuous oper
ation in February 1895 with the precipitation gage at 

one location (elevation 560 feet msl) from August 
1911 through 20 November 1964. The gage was ser
viced by the same person from 22 May 1914 through 
20 November 1964. Since an attempt to find another 
observer for the gage site failed, the station was 
moved 4 miles in 1964 to the nearby town of Creal 
Springs (elevation 495 feet msl). After September 
1968 the station was combined with an existing station 
known as Marion 4 NNE (elevation 477 feet msl). The 
precipitation records for the period when the station 
was in the hill area (at New Burnside and at Creal 
Springs) are considered to be homogeneous . T h e 
move to Marion 4 NNE, in the flatlands north of the 
hills, resulted in a noticeable change toward decreased 
precipitation, as would be expected (see figure 1). 

Jackson. There has been a precipitation-measuring 
station in and around Jackson, Missouri, since 31 Jan
uary 1879. Although there have been several observ
ers and several sites since 1930, the changes were not 
reflected in a double-mass curve analysis (Kohler, 
1949) in which the average of the three previously 
identified homogeneous-record stations was used for 
comparison. Its elevation has been about 450 feet msl. 

Anna. Figure 1 reveals that the hill station at Anna 
(elevation 645 feet msl) recorded more precipitation 
during 1931-1960 than any other nearby station. A 
double-mass curve evaluation for this station is shown 
in figure 2. Four stations, Cape Girardeau, Jackson, 
Brookport, and New Burnside, were used to develop 
areal climatological means for each year against which 
the records for Anna and the other regional stations 
were compared by double-mass analyses. 

The curve for Anna in figure 2 has several slope 
changes occurr ing with changes in locations. T h e 
slope of the curve is constant (1:1) from 1931 through 
1938, and again from 1945 through 1956. The precip
itation at Anna increased relative to the regional aver
age between 1939 and 1945, cor responding to an 
observer and site shift in 1939. A relative precipitation 
change at Anna continued after a site change in 1956 
but it appears to have stabilized at a slope, and on a 
projection of the accumulation curve, the same as that 
from 1931 through 1938. Thus, the mean annual pre
cipitation computed for the period 1931 through 1967 
(to take advantage of the New Burnside-Creal Springs 
records) has been used without adjustment. It will be 
noted that the climatological normal mean for 
1931-1960 is larger than the 1931-1967 mean because 
of the slope changes. 

Carbondale. The station at Carbondale has had a 
history similar to the station history at Anna. This sta
tion on the north side of the hills is at an elevation of 
380 feet msl. A double-mass curve analysis (not 
shown) revealed that the slope changes were not pro
nounced and that the 37-year values were acceptable. 

Cairo. The last station carefully evaluated is the 
first-order station of the National Weather Service at 
Cairo (elevation 315 feet msl). As with many of the 
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first-order stations, the precipitation records have 
been obtained from sites that were selected more for 
observer convenience than for proper exposure. Pre
cipitation records have been collected at Cairo since 1 
June 1871, but the instrument was on a building roof 
at heights 50 to 79 feet above ground from its installa
tion until 31 May 1942. Then the gage was moved to 
the standard 3-foot height for U. S. gages. This dras
tic site change in 1942 is obvious in the double-mass 
curve for Cairo in figure 2. The tendency for rain
drops to be blown away from a gage exposed to the 
wind is well known (Jevons, 1861), and apparently is 
the reason for lesser rainfall at the exposed elevated 
gage in Cairo. 

Figure 2. Double-mass curves of annual precipitation for Anna 
and Cairo and their regional stations 

A reason for the further decrease in relative precip
itation catch between 1942 and 1946 cannot be found 
in the history of the station, but the increased precipi

tation from 1946 through 1967 is considered to be the 
true tendency. A regression equation between the av
erage 4-station annual precipitation and the Cairo an
nual precipitation for the years of 1946-1967 has been 
developed: 

Cairo = 3.667 + 0.987 (mean) 
If the 4-station mean annual precipitation of 45.56 
inches is applied in this equation, the Cairo mean an
nual precipitation is found to be 48.63 inches rather 
than 46.10 inches, the National Weather Service nor
mal. 

Other Stations. The greatest number of precipita
tion-reporting stations in and about the Shawnee Hills 
existed during the 17 years from 1951 through 1967. 
Stations were installed in Illinois at Glendale and 
Grand Tower in 1940, at Marion in 1942, and at Cob-
den and Makanda in 1951. Double-mass curve analy
ses of these stations indicated that the records were all 
reliable. Station means were calculated for 1931-1967 
by regression analysis similar to that performed for 
Cairo. The resulting 'adjusted' mean annual precipita
tion for the region is shown in figure 3. 

Figure 3. Adjusted average annual precipitation, 
inches, 1931-1967 

Figure 3 reveals that Cairo and Anna have had the 
highest precipitation totals in the study area and that 
there is a sharp decrease in precipitation just north of 
the hills. It is unfortunate that there were no climato-
logical stations between Cairo and Anna to delineate 
better the pattern of average rainfall between the two 
sites. The pattern shown on figure 3 indicates that 
there is a decrease in annual precipitation north of 
Cairo and an increase farther north over the hills. 

Although the adjusted 37-year pattern is not as 
strong in its indication of a hill-related increase in 
rainfall as the 30-year normals, the increase is still 
present and apparently real. Since July was a prime 
month of apparent hill-effect and the month chosen 
for the detailed field study, the July (1931-1967) val-
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ues at Cairo and Anna were adjusted and used with 
all o ther station data to derive 'correct ' averages. 
These were used to develop the pattern shown in fig
ure 4. The high exists over the hills with maximum 
rainfall (4.25 inches) at Makanda. 

Figure 4. Adjusted average July rainfall, inches, 1931-1970 

Summer Rainfall and Related Winds 

The seasonal analyses of precipitation in the Shaw
nee Hills clearly revealed that the precipitation center 
in the hills maximized during the summer (June-Au
gust). Thus, other climatic analyses of the summer 
rainfall, and that of each of the summer months, were 
pursued. Regional daily rainfall and wind data for 
1960-1964 were studied to gain a better understand
ing of the possible causes of the hill maximization in 
the summer, and particularly of the possible influence 
of the south-facing steep hill slopes on airflow and the 
production of turbulence. 

For each date of rain at all 12 stations in and 
around the hill area (figure 1), the daily amounts were 
listed for each station. These amounts were sorted ac
cording to the prevailing surface wind flow recorded 
at the Cairo station. Directions were sorted according 
to the 8 principal directions of the compass. Total 
rainfall at each of the 12 stations for each of the 8 
wind directions was totaled for the 5-year period. 
Then 8 precipitation maps were plotted and isohyetal 
patterns constructed. Although not sophisticated, this 
effort was expected to yield gross estimates of the 
wind flow regime when rainfall maximization occurred 
within the hills. 

Essentially, three types of wind-rain patterns were 
found. One type was a gradual north-to-south increase 
in precipitation with little if any apparent local in
crease within the hills. This pattern was present most 

frequently when prevai l ing winds were from the 
north, northwest, or southeast. A second type of pat
tern was classed as ' i nde te rmina te ' with no major 
highs or lows, as defined by two or more stations. The 
indeterminate patterns were found to dominate with 
winds from the northeast, east, and west. The third 
and most interesting pattern showed a distinct isolat
ed maximum at the hill stations, and this was found 
with southerly and southwesterly flows. Interestingly, 
the rainfall pattern for the southerly flow showed a 
maximization in the Anna-Cobden area (southern sec
tion of the hills), whereas the maximization with 
southwesterly flow was found at Grand Tower and 
Makanda (both in the more northerly portion of the 
hill area). 

Figure 5. Average summer rainfall, inches, 1960-1964, for 
different directions of low-level winds on rain days 

The rainfall values for the south and southwesterly 
flow days were grouped and used to develop the sum
mer average pattern for 1960-1964 shown in figure 5. 
The pattern shows a distinct maximum over the hills 
with lesser rainfall to the north, east, and southwest. 
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Another high existed at Cairo for this 5-year period. 
The average summer rainfall pattern when winds 
came from all the other 6 directions is also shown on 
figure 5, and a general decrease from south to north 
is clearly evident. 

Figure 6. Monthly rain day wind roses at Cairo, 1960-1964 
(frequency in each direction expressed 

as a percent of total rain days) 

Figure 6 depicts the monthly wind roses from pre
vailing winds on rain days at Cairo for 1960-1964. 
These wind roses show the predominance of rain days 
when southwesterly and southerly surface flows exist. 
These diagrams reveal that more than 60 percent of 
all rain days in June and July come with southwesterly 
or southerly flow, with only a minor number of rain 
days occurring from the other directions. In August, 
wind flow on rain days is not so dominated by the 
southwest and southerly flow, and comparison of these 
results with those in figure 5 suggests that the hill-ef
fects would be most pronounced in June and July. 

Results from this study certainly suggest that forces 
leading to the hill increases exist primarily on days 
with low-level wind flow from the south and south
west. These results could be indicative of two condi
tions. First, wind flow from those directions is typical 
of the days when isolated, unstable air mass (disor
ganized) showers and thunderstorms occur and when 
cold fronts and prefrontal squall lines approach. The 
results may indicate that hill increases are most preva
lent only under such conditions. Secondly, the results 
may indicate that the abruptness and configuration of 
the west-east oriented edge along the southern hill 
border may indeed interact with winds normal to this 
axis, thus producing increased turbulence in the lower 
atmosphere that in turn aids local convection. Low-lev
el heating of the air over the nearby lowlands would 
tend to be destabilized in passing over the hills. 

Comparison of Daily Rainfall Values 

Information on possible hill-effect was sought in a 
climatic study of daily rainfall data. To this end, daily 
rainfall values for Anna, in the hill area, and for Cape 
Girardeau, which is located 20 miles southwest of An
na and in the flatlands, were analyzed. The climato-
logical normal annual precipitation difference between 
the two stations for the 1931-1960 period is 4.7 inch
es. In order to compare the two stations, the daily 
rainfall amounts for the 10-year period 1950-1959 
were listed and analyzed in various ways. 

The rainfall values for these two stations are repre
sentative of the orographic areas in which they are sit
uated and differences between them should be 
indicative of any hill-effect in the daily rainfall magni
tudes. This particular study was pursued to compare 
the historical daily rainfall values so as to 1) investigate 
whether one station had more rain days, 2) how often 
one exceeded the other, and 3) the magnitude of the 
difference between their daily values. 

The 10-year frequency of daily rainfalls of the two 
stations are listed in table 2. This shows that Cape Gir
ardeau (CGI) which had 36 inches less rainfall in the 
10-year period than Anna, actually had 19 more rain 
days. This represents a rain-day increase of nearly 10 
percent over the Anna value. However, the rain-day 
frequencies for the different rain intensity classes in 
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table 2 show that the greater frequency at CGI came 
on days with very light rainfall, less than 0.1 inch. 
This may result from the Anna observer failing to 
measure some exceptionally light rainfalls or it may be 
a real difference. For the rainfall amounts between 
0.10 and 0.24 inches there is no difference, but in the 
moderate to heavy classes, 0.25 inch up to 1.0 inch, 
the Anna frequencies are distinctly greater. There is 
essentially no difference in the very heavy daily rain
falls (greater than 1 inch). 

Table 2. Frequency of Daily Rainfall Amounts 
at Anna (Hill) and Cape Girardeau 

(Flatland), 1950-1959 

A more meaningful comparison of the daily rainfall 
values involved classifying each rain day according to 
which station had the higher value and then determin
ing the numerical difference between the two values. 
As shown in table 3, Anna had 137 daily rainfall val
ues that were greater than those at CGI. Comparisons 
based on rain at one station and none at the other 
were performed to obtain potential indications of rain
fall initiation differences. On 50 percent of the 137 
days when Anna exceeded CGI (68 days), there was 
no measurable rain at CGI (table 3). However, on 56 
percent of the days when CGI had a value exceeding 
the Anna value, there was no rainfall at Anna. 

Table 3. Comparison of Summer Daily Rainfalls 
at Anna and Cape Girardeau 

According to Higher Value 

The numerical differences in the values for the two 
stations were also determined. The percent of the to
tal number of rain days when the difference between 
the two values equaled or exceeded 0.2 inch is shown 
in table 3. On 64 percent of the 137 days when the 
Anna value exceeded the CGI value, the difference in 
their values was >. 0.2 inch, whereas only 37 percent 
of the days when the CGI value was highest had dif
ferences of 0.2 inch or more. 

The various analyses and comparisons of the Anna 
and Cape Girardeau daily rainfall data suggest that 
the higher rainfall in the hills is not due to the local
ized initiation of rain over the hills nor to many days 
when the hill stations have slightly more rainfall by 
enhancement. Rather it is due to a considerable en
hancement of rainfall on a few rain days. 

Climatic Patterns of July Rainfall 

Examination of average rainfall patterns by seasons 
in the various climatic studies showed that summer 
was the primary season for increased precipitation 
over the Shawnee Hills. Inasmuch as the 1-month 
field project in 1970 occurred in July, it was important 
to assess the rainfall climate of July. Inspection of the 
average monthly rainfall patterns revealed that the lo
calized hill maximum was pronounced in July. Fur
thermore, examination of the wind analyses (figures 5 
and 6) revealed that hill-effects occurred primarily 
with southerly and southwesterly low-level flows and 
that these flows were frequently experienced in July. 

Figure 7. Average July rainfall patterns, inches, 
for the 10 wettest, 10 driest, and 10 near normal Julys 

in the study area, 1941-1970 
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The July rainfall data were studied in two ways. 
First, the July values for the 1941-1970 period were 
investigated to ascertain the various isohyetal patterns 
likely to occur in dry, near normal, and wet Julys. Sec
ondly, time t rends in the July rainfall for the 
1951-1970 period were determined to examine for re
gional anomalies in the data. 

For each July the 1941-1970 rainfall data at the 12 
stations in the area were averaged to determine an 
areal mean value. These 30 mean rainfall values were 
ranked so that the 10 wettest, 10 driest, and remain
ing 10 near normal Julys were identified. For each of 
these classes, the average values were determined and 
plotted on separate maps. The resulting patterns are 
shown in figure 7. 

The pattern based on wet Julys revealed a very dis
tinct isolated hill maxima with the maximum point val
ue occurring at Cobden. The pattern for the 10 near-
normal rainfall Julys was quite different. Much of the 
hill area had low rainfall, although a small high exist
ed across the northern edge of the hills with the maxi
mum at Makanda. The pattern for the 10 driest Julys 
also did not exhibit much regional variability although 
there was a minor maximum in the northern portion 
of the Shawnee Hills where Makanda had an average 
of 2.51 inches. However, Cairo had the highest point 
average in the dry Julys. 

This analysis indicated that extensive data collection 
and study for either dry or near normal rainfall in Ju
ly would be informative but not as revealing as that 
for a wet July when greater data and information 
would be available. These data also showed that the 
maximization of precipitation in the hills is a function 
of the frequency and magnitude of rainfall, a conclu
sion also suggested by the daily rainfall comparisons 
of Anna and Cape Girardeau. The hill area maximum 
is somewhat farther south during wet Julys than it is 
in the drier and more normal Julys. Whether these 
differences are due to different hill-related mecha
nisms or to differences in storm motions and predomi
nant synoptic storm types during wet, moderate, and 

dry Julys cannot be established from the climatic stud
ies. 

To examine further the historical July rainfall val
ues, the July values for 1951-1970 from 11 stations in 
and around the hill area were studied for changes 
with time and regional continuity. The values at each 
station were individually regressed against time to de
termine the slope values (coefficients) in the regression 
equation of time against July rainfall. These slope val
ues were plotted on a base map and the resulting pat
terns (figure 8) reflect a trend surface that can be used 
for identifying stations with unusual trends. All sta
tions had slight negative trends during the 20-year pe
riod used in this analysis. The stations with the least 
negative t rends included Cobden, New Burns ide , 
Cape Girardeau, and Grand Tower. Only one of the 
individual trend values suggests a unique or question
able trend for the July rainfalls. This was Cairo which 
had a much greater negative value (-0.079) than the 
others in the area. The reduction in slope is also ap
parent in the annual precipitation at Cairo after 1950 
(see figure 2). 

Figure 8. Trend of July rainfall, 1951-1970 

SHAWNEE NETWORK RAINFALL ANALYSES, 1965-1969 

A detailed analysis of summer rainfall (June-Au
gust) during the 1965-1969 period, as obtained from 
the dense Shawnee Network of weighing-bucket rain-
gages, was made in an effort to gather additional evi
dence pertaining to the potential hill-effect on rainfall 
in the Anna region of southern Illinois. Individual 
monthly and seasonal maps of total rainfall were con
structed for each of the five years. From these, aver
age and total rainfall by monthly and seasonal periods 
for the 5 years were determined and mapped. 

Several types of statistical analyses were performed 
on the data after the Shawnee Network was divided 

into two general areas, the hills and flatlands. The de
fined hill area consisted of 31 raingages in approxi
mately 440 square miles, and the flatland area had 28 
gages in 427 square miles surrounding the hill region. 
However, only the analyses most useful in providing 
information on the possible hill-effect will be discussed 
in this section. 

A hill-effect storm was defined as one in which the 
three highest rainfall amounts occurred in the hill 
area. Similarly, the flatland storms were those in which 
the three heaviest rainfalls were observed in the flat-
land region. Storms were classed as indeterminate if 
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the three heaviest rainfall amounts were divided be
tween the hill and flatland areas. 

Summer Isohyetal Patterns 

Figure 9a shows the average summer (June-August) 

rainfall for the 1965-1969 period on the Shawnee Net
work. A pronounced high in the summer rainfall pat
tern extends W-E across the hill area. However, the 
heaviest rainfall (13.59 inches) was recorded at Grand 
Tower on the Mississippi just west of the hill region 
boundary. 

Figure 9. Five-year mean rainfall, inches, for summer, June, 
July, and August, 1985-1969 
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Reference to normal summer rainfall maps for Mis
souri and Illinois indicated the Grand Tower high was 
an isolated peak in the general climatic pattern. Fur
ther investigation showed that the Grand Tower sta
tion is located in the vicinity of an isolated 600-foot 
hill having a crest extending about 2 miles in a N-S 
orientation. Therefore, this station can really be con
sidered representative of a hill-effect region rather 
than a flatland observation site. In view of the above 
circumstances, the departure of the major high in fig
ure 9a from the regional climatic pattern can be con
sidered evidence in support of a hill-effect on the 
summer rainfall in the study region. 

Examination of summer rainfall patterns in the 5 
individual years showed the 1969 pattern correspond
ing most closely to the 5-year mean pattern. Over 
most of the network, summer rainfall was above nor
mal in 1969 and much above normal in the hill area. 
Summer 1967 also had a pattern which was quite simi
lar to the 5-year mean, but this was a year when the 
rainfall was below normal over most of the network. 
Summer 1965 showed a secondary high across the 
hills, but the primary maximum was in the western 
and southern flatland areas. The summer patterns for 
1966 and 1968 had little resemblance to the 5-year 
mean. Thus, 2 of the 5 years had similar high rainfall 
ridges across the hill area and a third year had a sec
ondary maximum in this region. On the basis of this 
5-year sampling period, consistency in the summer 
rainfall pattern was not outstanding. Results suggest 
that the hill high was the result of more frequent 
peaking in the hills east of Grand Tower than in any 
other specific area in the study region. 

June Isohyetal Patterns 

The major W-E hill high for summer shown in fig
ure 9a is present also on the average June rainfall 
map for 1965-1969 (figure 9b). The peak rainfall has 
shifted eastward from Grand Tower to the east side of 
the network in the hill region. A secondary high is lo
cated near Anna. However, reference to maps for 
each June did not indicate consistency in the location 
of the 5-year mean pattern. Only in 1969 did the indi
vidual monthly pattern correspond closely with the 
5-year average, and because of the unusually heavy 
rainfall in June 1969, this month exerted a major in
fluence on the characteristics of the June 5-year mean. 
For example , at station 10 where the 5-year June 
mean maximized, 50 percent of the 1965-1969 total 
rainfall occurred in 1969. The June 1969 rainfall at 
station 10 contributed 26 percent of the total 5-year 
summer rainfall, so that this month also exerted con
siderable control over the average summer pattern. 

Further investigation revealed a total of 14 network 
storms in June 1969, but most of the monthly rainfall 
in the W-E high region occurred in th ree heavy 

storms on the 12th, 22nd, and 30th. In the other four 
years, 1965-1968, the maximum rainfall was not locat
ed in the W-E high region. In these years, the maxi
mum occurred in the flatlands, although in two years, 
1966 and 1967, the maxima were located just north of 
the hill region and could have been influenced by the 
hills. June 1966 and 1967 were relatively dry over 
most of the network. 

Although the June 1965-1969 mean pattern shows a 
definite hill high, evidence in support of any pro
nounced hill-effect high for June is weak because of 
the pattern dependence on the heavy rainfall of June 
1969. However, at this point the 1969 pattern does 
suggest the possibility that the hill-effect may be most 
pronounced in heavy rainstorms, and that the long-
term high at Anna could be the result of enhancement 
of such storms. 

July Isohyetal Patterns 

Figure 9c shows the average July isohyetal pattern 
for 1965-1969. The peak rainfall occurred in the west
ern part of the hill area, but the high is not nearly so 
pronounced as in the 5-year summer and June means 
discussed previously. For individual years, the peak 
July rainfall was found in the hill area in 1965, 1967, 
and 1968. These were years in which most of the sam
pling area experienced near normal to above normal 
monthly totals. In 1969 July rainfall was much above 
normal but the peak rainfall occurred in the southern 
flatlands. Thus, there appears to be no outstanding re
lationship between occurrence of the hill high and to
tal monthly rainfall. 

August Isohyetal Patterns 

T h e 5-year mean rainfall pa t t e rn for August 
1965-1969 (figure 9d) does not show a hill pattern 
similar to those for June, July, and total summer rain
fall. There are two isolated highs in the hill area, but 
these are offset by highs NE and SW-S of the hill area. 
However, the peak monthly rainfall occurred in the 
hill area in 1965, 1967, and 1969, and in 1968 the 
high was located near the northern border of the hill 
area. Thus, the peak monthly rainfall occurred more 
consistently in the hill area in August than in June 
and July during the 1965-1969 period. 

The absence of a well-defined hill-area high appears 
to be the result of the more random location of the 
August peak rainfall from year to year. This suggests 
that the hill-effect storms of June and July tend to be 
more consistent spatially in their occurrence compared 
with those of August. In turn, this could be related to 
differences in synoptic conditions associated with hill-
effect storms in late summer, particularly with respect 
to the wind field as pointed out earlier (figures 5 and 
6). However, in the interpretation of the 1965-1969 
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results, it must be recognized that this period showed 
some departures from the long-term climatology of 
the area. 

Distribution of Synoptic Weather Types 
with Network Storms 

An investigation was made to determine whether 
hill-effect storms tend to be associated more frequently 
with any particular synoptic storm situation in com
parison with the flatland and indeterminate storm 
groups. The 1965-1969 storms were classified into 
four basic synoptic types: frontal storms, air mass 
(nonfrontal) storms, low center passages, and squall 
lines. The frontal storms were grouped further into 
cold, warm, static, and occluded types. Classification 
was made from published maps of the National 
Weather Service. 

Cold front precipitation was defined as that occur
ring from 100 miles in advance of the front until end
ing of rainfall with the frontal passage. Pre-cold-front 
squall lines included those occurring in the warm air 
mass approximately 100 to 300 miles in advance of 
the front and were considered to be indirectly associ
ated with cold fronts. Rainfall associated with warm 
and occluded fronts included that occurring with the 
approach and passage of the fronts and, depending 
upon the synoptic situation, could include precipita
tion up to 200 or 300 miles in advance of the front. 
Static front precipitation was defined as that occurring 
from stagnating fronts south of the area of interest, 
and was usually associated with a stagnating cold front 
within 50 to 100 miles. Low center passages were de
fined as closed pressure centers passing through or 
near the area of interest, and could be accompanied 
by frontal passages associated with the low center. Air 
mass storms included rainfall occurring in both warm 
air masses in the absence of fronts and cold air mass 
instability showers occurring well after the passage of 
the cold front, and often associated with the passage 
of a trough aloft. 

Table 4. Distribution of Network Summer Storms 
by Synoptic Type 

Table 4 shows the number of cases and percentage 
frequency for each synoptic type in the hill, flatland, 
and indeterminate categories. Most storms during the 

sampling period were air mass, cold front, and static 
front types. These three synoptic types accounted for 
83 to 86 percent of the three topographic classes of 
storms. The percentage frequencies show cold fronts 
most prominent with the hill-effect storms. Air mass 
and static front storms were found more often in the 
flatland and indeterminate categories. In cold frontal 
situations, hill-effect storms occur 6 to 9 percent more 
often than do the flatland and indeterminate storms. 

Overall, there is some evidence that the hill-effect 
occurs most frequently with cold front systems. How
ever, the percentage frequency of these systems is not 
sufficiently greater than air mass storms to eliminate 
the possibility that it merely reflects a sampling vagary 
in the 5-year period. 

Next, the mean and median rainfall amounts were 
determined for each major synoptic type in the storms 
centered in the hills or flatlands. Means and medians 
were determined for the entire network and for the 
subareas enclosing the hill and flatland regions. Calcu
lations were made for cold fronts, static fronts, air 
mass storms, and cold fronts plus prefrontal squall 
lines. Results are summarized in table 5. 

Table 5. Distribution of Storm Rainfall 
by Synoptic Type 

Tabulations for the entire network show that cold 
fronts and cold fronts plus squall lines produced the 
most rainfall per storm. Smallest average and median 
amounts were associated with air mass storms. In all 
synoptic types, the hill-centered storms had larger 
means and medians than the flatland-centered storms. 
This provides evidence of a hill intensification mecha
nism in the sampling area. 

The underlined values in the 'hills only' columns are 
hill-area means and medians for storms centered in 
the hill regions. Similarly, the underlined numbers in 
the 'flatlands only' columns are flatland means and 
medians for those storms centered in the flatlands. 
The other numbers show the flatland means and me
dians in hill-centered storms and, conversely, the hill 
means and medians in the flatland-centered storms. 

The statistics in the 'hills only' and 'flatlands only' 
categories lead to the same conclusions regarding a 
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hill intensification mechanism. Comparing the under
lined values in these columns, the hill-area values ex
ceed the flatland values in each case, except for the 
means in static fronts. In the most intense synoptic 
type (cold fronts plus squall lines) the hill-flatland ra
tio of means for the underlined values is 1.84 and the 
ratio of medians is 2.22. Thus, hill-centered storms 
tend to produce much more intense rainfall in the hill 
area than flatland-centered storms do in the flatland 
region. 

Further analyses showed that cold fronts and the 
cold front-squall line combination not only had the 
highest means and medians but were the major pro
ducers of total rainfall in both the hill and flatland re
gions. Thus, in hill-centered storms, 47 percent of the 
hill-area rainfall was associated with cold fronts and 68 
percent with cold fronts plus squall lines. In flatland-
centered storms, 50 percent of the flatland-area rain
fall occurred with cold fronts and 62 percent with cold 
fronts plus squall lines. Thus, both areas received the 
majority of their rainfall from the same sources. This 
similarity again points to hill intensification of storms 
as the major cause of the observed hill high for the 
1965-1969 period (figure 9a), which was discerned al
so in the long-term climatic data for southern Illinois. 

Storm Rainfall Means, Durations, and Rates 

Analyses were made to determine possible differ
ences among hill-effect, flatland, and indeterminate 
storms with respect to storm mean rainfall, average 
storm duration, and average storm rainfall rate on the 
Shawnee Network. Results are summarized in table 6. 
Network rainfall averaged highest (0.35 inch) among 
the 58 hill-effect storms, and was much higher in the 
hill storms than in those centered in the flatlands (0.16 
inch). This relatively large difference in magnitude 
among storms centered in the hills and flatlands pro
vides strong evidence of a hill intensification factor. 

Table 6. Averages of Three Basic Storm Parameters 
in Network Summer Storms 

No major difference between the hill and flatland 
storms is shown by average storm duration in table 6, 
but average rainfall rate is more than twice as great in 
the hill storms. Thus, the difference in network mean 
rainfall is the result of greater rainfall rates in the hill-
effect storms. Average storm duration is substantially 
greater in the indeterminate storms compared with 
the hill and flatland storms. This indicates a greater 
frequency of larger storm systems in this storm cate
gory. The fact that the inde te rmina te storms had 
storm maxima divided between hill and flatland sta

tions provides indirect evidence that any hill-effect is 
less pronounced or nonexistent in the larger, longer 
duration storms. 

Distribution of Rain Types in Network Storms 

Table 7 shows the percentage frequency of major 
rainfall types in the three topographic classifications of 
network storms. In those storms in which more than 
one rainfall type was observed, the storm was assigned 
to the predominating type. 

Table 7. Percentage Frequency of Rain Types 
in Network Summer Storms 

Comparing hill and flatland storms immediately re
veals major differences. The predominant rain type in 
the hill storms was thunderstorms, whereas rainshow-
ers occurred most frequently in flatland storms. Fur
t h e r m o r e , s e v e r e w e a t h e r ( t h u n d e r s t o r m s 
accompanied by hail) occurred much more often in 
the hill storms. Rainfall rates were greater in thunder
storm rainfall than in rainshowers, on the average. 
Thus, the rain type frequency differences between hill 
and flatland storms given in table 7 support and help 
explain the differences in mean rainfall and average 
rainfall rate shown in table 6. That is, both tables pro
vide evidence of an intensification of convective storms 
in the hill region. 

The rain type distributions for indeterminate storms 
show thunderstorms dominating and a substantial per
centage of hail events, similar to the hill-effect storms. 
As pointed out in the discussion of table 6 these tend 
to be larger, longer duration storms with maximiza
tion divided between hill and flatland areas. Thus, 
predominance of thunderstorms in summer rainfall is 
a logical expectation in these storm events. 

Frequency Distribution of Areal Mean Rainfall 

Further comparison of storm mean rainfall distribu
tions in the hill, flatland, and indeterminate groupings 
was made through development of frequency distribu
tions for each storm type. Thus, the 58 storms in 
which there was a potential hill-effect (highest three 
rain amounts in the hills) were ranked from high to 
low mean rainfall, and probability curves were derived 
from the ranked data. Results of this analysis, ob
tained from the curves derived for each storm type, 
are summarized in table 8. Network mean rainfalls are 
shown for selected probabilities. 

Comparison of the hill-effect and flatland values in 
table 8 illustrates the tendency for more intense 
storms to be centered over the hills. T h u s , the 
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1965-1969 data indicate that 1 storm in 20 (a 5 per
cent probability) centered in the hills will have a net
work mean of 1.72 inches or more, compared with 
0.85 inch for the equivalent flatland frequency. The 
skewness of the storm rainfall distribution is well illus
trated by comparing the network means of table 6 and 
the network medians (50 percent probability values) in 
table 8. 

Table 8. Frequency Distribution of Network 
Storm Mean Rainfall in Hill and Flatland Storms 

Possibly a better method of comparing the storm in
tensity regimes in the hill and flatland areas is to de
velop frequency distributions of the hill-area only and 
flatland-area only mean rainfall as opposed to the en
tire network mean rainfall used in deriving table 8. 
The results summarized in table 9 further strengthen 
the evidence that the hills tend to intensify the storm 
rainfall under certain synoptic conditions. 

Table 9. Frequency Distribution of Storm Mean Rainfall within 
Hill Area Only in Hill-Centered Storms and within 
Fiatiand Area Oniy in Fiatiand-Centered Storms 

Frequency Distribution of Storm Maximum Rainfall 

Frequency distributions of network maximum rain
fall were developed for hill-centered and flatland-cen-
tered storms following the same procedure used in the 
network mean rainfall analyses. The results summa
rized in table 10 provide additional support for storm 
intensification in the hill region. Table 10 indicates 
that 1 storm in 20 (5 percent probability) of those cen
tered in the hill region will have a maximum rainfall 

Table 10. Frequency Distribution of Network 
Storm Maximum Rainfall in Hill and Flatland Storms 

of 4.05 inches or more. The same probability value 
for flatland-centered storms is 2.70 inches. A substan
tial difference is found throughout the range of prob
ability values shown in table 10, and at the median (50 
percent probability) the hill-centered maximum (0.66 
inch) is 28 percent greater than the flatland value 
(0.47 inch). 

Spatial Pattern of Maximum Rainfall Occurrences 

The frequency of occurrence of maximum storm 
rainfall at each gage was determined for all storms 
combined during the 1965-1969 sampling period. The 
total number for each gage was then plotted on the 
network base map to determine whether storms tend
ed to maximize in a particular region. This analysis re
vealed no trend for storms to maximize in the hill 
region more frequently than in the flatlands. The 
storm maximum was recorded in the hill area in 49 
percent of the storms and in the flatlands in 51 per
cent of the cases. Thus, it is apparent that the hill 
maximization in the total rainfall pattern is related to 
greater intensity in hill-effect storms rather than more 
frequent centering of storms in the hill region. 

Distribution of Heavy Rainstorms 

Since climatic studies described earlier in this report 
indicated the hill high was associated with heavy rain 
events, the Shawnee Network data for 1965-1969 were 
analyzed for the frequency of storms in which rainfall 
equaled or exceeded 1 and 2 inches. The results sum
marized in figure 10 provide support for dependence 
of the hill high on the distribution of heavy rain
storms. The 1-inch map shows an area of maxi
mum frequency extending W-E across the hill region 
in the same general area as the total rainfall high for 
summer shown in figure 9a. A second high frequency 
area of smaller extent is located near Anna where the 
presence of the hill high was originally discerned in 
the long-term climatic statistics. 

The >. 2-inch map in figure 10 also shows the ma
jor area of high frequency in the hill region. The 
most outstanding peak in this pattern is again oriented 
W-E but lies a little south of the total rainfall high of 
figure 9a. A secondary high is located in the NW part 
of the hill area, and there is a small peak in the pat
tern in the flatland area just SW of the hill region. In 
general, the 2-inch pattern also supports the strong 
relationship between the frequency of heavy rain
storms and the seasonal high in the rainfall pattern. 
Average frequency of 2-inch storms in the hill area 
(figure 10) was 4.3 per gage compared with 2.3 per 
gage in the flatland area. This indicates nearly double 
the probability of a 2-inch storm occurring in the hills 
than in the flatlands. 
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Figure 10. Number of times storm rainfall was 2.1.0 and 
>2.0 inches during June-August, 1965-1969 

Low-Level Wind Flow 
prior to and during Rainstorms 

A 6-hour period (prior to and during rainstorms) 
during which at least 4 of the 5 wind-recording sta
tions were producing good records was selected for 
analysis of the low-level wind flow patterns. The wind 
velocities were plotted on base maps, and the resulting 
patterns of streamlines were classified as nondivergent 
(straight-line), divergent, or convergent. These pat
terns were then paired with the categories of areal 
maximization of precipitation as shown in table 11. 
This table shows only the rainstorms associated with 
cold fronts and squall lines during 1965 and 1966. 
When there was convergence over the hills, there was 
never a flatland maximum of precipitation. When 
there was divergent flow over the hills, there was only 
one case of a hill maximum. 

The wind field pattern typical before the onset of 
air mass showers was for SE or SSE winds of low 
speed. This low wind speed permitted the winds to 

blow up the valleys to the south of Anna converging 
upon the plateau. In contrast, the winds preceding 
squall line and cold frontal rains typically blew from 
the S or SW at a more moderate speed. These winds 
were found to be from the SW over the flatlands 
south of the hills, SSW in the Mississippi River Valley 
west of the hills, and southerly over the hills them
selves. This pattern is convergent and appears to be 
caused by the steep hills bordering the floodplain of 
the Mississippi River and the valleys in the hills. 

Table 11. Occurrences of Windflow Patterns 
Six Hours prior to and during Cold Frontal 

and Squall Line Rains 

O N E - M O N T H I N T E N S I V E F I E L D I N V E S T I G A T I O N 

The enhancement of precipitation by the hills may 
be the result of one or more physical causes: 1) in
creased surface roughness (Bergeron, 1968; Anders-
sen, 1963); 2) higher level heat source (MacCready, 
1955); 3) south-facing hill slopes (Braham and Dragin-
is, 1960; Ranft and Kilburn, 1969); 4) increased mois
ture supply from increased evapotranspiration (Jones, 

1966); and 5) added cloud or ice nuclei from local 
man-made or floral sources. 

Bergeron and Anderssen studied the increased pre
cipitation in a concentrated precipitation gage network 
in southern Sweden. They found that gages located on 
small wooded hillocks received more precipitation 
than did gages on the surrounding treeless plains. 
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The Swedish Hills are not as high as the Shawnee 
Hills and the enhancement in Sweden has been ob
served only during stable rains. The Shawnee Hills 
were found to enhance precipitation totals predomi
nantly during the summer in moderate convective 
showers. However, there are similarities in the fact 
that both locations show the enhancement in wooded 
hills surrounded by lower flatlands. 

It is possible that the Shawnee Hills increase convec
tive precipitation through dynamic processes started 
by the additional heat and resultant convective over
turning associated with the south-facing slopes and 
higher terrain. These factors have been discussed for 
isolated mountain slopes by MacCready (1955) and 
Braham and Draginis (1960). The difference in scale 
between mountains of 5000 feet above the surround
ing terrain which they analyzed and the Shawnee Hills 
400 feet above surrounding terrain would seem to 
preclude the high-level heating as a significant factor 
in the enhancement. However, the isolation of many 
showers over the area during summer air mass (non-
frontal) shower days lends credence to these possible 
factors. 

The possibility exists that the hills receive more rain 
because they evapotranspire more moisture into the 
layers of air immediately above the terrain. It has 
been shown by Jones (1966) that evapotranspiration is 
higher in these hills than in other parts of Illinois 
north or south of the hills. This may be due to the 
greater plant-leaf surfaces available for transpiration 
from the trees in the hills compared with those of
fered by the crops in the surrounding flat farm lands; 
or it may be because the added precipitation in the 
hills leads to an excess available for evapotranspira
tion. The humidity measurements were designed to 
answer the question of additional humidity, but would 
not necessarily define the source. 

A similar project in hills that are considerably high
er than the Shawnee Hills is being performed by the 
Canadian Department of Transport in the Cypress 
Hills area in Manitoba (Holmes, 1969). Differences be
tween the Cypress Hills climate and that of the sur
rounding prairie are being studied in an attempt to 
document a rainfall difference. The Cypress Hills, 
which are 150 miles east-west in length and 15 miles 
wide, rise approximately 2000 feet above the environs. 

The Canadians have not emphasized the enhance
ment of precipitation since the enhancement is only 
obvious in the different flora of the hills and the 
plains. It is estimated that the average annual precipi
tation is 20 inches for Cypress Hills and that 13 inches 
is the long-term annual average at Medicine Hat 35 
miles northwest. Colton (1958) found that the San 
Francisco Peaks in northern Arizona, which rise to 
8000 feet above the nearby desert, caused a maximum 
of 7.45 inches of summertime precipitation which may 
be compared with 2.50 inches over the Painted Desert 
to the east of the Peaks. The average summer rainfall 

in the Shawnee Hills is 11.6 inches compared with 9.7 
inches in the flatlands to the south and 10.9 inches in 
the flatlands to the north. 

The primary objective of the intensive 1-month field 
project in the hills and ensuing analysis was to deter
mine the causes of the enhancement of the precipita
tion over the hills. To establish the causative factors 
for the hill increases, the following hypotheses were 
explored: 

1) The hill-effect rain increases may result from 
clouds that develop over the upwind flatlands, 
either in a random or selective spatial pattern 
with a few clouds intensifying as they move over 
the hills, or the observed 'hill-effect' may really 
be a statistical coincidence resulting from a pre
ferred breeding area in the upwind flatlands. 

2) The effect may be caused by clouds developing 
along the edges of the hills and remaining in a 
quasi-stationary position as they develop. 

3) The clouds may develop in a preferential up
wind breeding area and precipitation from them 
may be initiated or intensified by hill-effects as 
they move across the uplands. 

4) The hill-effect rains may tend to form in clusters 
with one or two becoming predominant, or they 
may result from very isolated cloud develop
ments. 

5) An increase in active cloud and/or freezing nu
clei from a source localized in the hills may be 
causing an enhancement of precipitation. Schnell 
(1972) has shown that the forests of the west, 
th rough the release of te rpenes , add useful 
quantities of freezing nuclei. Samples of forest 
litter from the western Shawnee Hills were sup
plied to Schnell for his analysis, and he found 
that this litter could be active as freezing nuclei 
(personal communication, 1972). 

instrumentation and Operations 

This project involved, in addition to the existing 
raingage and wind set network, additional surface in
strumentation, upper air wind measurements, and 
low-level aircraft flights. Five Cotton Region Weather 
Shelters housing hygrothermographs were installed in 
a rhombic pattern centered on Anna (figure 11). An 
anemograph also was located at each shelter site. 

The raingage network of 1965-1969 was rearranged 
into an approximate rectangle (figure 11) on the basis 
of information gained during the previous 5 years of 
network operation. It was particularly desired to ob
tain data in the Pine Hills area along the western edge 
of the network where a high in precipitation values 
had frequently been found in 1965-1969. All the sur
face weather instrumentation was operated continu
ously during July 1970. 

It was anticipated that answers to the basic problems 
and questions would be provided largely by analyses 
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of cloud and radar echo histories recorded by cloud 
cameras and a radar set installed for the field project. 
However, the radar became the pr imary tool em
ployed in this analysis since the cloud photographic 
data were not of sufficient value to justify the data re
duction task. 

Figure 11. Instrument sites in July 1970 

Other measurements were employed in efforts to 
define the relative importance of such hill-effect fac
tors as terrain roughness, differential heating of 
slopes, and increased evapotranspiration in the initia
tion and or intensification of convective clouds and 
precipitation. A series of measurements was needed in 
the hill region to establish 1) the horizontal and verti
cal wind fields and associated convergence or diver
gence, and 2) the moisture profiles in the lower layers 
(below 5000 feet). The primary means for collecting 
these data was by aircraft which made horizontal mea
surements of temperature and moisture to define the 
distribution of unstable air and sources of moist air in 
the mornings before clouds formed. Many low-level 
horizontal soundings prior to cloud formation allowed 
mapping of the spatial patterns of temperature and 
moisture and updraft areas. Other measurements of 
low-level wind motions and trajectories were obtained 
by the daily use of pibal measurements and zero-lift 
balloon trajectories. 

A trailer-mounted 3-cm (M-33) radar capable of 
tracking and plotting the position (height, range, and 
azimuth) of a tracked object was installed in June 
1970 (figure 12) and was operated between 0900 and 
1900 CDT on each day in July. The location was cho
sen to optimize scanning of the hills to the west and 
north and flatlands to the south (figure 11). The PPI 
was routinely photographed to record the position 
and movement of precipitation echoes detected by the 

radar within 60 nautical miles. The tracking and plot
ting capabilities of the radar were employed for the 
determination of upper air winds and the tracking of 
zero-lift balloons. Vertical growth rates of precipita
tion, as represented by echo height change, were mon
itored by the reading of tilt angles from the radar. 
This was done to determine whether echo growth 
rates over the hills might be different from the rates 
of nonhill echoes. Sheltered time-lapse cloud cameras 
were installed at 3 sites (figures 11 and 12). 

Figure 12. Buncombe radar site with wind set tower and 
cloud camera shelter (foreground) 

Attempts were made to track ground-released hel
ium-filled zero-lift balloons by radar, theodolites, and 
by automobile to determine the structure of the con
vection in passing from the flat terrain into the hills. 
Seven balloons were released in the southern flatlands 
near Cape Girardeau, and all were tracked along the 
Mississippi River Valley into the Pine Hills. Tracking 
was done on 17, 19, 24, 25, 27, 28, 29, and 30 July. 
Although the balloons were obviously following local 
air currents in both the horizontal and vertical, those 
that reached the hills skirted along the rim of the hills 
without rising above them. Balloons released directly 
within the hills could be tracked for only short dis
tances because of obscuration behind intervening 
ground objects, usually trees. Attempts to track target-
equipped zero-lift balloons with the radar were limited 
to release points within the range of the radar's optical 
periscope, found to be approximately only 4 miles in 
the haze characteristic of the region in a dry July. The 
results from the zero-lift balloon experiments were 
considered inconclusive other than the indication that 
the low-level horizontal winds tend to follow the val
leys. 

An Aztec aircraft (figure 13) was leased and flown 
with an on-board meteorologist on days when convec
tive activity was expected. The number of operational 
flights as roundtrips from Marion Airport was 1 on 23 
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Figure 13. Project aircraft 

Figure 14. Types of flight tracks 

days and 2 on 2 days. Four calibration test flights were 
performed. This aircraft was instrumented with Mee 
dry bulb and wet-bulb depression instruments, both 
recording their data on a dual-channel strip chart run
ning at 3 inches per minute. Manual readings of a 
Gardner condensation nuclei counter and an MRI 

freezing nuclei cold-box were made at frequent inter
vals on each flight. Regional cloud coverage and cloud 
base heights were estimated routinely, and photo
graphs were taken of selected clouds. Flights were 1 of 
4 possible types shown in figure 14. The flight pattern 
chosen was generally across the hills and parallel or 
perpendicular to the low-level wind flow. Height on 
most flights was constant at about 1500 feet msl (800 
to 1100 feet above ground). Vertical soundings to 
flight height were made on all flights, and on 3 days 
soundings were made between 5000 and 7500 feet 
msl. 

Precipitation in July 1970 

Precipitation fell on some part of the Shawnee Net
work on 11 days during July 1970. On only four of 
those days did rainfall cover the entire network. The 
July rainfall at Anna was 1.21 inches which is 35 per
cent of normal and the third lowest July total since 
1931. Only one station in the dense network had 
above-normal rainfall, and that was gage 38 near Cape 
Girardeau (figure 11). However, the Cape Girardeau 
raingage station, located 8 miles to the southwest of 
gage 38, received far below normal rainfall. 

Figure 15. Total rainfall, inches, for July 1970 

Only a minor hill increase is apparent in the total 
monthly precipitation pattern (figure 15). The pattern 
is not unlike the average pattern for dry Julys shown 
in figure 7. This meant that July 1970 was a typical 
dry July in the study area, and that only minor, if any, 
rain increases in the hill area could be expected. Thus, 
it was not an optimum sample for study of the causes 
for hill-area enhancement of rain. 

The July 1970 showers tended to be heavy only in 
small areas, and were mostly of the air mass type 
(nonfrontal). In general, moisture was adequate near 
the surface, but was generally not adequate through a 
sufficiently deep atmospheric layer to permit the for-
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mation of widespread thundershowers in the absence 
of the lifting associated with a frontal discontinuity. 

The mean large-scale circulation over North Ameri
ca in July 1970 closely resembled the normal condi
tions. T h e average 700 mb height over sou thern 
Illinois was less than 1 decameter difference from the 
mean. However, somewhat above average mean 
heights over the Northern Plains and western United 
States provided frequent northwesterly flow aloft over 
southern Illinois during the first three weeks of July. 
The four resulting cold frontal passages did not stag
nate (a condition favorable for convective precipita
tion), but moved rapidly through the area followed by 
dry, more stable air. 

The last week in July was highlighted by tropical 
storm Becky's northward incursion across the Florida 
Panhandle into Indiana. Although moisture associated 
with Becky resulted in heavy rainfall in the southeast
ern United States, its effect on the mid-latitude circu
lation resulted again in northerly flow and a cooler, 
undisturbed air mass over southern Illinois. The pat
tern of the national percentage of normal precipita
tion for July showed an area of less than one-half the 
normal precipitation extending from southern Illinois 
into a region of extreme drought in Oklahoma and 
Texas. 

Following is a discussion of the more relevant rain 
periods in July 1970. 

3 July. The first rain of July 1970 occurred on the 
3rd and was one of the heaviest of the month. The 
heaviest rain in the hills fell between Carbondale and 
Grand Tower (figure 16). The isohyetal pattern sug
gests that this rain was enhanced by the presence of 
the hills. There were two rain periods for the day. 
The first, between 0845 and 1210 CDT, was prefron
tal and maximized in the northwest corner of the 
dense network. The second period began at 1535 
CDT and accompanied a cold-frontal passage. This 
rain maximized in both the northwest and the south
west corners of the dense raingage network. Low-level 
winds preceding both storm periods were from south
erly quadrants. 

An aircraft flight between 1326 and 1415 CDT fol
lowed flight pattern type A (figure 14). Temperatures 
over the northern hills were 1.5 to 4.5 F higher than 
those over the flatlands north or south of the hills. No 
comparable dew point increase over the hills was not
ed, but there was a north-to-south decrease in dew 
points of 5 F. The aircraft temperature data suggest 
the possibility of enhancement of convective activity 
over the hills on the afternoon of 3 July. Surface dry 
bulb and dew point temperatures during the morning 
and afternoon showed consistently lower values over 
the hills. On the basis of a convective cloud cover defi
nition developed to class days as to possible hill-effects 
(see table 14 in a later section), the afternoon of the 3rd 
was classed as a no-hill-effect condition. 

Figure 16. Rainfall, inches, on 3 July and 19 July 1970 

19 July. Thundershowers occurred in two periods 
during the day of 19 July. Minor rains had occurred 
on the network on 8 and 15 July. The first period of 
rain on 19 July was from 0730 to 1130 CDT, and the 
second from 2140 to 2400 CDT. Synoptic analysis 
shows that the morning showers were prefrontal, but 
that the evening showers immediately preceded the 
passage of a cold front through the region. The com
bined rainfall from the two periods are depicted in 
figure 16. The heaviest rains were north and east of 
the hills, and the pattern is indicative of potential hill-
effects. In fact, this storm is included to illustrate a 
rainfall incident when effects were apparent in the 
morning period but not in the evening storm. 

All during the night of 18-19 July, dry bulb and 
dew point temperatures over the hills (Anna and Bun
combe, figure 11), were higher than those in the 
southern flatlands (Hoopaw). Winds were light (6 
mph) and southeasterly until 0700 CDT and converg
ence was indicated in the surface flow in the western 
hills. The flow changed to SSW and was more laminar 
after 0800 CDT. Pibal observations at Buncombe show 
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that at 0800 CDT the wind was from the SW from 
near the surface to 12,000 feet. The morning rain pat
tern (figure 17) suggests cell development and maxim
ization over the hills. The first shower of the morning 
developed over the hills and all cells moved from the 
SW. 

Figure 17. Rainfall, inches, between 0730 and 0950 CDT 
on 19 July 1970 

A radar-tracked balloon released at 2000 CDT (1 
hour before the evening showers reached the net
work) indicated that the SW flow near the surface 
turned to WNW above 3000 feet. No convergence ex
isted in the surface wind flow in the evening hours, 
and surface dry bulb and dew point temperatures in 
the hills and flatlands were generally similar. The only 
aircraft flight on 19 July occurred at 1900 CDT. Its 
measurements showed a remarkably uniform distribu
tion of dry bulb and dew point temperatures across 
the hills and flatlands, with all dry bulb values near 86 
F and all dew point values between 81.5 F and 82.5 F. 
These uniform conditions across the hills and flatlands 
prior to the onset of rainfall in the evening suggest 
the lack of hill-effects. 

26 July. Late in the day of 26 July thundershow-
ers developed in the hills and flatlands immediately 
south of the Shawnee Hills. These showers moved 
from the SSW and most maximized over the hills. The 
afternoon clouds over the northern hills are depicted 
in figure 18. The total rainfall pattern (figure 19) sug

gests a case of rain enhancement by the Shawnee 
Hills. The only other areas receiving rain were in the 
hills of Missouri. The air mass within 800 miles of the 
hills was uniform and without fronts and the showers 
were singular to the mT air mass in which they were 
imbedded. 

Figure 18. Afternoon clouds at 1548 CDT on 26 July 1970 

Figure 19. Rainfall, inches, on 26 July 1970 

An analysis of the individual raincells in and near 
the network was pursued largely from the raingage 
data but with some use of radar data. There were 17 
distinct rain cells in the network on the 26th, and 
their isohyetal patterns appear in figure 20. They are 
numbered in chronological order, and the isochrones 
of rain start are also plotted. These isochrones and the 
cell shapes reveal they all 1) were narrow cells, 2) 
moved from the SW or SSW, and 3) were not long-
lived. Table 12 describes the origin of the 17 cells and 
their maximization point classified according to 1 of 5 
possible locations: river valley, southern flatlands, 
southern hills, central hills, or northern hills. 
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Figure 20. Raincells on 26 July 1970 

Table 12. Description of 17 Raincells on 26 July 

Certain results in table 12 are summarized in table 
13. These show the development was primarily in the 
south and central portions of the Shawnee Hills. Their 
maximization locale was displaced somewhat north
ward. The heavier rain cells, those with areal means of 
0.1 inch, were almost all contained in the hills. The 
times of their initiations show that the earlier cells, 
those numbered 2 through 8 all initiated in the hills 
and generally were the heaviest rain producers. The 3 
cells of flatland origin (cells 9, 10, and 11) initiated la

ter. The last six cells of the day were largely light rain 
producers. Thus, the greatest hill amplification of the 
rain (both initiation and enhancement) came early in 
the 3-hour period of showers. 

Table 13. Frequency of Raincell Characteristics 
by Location, 26 July 1970 

Pibals at rain time indicated the wind field was 
southwesterly up to 13,000 feet. However, easterly 
winds had prevailed from the surface to 22,000 feet 
earlier in the day. Such a change in the wind flow pat
tern may have been partially responsible for the rela
tively late outbreak of the thunderstorms; that is, the 
southwest flow had to become established before 
moisture and stability criteria were met to permit the 
formation of thunderstorms in the air mass. The sur
face winds are also of interest . Dur ing the night 
(25-26 July) they were calm, but from 0700 to 1000 
CDT they were very light and variable. From 1100 
until 1800 CDT winds in the hills were higher but still 
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in the 3 to 8 mph range. Of added interest is the fact 
that beginning at 1300 CDT the surface wind direc
tions in the 5-station network indicated low-level con
vergence over the western hills with SSE flow at Anna 
and SW flow at Ware from 1500 to 1700 CDT. 

About 1115 CDT, the aircraft flew from Marion to 
Cape Girardeau along what 7 hours later would be the 
path of the raincells. Dry bulb temperatures averaged 
about 79.7 F, and the dew point temperatures were 
about 75.2 F near Cape Girardeau (south) and 78.8 F 
near Marion (north). The dew point temperatures 
over the hills were 77 F which was higher than over 
the southern flatlands. Later, the plane flew north 
from Cape Girardeau at 1524 CDT. The air tempera
ture at 1500 feet had risen to an average of 84.2 F 
over the southern flatlands, 85.0 F over the hills, and 
86.1 F over the northern flatlands. The dew points 
had also risen and exhibited the same south-to-north 
gradient found in the dry bulb values. 

Surface temperature and moisture data for 26 July 
are very informative and support the aircraft findings. 
A comparison of hill data (Anna) with that from the 
southern flatland (Hoopaw) reveals that shordy after 
0000 CDT on 26 July, the dry bulb and dew point 
temperatures in the hilis exceeded those of the flat-
lands. This may be due to more rapid cooling at Hoo
paw. T h e hill area values of air t empera tu re and 
moisture (dew point) remained 1 to 3 F higher than 
the flatland until the rain began around 2000 CDT. 
The hill dew point temperatures were 74 to 76 F from 
0100 CDT until 2000, and the dry bulb values in
creased from a low of 75 F at 0600 CDT to a high of 
92 F at 1600 CDT. Thus, the hills were relatively 
warmer and moister for 20 hours preceding the onset 
of the hill showers. This condition existed at the sur
face and at 1500 feet msl. Furthermore, the light wind 
field in the afternoon indicated convergence over the 
hills. 

27 July. Isolated air mass showers occurred on 27 
July, as shown in figure 21. There was no indication 
from the rain pattern that the Shawnee Hills played a 
part in their formation or intensification, since very lit
tle rain fell over the hills and the heaviest rain oc
curred far to the south in Kentucky. The rain that fell 
in the Shawnee Hills from two raincells came during 
the time of maximum solar heating (1400-1500 CDT). 
However, radar precipitation echoes were evident 
from as early as 1030 CDT 30 miles to the SSW. The 
wind field was SW from the surface to at least 22,000 
feet, the top of the radar wind sounding. 

The surface and aircraft data for 27 July were in
vestigated to study the conditions prior to rain. In 
general the aircraft-derived patterns of temperature 
and moisture were similar to those on 26 July, but 
showed a less pronounced hill-flatland difference. The 
27th surface data also were similar with the following 
exceptions: 1) the hill area dry bulb and dew point 
values did not exceed the fladand values until after 

1000 CDT (much later than on 26 July); 2) the 
amount they exceeded was less (only 1F); 3) the morn
ing surface winds were stronger on the 27th; and 4) 
no low-level convergence appeared over the hills until 
1400 CDT, and it disappeared by 1500 CDT. Since 
the synoptic weather conditions on both the 26th and 
27th were identical, these noted differences suggest 
that a) the early morning buildup of moisture over the 
hills and b) persistent low-level convergence must both 
exist to get initiation or enhancement of air mass 
showers in the hills. 

Figure 21. Rainfaii, inches, on 27-28 July 1S70 

28 July. Air mass showers and thunderstorms oc
curred over the dense raingage network on 28 July. 
The isohyetal pattern in figure 21 suggests possible 
enhancement over the hills. However, heavier rains 
fell 65 miles SSW of the dense network. 

Alto-cumulus clouds were present by 0700 CDT 
with evidence of strong convective growth by 0900 
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CDT before the radar detection of precipi tat ion. 
Cumulus clouds apparently influenced by the hills 
were building so rapidly that pileus was forming above 
them, although estimated cloud tops were no higher 
than 4500 feet. Typical clouds on 28 July are shown 
in figure 22. Attempts to launch and track wind-
sounding balloons by both radar and optical theodolite 
were unsuccessful at that time because low clouds in
terfered with the optical tracking necessary before 
electronic tracking could be accomplished. Echo move
ment of the storms was from the SW and this is re
flected in the configuration of the total storm pattern 
in figure 21. At 0850 CDT the wind was from the SW 
from the surface up to 12,000 feet where the balloon 
entered the alto-cumulus deck and backed to the SSW 
up to the top of the sounding at 24,500 feet. 

Figure 22. Clouds over the hills at 1223 CDT on 28 July 1970 

Detailed analysis of the radar and raingage data 
showed two periods of activity. The first activity (and 
producer of the heaviest network rainfall) was in and 
south of the hills during 1240-1700 CDT. The second 
series of shower activity occurred in the 1830-2040 
CDT period, but it produced very light amounts (0.1 
inch or less). 

There were 18 echoes that lasted 20 minutes or 
more (and were within 60 nautical miles) during the 
1200-1700 CDT period. The time and placement of 
their points of origination and dissipation are plotted 
on figure 23. The motions were all from SSW (220°) 
at 15 to 20 mph. Their developments and subsequent 
motions were concentrated along a SW-NE axis that 
crossed the network and was the cause of the narrow 

rain maximum shown on figure 21. Inspection of the 
location and timing of the echo initiations is relevant. 
The first 3 echoes (1240, 1300, and 1316 CDT) were 
in or on the edge of the hills. The next 3 echoes 
(1320, 1321, and 1341 CDT) developed in the flat-
lands to the south. A regional breakdown of echo for
mation shows that 9 echoes formed in the hills (3 in 
the south, 4 in the central, and 2 in the north), 2 on 
the edge of the hills, and 7 in the southern flatlands. 
The heaviest rain-producing cells in the network were 
those that developed at 1240 CDT (hills), 1300 CDT 
(edge of hills), and 1321 CDT (flatlands). Obviously, 
some initiation and intensification of rainfall occurred 
in the hills. 

Figure 23. Echo formation and dissipation locations from 1200 
to 1700 CDT on 28 July 1970 

The surface temperature, moisture, and wind data 
for 28 July were interesting. The expected (normal) 
differences existed until 0800 (flatlands warmer and 
moister). However, at 0800 (and until the rain began 
in the hills) the hill temperatures were warmer than 
the flatlands. At 1200 CDT the hill dew point values 
became higher. Surface winds were calm through the 
night and until 0700 CDT when light (1 to 2 mph) SE 
winds began. Wind speeds remained light until rain 
began at 1300 CDT. Importantly, the Anna and Ware 
wind directions showed convergence (SW at Ware and 
S at Anna) from 1100 until rain began at 1300 CDT. 
Thus, surface weather conditions on 28 July in the 
hills and southern flatlands were similar to those on 
the 26 July. That is, 1) the winds were very light with 
convergent flow developing in the western hills before 
rain, and 2) the hills became relatively warmer and 
moister several hours before the rain initiated. 

There were two flights on 28 July. The first aircraft 
flight was made just prior to precipitation initiation, 
1151-1245 CDT, and the second flight from 1603 to 
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1650 CDT. The dry bulb and dew point temperatures 
on both flights showed the same pattern: north-to-
south decreases across the hills with the lowest tem
perature and moisture values over the flatlands to the 
south. Dry bulb values were 0.6 to 1.0 F lower over 
the flatlands, and dew point values were 2 to 4 F low
er. Thus, the pattern of warmer and moister air at 
1500 feet msl over the hills was comparable to the sur
face pattern and similar to the conditions on 26 July. 

31 July. Precipitation echoes developed in the hills 
NE of the radar site at 0805 CDT. Except for a 
10-minute period about 1120 CDT, precipitat ion 
echoes existed within 60 miles in the hills west and/or 
east of the radar site until radar operations ended at 
1708 CDT. 

One peculiarity of 31 July was in the movement and 
propagation of the raincells shown in figure 24. Those 
in the NW corner of the dense network moved from 
WSW. The first thunderstorm (cell number 1) devel
oped in the hills west of the network and almost 
reached the NW corner of the network when it dissi
pated, and then a new cell (number 2) formed imme
diately east of the dissipated s torm. T h e new cell 
moved to the ENE, and another new cell (number 3) 
downwind of it moved to the east. Cell number 5 de
veloped in the hills along the east edge of the dense 
network and moved to the ESE. The raincells devel
oped and maximized in the hills and suggested a po
tential influence from the hills. 

Figure 24. Raincells on 31 July 1970 

Inspection of the surface weather patterns in and 
around the hills on 31 July showed that the hills were 
cooler and drier than the surrounding flatlands 
throughout the night. However, by 0700 CDT the 
hills had become relatively warmer (1 to 3 F), and by 
1100 CDT they had become more moist (dew points 

were 2 to 3 F higher) and averaged 81 F. Surface 
winds were light at night (2 to 3 mph) and increased 
only 5 to 8 mph du r ing the day. Surface winds 
throughout the night were from the SSW in all areas. 
At 0600 CDT, the direction at Anna was still SW, but 
those at Buncombe and Ware were SSW or S. This re
sulted in divergence over the western hills but con
vergence farther east. This convergent flow between 
Anna and Buncombe persisted until 1600 CDT when 
raincells 3 and 5 developed. Unfortunately, the tem
perature and moisture measurements on the aircraft 
flight across the hills were faulty. The surface temper
ature anomaly on 31 July and wind flow characteristics 
(low speeds with convergence where cells developed or 
maximized) are similar to those found on other days 
with apparent hill-effect storms (19, 26, and 28 July). 

The wind field with height had become quite con
fused by 1400 CDT on 31 July with SW winds from 
the surface up to 5000 feet, W winds from 5000 to 
9000 feet, NW to 13,000 feet, N to 23,000 feet, and 
then W and SW up to 34,000 feet where the tracked 
balloon burst. This turning with height helps explain 
the behavior of the precipitation echoes in the after
noon. It appears that the steering level for the storms 
was increasing in height with time. 

Average Surface Air and Dew Point 
Temperatures for July 1970 

The recorded temperature and humidity data at the 
5 hygrothermograph stations were summarized for 
the month of July to derive reference values of tem
perature and dew point. 

Inspection of figure 11 shows that the Hoopaw sta
tion was in the flatlands to the south, the Ware station 
was in the Mississippi Valley (found to be representa
tive of flatland conditions), the Anna station was in the 
higher hills but near the southern edge, the Bun
combe station was also in the southern hills (generally 
similar to Anna), and the Giant City station was in the 
more northern section of the hills. 

The data for the entire month for each of the 5 lo
cations were used to develop station averages for each 
2-hour interval. The average dry bulb temperature 
curves presented on figure 25 show the normal diur
nal variations. Data for the Buncombe station were 
not plotted because they closely approximated the An
na values of the southern hills. The Ware values in 
the lower Mississippi River Valley were not plotted 
sjnce they were closely approximated by those at Hoo
paw which is considered to be typical of the flatland 
temperature regime to the south of the Shawnee Hills. 

As would be expected, because of its more southern 
location and lower elevation, the Hoopaw station has 
higher average air temperature in all hours. However, 
some interesting differences exist including the fact 
that the maximum temperatures occurred later in the 
flatlands (1600 CDT compared with 1400 CDT in the 

24 



hills), and that the flatland minimum temperature 
came later (0600 CDT versus 0400 CDT in the hills). 
Temperatures in the hills and flatlands were very simi
lar in the 0600 to 0800 CDT period with differences 
less than 1 F. 

Figure 25. Average hourly air and dew point temperatures 
during July 1970 

Comparison of temperature curves for the two hill 
stations, one for the northern section and one for the 
southern section, provides some interesting observa
tions concerning the temperature structure on the 
hills, at least in July 1970. The station elevations are 
comparable so differences can only be attributed to 
slight latitudinal differences or actual differences in 
the weather regimes in the hills. T h e Giant City 
(northern) site was warmer than Anna from 0400 
through 1000 CDT, but in the remaining hours Anna 
was the warmer hill location. In fact, from after 1400 
through 2200 CDT the average temperature at Anna 
remained more than 1 F higher than that at Giant 
City. 

Averages of dew point temperatures also were com
puted for the 5 hygrothermograph stations, and the 
2-hour values for the Hoopaw, Giant City, and Anna 
stations appear in figure 25. These curves all show 
that the highest dew point temperatures during the 
day were achieved during the late afternoon and early 
evening hours. The southern flatland station had the 
highest dew point values from 2000 through 1000 
CDT (night and early morning) , but from 1200 
through 1800 CDT, the Anna station, representative 
of the southern hills, had the highest dew point temp-
teratures. This suggests that localized moisture sources 
are present in the hills, particularly in the southern 
hill area. 

The Shawnee Hills are heavily covered by both deci
duous and coniferous trees. In contrast, the flatlands 
are primarily planted to row crops with bare soil be
tween rows. Although the bare soil and row crops will 
tend to evaporate moisture at potential rates when 
wetted by recent rains (Yamaoka, 1958), upon drying 
of the surface the evaporation rate from bare soil de
creases. Under these drier conditions the forested hills 
will evaporate more moisture into the atmosphere and 
will be a localized moisture source (Kittredge, 1948). 

Potential Hill-Effect on Convective Cloud Days 
The absence of many precipitation events in July 

1970 restricted a meaningful evaluation and compari
son of conditions 1) on a regional scale (hills vs flat-
lands) and their differences on rain days, and 2) on a 
temporal scale, i.e., rain day conditions (in hills and 
flatlands) with those on non-rain days. Therefore, an
other method was sought to define an event or an at
mospheric condition in the hills which approximated 
conditions necessary for convective rainfall, even 
though the rains did not occur. Obviously, not all of 
the conditions necessary for rain could be met since 
rain did not occur. In general, it appeared that the 
necessary ingredient missing from the convective 
cloud days was sufficient moisture at mid-levels to sus
tain the convection through to shower development. 

Since the hills are recognized as a unique environ
ment, an atmospheric sounding in the hills would be 

25 



desirable to determine the stability of the above-hill at
mosphere. The closest sounding site was Salem, Illi
nois, in the much less rugged terrain 65 miles north 
of the hills. However, convective cloud development, 
even without rain, is a measure of the convective po
tential of the atmosphere. Hence, the existence of a 
moderate degree of convective cloud cover was used 
for this purpose. 

Definitions and Data. Aircraft flights were made 
each day that had any possibility for the formation of 
convective clouds. These flights were programmed to 
be made at or just after the clouds formed in order to 
sample the currents that were responsible for the for
mation of the clouds. This was generally between 1100 
and 1400 CDT. The observers on the aircraft made 
an estimate of the sky covered by clouds and the cloud 
type at 5-minute intervals. 

It was found that the storms that precipitated more 
rain over the hills than over the flatlands were in a 
southerly air stream. Thus the search for favorable 
and nonfavorable hill-effect days was restricted to days 
with southerly flow. The amount of cloud cover is a 
measure of the instability of the atmosphere. The 
cloud cover data split into two sets divided near 0.3 of 
sky coverage. Therefore, the further categorization 
was made for favorable (unstable) days with cloud cov
er of 0.3 or more and nonfavorable days with 0.2 or 
less. There was a total of 7 favorable days and 11 non
favorable days. An example of clouds on nonfavorable 
days is shown in figure 26. 

Table 14. Favorable and Nonfavorable Cloud Days 
in July 1970 

Surface and aircraft data were separated and com
pared on the basis of the data obtained from the fa
vorable days and from the nonfavorable days. 
Included were comparisons of surface dry bulb and 
dew point temperatures, low-level (aircraft) dry bulb 

Figure 26. Clouds on two nonfavorable days 



and dew point temperatures, surface and low-level 
wind divergence patterns, and the distribution of con
densation and freezing nuclei. The days in each sam
ple are listed in table 14. Comparison of the average 
values of the wind flow for each of the two categories 
(table 14) shows that there is a prevailing southwester
ly wind under both conditions, but that wind speeds 
on the nonfavorable days were 25 percent greater 
than those on the favorable days. 

Synoptic Weather Conditions. The major features of 
the macroscale weather patterns on the favorable and 
nonfavorable days were compared. All of the 7 favor
able days were in mT air masses. The nearest major 
weather disturbances (fronts, squall lines or zones, and 
mesoscale lows with extensive rain) varied from 300 to 
800 miles away from the hills with an average of 656 
miles. The description of the favorable days fits that 
of days when air mass showers might be expected if 
sufficient moisture had been available. In fact, the Na
tional Weather Service forecast the moderate probabil
ity of showers and thunderstorms on most days dur
ing July 1970. 

On nonfavorable days also the Shawnee Hills were 
frequently in a warm, moist air mass. The average dis
tance from the hills to the nearest major disturbance 
was 186 miles on nonfavorable days. The significance 
of the distance of major disturbances is not known. 

Condensation Nuclei. The Gardner-type counter in 
the aircraft was used to collect samples of condensa
tion nuclei at flight level (1500 feet msl) intermittently 
on all flights. Normally, between 10 and 13 sets of 
measurements were made at different locations during 
the typical 60-minute flight. Each set of measurements 
included 6 pressure values: a minimum, a maximum, 
and 4 intermediate pressure settings on the Gardner 
counter. 

A median of the maximum pressure values obtained 
on each flight was determined and used to construct 
figure 27. Counts were higher in the earlier part of 
the month when there was less rainfall. However, 
most daily median values (based on maximum pres
sure setting) varied between 3000 and 8000 counts. 

The aircraft frequently flew over 9 specific locations 
and nuclei samples were always made at these sites. 
The median of all the July 1970 maximum values col
lected over these 9 sites was determined and plotted 
on figure 28. The values taken over the cities of Cape 
Girardeau, Anna, and Marion were the three highest, 
and each city had identifiable particulate sources. The 
other values for July 1970, both in the flatlands and in 
the hills, were all between 3500 and 4600, and no 
marked regional differences are apparent. 

The maximum CCN (cloud condensation nuclei) 
values for the favorable and nonfavorable days were 
grouped for 7 of these sites, and median values were 
determined for both classes as shown in figure 28. At 
all sites except Cape Girardeau, the condensation nu
clei on the favorable days were lower than those on 

the nonfavorable days. This is probably related to the 
fact that several nonfavorable days occurred in the 
first half of July when counts were high (figure 27), 
which is probably related to the greater dryness and 
dustiness of the early part of the month. On favorable 
days, the two southern flatland values (3200 and 3500) 
were not markedly different from the values in the 
hills away from Anna (2700 and 3100). On nonfavora
ble days, these two pairs of values were 4400 and 4250 
(flatlands) and 4200 and 4500 (hills), again showing no 
regional difference. 

Figure 27. Median values of CCN on each flight in July 1970 

Figure 28. Median CCN values at airborne sampling locations 

There were generally fewer condensation nuclei on 
favorable days, and this might be interpreted as indi
cating a more favorable condition for clouds and rain 
development (less overseeding). However, the conden
sation nuclei data do not show a flatland-hill area dif
ference on favorable and nonfavorable days. This 
does not appear to support an explanation of hill-ef
fect based on localized source of nuclei in the hills. 

The Gardner counter observations were further 
stratified into an upwind flatland area (Cape Girar
deau), an over the hills area (Anna), and a downwind 
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flatland area (Marion) on favorable and nonfavorable 
days. 

The average nuclei count was obtained for each of 
the pressure intervals used. These pressure intervals 
can loosely be considered as depicting activation su-
persaturations. Although the meaning of such mea
surements with regard to cloud nuclei is uncertain, it 
is clear that the counts obtained at the lowest pressure 
values approach the cloud nuclei values obtained by 
the more sophisticated thermal diffusion methods. In
crease in the pressure corresponds to the activation of 
smaller and smaller aerosol particles extending into 
the Atkin range of sizes. 

Figure 29. Average CCN counts for various pressure settings 
at three locations on favorable and nonfavorable days 

A striking feature of the distributions shown in fig
ure 29 is the distinct difference between the favorable 
and nonfavorable data at all pressure levels. As a 
three-station group, the number concentration of nu
clei for the group is considerably greater on the non
favorable days. In the broad concept of the warm rain 
process, these data indicate a tendency toward clouds 
containing a greater number of droplets per unit vol
ume and, hence, a decreasing probabili ty for the 
warm rain process to be effective. This is an interest
ing result since all of the data were obtained with 
southwest flow and the only difference in the synoptic 
observation is the increase of cumulus activity on the 
favorable days. It is difficult to explain this observation 
in terms of the trajectories of the air or local sources 
of nuclei. 

The relative concentrations of nuclei on the nonfa
vorable days (figure 29) indicate a general increase in 
the number from the southwest to the northeast. Of 
course, the relative al t i tude of the samples above 
ground decreases along this direction which may indi
cate a low-level source for nuclei. 

The data observed on favorable days show an inter
esting reversal between Cape Girardeau and Anna. 
Whereas the count at both stations is less than on the 
nonfavorable days, a very sharp decrease in the num
ber concentration is noted at Anna. This distribution 
is definitely favoring the formation of rain through 
the coalescence process. The results therefore suggest 
1) that local sources of CCN are not directly related to 
the cloud development or extent on favorable days, 
and 2) that the lower values on favorable days are 
produced by vertical mixing and by incorporation of 
CCN in clouds existing on favorable convective days. 
In other words, the lower CCN values noted on favor
able days are a result, not a cause, of the cloud devel
opments over the hills. 

Freezing Nuclei. One of the possible causes for the 
increased precipitation over the Shawnee Hills could 
be some hill area optimization of the nuclei necessary 
for the heterogeneous freezing of cloud droplets. De
sirable freezing nuclei characteristics are that the nu
clei should encourage freezing of the droplets at a 
relatively warm temperature (as close to 0 C as possi
ble). They also should be able to nucleate sufficient 
droplets to permit the favored droplets to grow (by 
vapor deposition, coalescence, and accretion) into effi
cient precipitation but they should not produce so 
many nuclei that an excessive number of droplets 
freeze and insufficient liquid water remains in the 
cloud to permit any droplet to grow to precipitable 
size. There were several days in July 1970 when the 
building cumulus congestus (as shown in figure 30) 
were not glaciating until their tops had reached the 
temperature of homogeneous nucleation near —40 C. 
By the time the cloud had reached this altitude, the 
opportunity for increased cloud growth had been lost, 
and the lower cloud evaporated leaving the glaciated 
anvil as cirrus densus. Little or no precipitation devel
oped from such clouds. 

An extra source of freezing nuclei active at relative
ly warm temperatures was found to exist in the Shaw
nee Hills. Schnell (1972 a and b) and Schnell and Vali 
(1972) have shown that decaying vegetation generates 
a substance, or substances, that exhibits a spectrum of 
activity as desirable nuclei depending upon the species 
of vegetation and the stage of the decaying process. A 
sample of the litter from the heavily forested Shaw
nee Hills was analyzed by Schnell for nucleating activi
ty. He found it to produce 109 nuclei active at —10 C 
(personal communication, 1972). Since the surround
ing flatter terrain is not heavily wooded and litter is 
not allowed to accumulate on the farmland, more de
sirable numbers of freezing nuclei should be available 
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to the atmosphere above the forested hills than above 
the flatlands north or south. A convergence zone ac
tive over the hills might lift the nuclei into the clouds 
that are forming above. 

Figure 30. Cumulus cloud, looking southwest 
of the Buncombe site 

at 1959 CDT on 8 July 1970 (infrared film) 

Freezing nuclei aloft (1500 feet) were measured 
during the July aircraft flights. Median values were 
determined at 8 sites in the area for both the favor
able days and nonfavorable days, and these values are 
plotted on figure 31. The nonfavorable values show 
more areal uniformity with most values of 2 per liter 
(at —20 C). A higher value exists at Anna and a lower 
one over the flatlands. The favorable day values were 
lower than the nonfavorable values at most locales. 
The highest favorable day values existed at Marion, 
Anna, and Cape Girardeau. 

The freezing nuclei results from the 1500-foot msl 
level were comparable with those for the airborne con
densation nuclei with 1) fewer on favorable days (pos
sibly related to the greater capture in the clouds), 2) 
little meaningful regional variation, 3) isolated maxima 
at the larger towns, and 4) no indication that the geo
graphic distribution of freezing nuclei accounts for an 
enhancement of rainfall in the hills. If the trees and 
their litter emit a greater frequency of active nuclei in 
the hills, this frequency was not detected at 800 to 
1000 feet above the surface. 

The lack of regional differences between hills and 
flatlands in the condensation and freezing nuclei sug
gests that local sources or sinks are not sufficient to 
affect cloud droplet formation. Both nuclei showed 
significantly lower values, on the average, on favorable 
days than on nonfavorable days. This difference is at
tributed to the greater frequency of clouds on favor
able days , i n t h a t t h e g r e a t e r m i x i n g d u e to 
overturning (cloud updrafts and resulting subsidence 
of cleaner air from above) essentially produced a less 
polluted air at the typical flight level. 

Figure 31. Median freezing nuclei per liter (at -20 C) 
for favorable and nonfavorable days at airborne 

sampling locations 

Surface Temperature and Moisture Differences. Many 
possible temperature differences from combinations of 
data for the 5 hygrothermograph stations were in
spected. The results most relevant to ascertaining hill-
effects concern the differences in temperatures be
tween the southern hills (Anna) and those from the 
southern flatlands (Hoopaw). Hourly values for the 7 
favorable days at both sites were averaged and the av
erage difference was determined and plotted (figure 
32) to illustrate the diurnal variations. On the favor
able days the hill area had relatively higher tempera
tures than the southern flatlands from 0600 through 
1600 CDT, averaging more than 1 F higher at 1200 
and 1400 CDT. Conversely, on the 11 nonfavorable 
days (figure 32), the hill temperatures were lower than 
those in the flatlands in all hours, becoming nearly 4 
F, on the average, lower than the flatland tempera
tures at 1800 CDT. 

Comparison of the two 'difference' curves on figure 
32 shows that the temperature structure between the 
southern flatlands and the hills on the favorable days 
was distinctly different from that on the nonfavorable 
days, particularly during midday when the hill area is 
a relative 'hot spot.' 
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Figure 32. Diurnal differences in air and dew point temperatures 
between hills (Anna) and southern flatlands (Hoopavv) 

on favorable and nonfavorable days 

Comparison of the regional differences in the dew 
point temperatures on favorable and nonfavorable 
days also revealed distinctly different temperature-
moisture regimes (figure 32). On the 11 nonfavorable 
days, the hill dew point values were almost 2 to 3 F 
below the flatland values from 2200 through 1000 
CDT, but were slightly above the flatland values in the 
1200 to 1800 CDT period. The curve based on the 7 
favorable days had the same general shape as that for 
the nonfavorable days, suggesting that the rates by 

which local moisture was being made available to the 
atmosphere under favorable and nonfavorable condi
tions were comparable. However, the hill values on fa
vorable days were greater than the flatland values in 
most hours, becoming markedly so, the difference 
being greatest during the daylight hours. These re
sults and others in the study of moisture differences 
between the hills and the flatlands suggest that 1) the 
favorable days were moister in the hills than were the 
nonfavorable days, and 2) that this greater moisture 
was most evident in the early morn ing nocturnal 
hours of the favorable days. 

The comparisons of the surface moisture and tem
peratures definitely prove that the hill areas were rela
tively warmer and moister on days that produced 
moderate amounts of convective activity than they 
were on days when little or no convective activity oc
curred. Why the hills were warmer and moister on the 
'favorable' days cannot be explained from these data 
alone, but these data suggest that additional convective 
activity over the hills was at least partly rooted to sur
face conditions. Although the surface temperature 
and dew point data proved to be very valuable in this 
study, a major drawback was the lack of recorded 
temperature data in the flatlands north of the hills. 

Low-Level Temperature and Moisture Differences. As 
with the surface temperature and dew point data, 
proper interpretation of any low-level flight data 
anomalies in temperature or dew point over the hill 
area requires background information. Although vari
ous flight tracks were used (see figure 14), all flights 
passed over the flatlands north of the hills, over Anna 
in the southern hills, and over portions of the flat-
lands to the south. Since most flights were at 1500 feet 
msl, comparable average temperature and moisture 
information could be determined for these three basic 
locations. Furthermore, averages were determined 
over the northern and southern portions of the hills 
(north and south of Anna) on the basis of all values 
obtained through these two sections. 

Table 15. Average Dry Bulb and Dew Point 
Temperatures at 1500 Feet MSL for 24 Flights 

on 21 Days in July 1970 

Data from the 24 flights on 21 days in July 1970 
were used to develoo the average temperature values 
shown in table 15. The highest average dry bulb tem
peratures at 1500 feet msl were found over the north
ern flatlands, and there was a decrease in 
temperatures over the hill area south of Anna. The 
change in dry bulb temperatures between the north
ern flatlands and Anna was not as great as that south 
of Anna where the southern hill average is markedly 
less. The dew point temperatures showed less variabil-
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ity in the cross section represented in table 15 than 
did the dry bulb values. However, for both sets of 
temperatures, the average low-level values over the 
hills were lower than those over the flatlands to the 
north or south of the hills. 

Table 16. Average Dry Bulb and Dew Point 
Temperatures (°F) during Flights on Favorable 

and Nonfavorable Days in July 1970 

The low-level (aircraft) dry bulb and dew point data 
were sorted according to their occurrence on the 7 fa
vorable and 11 nonfavorable days. The results based 
on averaging the favorable and nonfavorable values 
over the northern flatlands, central hills, and southern 
flatlands are listed in table 16. Inspection of the values 
for the nonfavorable days shows that the hill values 
are lower than those either north or south. However, 
the dry bulb and dew point values on favorable days 
both show north-to-south decreases, or gradients, that 
are not present on the nonfavorable days. That is, the 
hill area average temperature at 1500 feet msl is 0.6 F 
warmer than that over the southern flatlands on fa
vorable days, but the hill values are 0.7 F lower than 
the southern flatland temperature on nonfavorable 
days. The July mean values in table 15 indicate there 
is a slight north-to-south decrease in the dry bulb and 
wet bulb temperatures in the total July soundings. 
Thus, the lower southern values found under favor
able and nonfavorable cases are not surprising. 

Importantly, the dew point temperature results 
from these low levels reinforced the dry bulb results 
showing that when cumulus development is slight, the 
dew point temperature aloft over the hills is low with 
respect to the flatlands north and south. However, 
when apparent effects occur (moderate cumulus cover
age exists), there is a gradient such that the values of 
moisture and temperature aloft over the hills exceed 
those to the south. These data also show that the sur
face comparisons of southern flatland and hill areas 
(figure 32) extend at least 1000 feet above the surface 
by midday. 

Thus it appears from the results that higher tem
peratures and moister air over the hills exist when 
more convective activity develops (favorable days). 
Whether this is a cause of the increased convection or 
an effect from it is not clear. As shown in table 17, fa
vorable days had lower average wind speeds across the 
area. The fact that the moisture anomaly in the hills 
on favorable days developed early in the day (figure 
32) would suggest that the lower winds on favorable 
days do not dissipate and diffuse the low-level mois

ture over the hills. Thus the moisture anomaly ap
pears to be rooted in the nocturnal condit ions 
preceding the favorable day, and this fact necessitates 
studying the wind field to learn if the winds were low 
du r ing the preceding night. Obviously, increased 
moisture over the hills on the favorable days may be 
considered a factor in the increased convective activity. 
It becomes important to establish or explain how in
creased moisture developed over the hills during the 
early morning hours (figure 32). 

Table 17. Pilot Balloon Wind Speeds on Favorable 
and Nonfavorable Days 

Winds on Favorable and Nonfavorable Days. By defi
nition, the regional wind regime on both favorable 
and nonfavorable days was southerly and one might 
not expect regional differences in the wind fields 
based on this singular definition. However, the record
ed wind data at the 5 sites in the area were separated 
by favorable and nonfavorable days and then aver
aged on an hourly basis. Patterns of prevailing direc
tion and average wind speeds at 2-hour intervals are 
presented in figure 33 to compare the favorable and 
nonfavorable data. 

Differences at 1000 CDT were not great, showing 
an anticyclonic deflection of the winds over the hills 
on both the favorable and nonfavorable days. The 
flow became southerly again in the northern hill posi
tion (Giant City). Wind speeds at all locations were 
higher at 1000 CDT on the nonfavorable days, aver
aging 18 percent greater than the speeds on the favor
able days. Both types of days showed an amplification 
of wind speeds at the two southern hill stations (Anna 
and Buncombe). 

The wind regime at 1200 CDT was markedly differ
ent from that of 1000 CDT for the favorable days. In
spection of figure 33 reveals an alteration in the flow 
such that the Anna station has southeasterly flow com
pared with southwest flow at Buncombe and Ware. 
This suggests convergent flow in the area north of 
Ware and Anna, the primary region of rain maximiza
tion within the Shawnee Hills. Such a convergence 
pattern was not present in the nonfavorable pattern at 
1200 CDT nor in the nonfavorable patterns in suc
ceeding afternoon hours. These all reflect a cyclonic 
deflection in the winds as they pass over the hills. The 
favorable-day wind flow patterns for 1400 and 1600 
CDT continue to show this convergence zone in the 
Anna-Ware area and a divergence zone in the area 
east of Anna, and west of Buncombe. Also, in the af
ternoon hours, the wind speeds on the nonfavorable 
days averaged 20 to 25 percent higher than the speeds 
on the favorable days. 

31 



Figure 33. Prevailing winds and average speed, mph, 
on favorable and nonfavorable days 
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Figure 33. (Concluded) 

33 



Comparison of the early morning wind speeds over 
the hills on the favorable and nonfavorable days re
vealed that the favorable-day values averaged 50 per
cent lower. Thus, the wind regimes were much weaker 
on nights before favorable days than on nights before 
nonfavorable days. 

Data from pibal releases taken at the Buncombe site 
on most of the favorable and nonfavorable days rein
forced these results. Balloon releases were normally 
made in the morning period (0900-1200 CDT). These 
values, portrayed in table 17, show the sizeable differ
ence in the wind speeds for three different levels of 
the lower atmosphere on the favorable and nonfavora
ble days, and these results substantiate the differences 
found in the surface wind data. 

The analyses of the surface and low-level wind flow 
data provided two interesting conclusions. First, the 
wind speeds on the favorable days were 20 to 25 per
cent lower than those on nonfavorable days during 
midday, and most importantly were 50 percent or 
more lower on favorable days during the early morn
ing hours when the hill area moisture increase was 
noted. The lower wind speeds probably enhance the 
available moisture in the lower levels in that they do 
not transport and diffuse this moisture away from the 
hills. 

The second important finding from the wind analy
ses was the discovery that on the favorable days there 
was development of convergence in the wind field 
north of Anna and in the western Shawnee Hills area 
where the rainfall maximization was greatest. In seek
ing an explanation for this convergence, it must be re
membered that it is partially related to the lower wind 
speeds that existed on the favorable days and partly 
due to the local orography. Inspection of the orogra
phy (see figure 11) reveals that there are two topo
graphic features in the area which may lead to this 
unique localized convergence. First, the SW-NE trend
ing Mississippi River Valley, at least in the lower half 
of the hills, would produce a natural flow from SW to 
NE. This was corroborated by the tracking of constant 
level balloons in the Mississippi River Valley. These 
tended to go into the hills in the small SW-NE trend
ing valleys north of Ware, rather than proceeding to 
the NW along the major river valley. Secondly, a river 
and several major creek valleys that drain the hills 
along its southern flank have developed valley systems 
that have NW-SE orientations (almost at right angles 
to the Mississippi River Valley), and these valleys are 
located S and SE of Anna (figure 11). Thus, winds 
coming up these valleys, aided by upslope motions ob
viously enhanced in weak wind situations, produce a 
southeasterly component to the low-level flow through 
the Anna area, resulting in a convergence of low-level 
flow in the area north and west of Anna. 

This convergence situation plus the additional mois
ture and heating over the hills are considered to be 

the prime causes for the increased convective activity 
over the hills in July 1970. Whether these are the hill-
related factors that produce the heavier rainfalls noted 
in the wet Julys over the hills cannot be specifically 
stated. However, several of the favorable days (table 
14) came in sequential order, suggesting that when 
synoptic conditions are right to produce additional 
moisture and hill-related convergence, they may tend 
to persist for several days. This could result in the 
self-amplification of rainfall when the wetter condi
tions exist. That is, given the onset of conditions fa
vorable to hill-effects (additional moisture and low-
level convergence), they may tend to persist (or recur) 
and to reinforce their development from the added 
hill precipitation and relatively greater potential eva-
potranspiration in the hills. 

Flight Turbulence Results 

There were 4 flights (11, 12, 22, and 27 July) of the 
aircraft when the track types B and C (shown on fig
ure 14) provided an extensive leg over the flatter ter
rain to the south. A comparison was made of the 
deviations from smoothed wet-bulb t e m p e r a t u r e 
curves above the hills and those above the flatlands in 
an effort to identify any differences in the roughness 
and convection. 

It was found that there was a regional difference. 
The data above the hills exhibited greater wet bulb 
deviations over short-time intervals and the air was 
thus more turbulent. These deviations were spaced on 
the average so as to be about 5 seconds from peak to 
peak (a distance of approximately 1000 feet at the 
common flight speed of 120 knots) over the hills. 
Those over the flatland were about 1200 feet apart. In 
addition, the dew point records from over the hills al
so exhibited another higher frequency of smaller con
vective elements on the order of 2 seconds peak to 
peak, corresponding to a distance of 400 feet. Few or 
none of the higher order, small turbulent elements 
were apparent in the dew point records over the flat 
terrain. 

These convective elements are apparendy derived as 
thermals originating at the surface with the difference 
in the turbulence between the hills and the flat terrain 
expressed 1) in the increased mechanical turbulence 
represented by 2-second length (peak to peak) of oscil
lations, and 2) in the increased amplitude of the long
er wavelength elements at the 5-second peak-to-peak 
oscillation. This turbulence appears to be caused by 
greater heating and roughness over the hills. On the 
average there was no obvious difference in the mois
ture content of the air over the plains compared with 
the air over the hills, but on favorable (cumulus) days 
there was a difference with greater moisture over the 
hills. 
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C O N C L U S I O N S 

In general, the results of the three major studies 
aimed at ascertaining the causes of the enhancement 
of precipitation over the Shawnee Hills allow the fol
lowing conclusions. 

1) The hill-effect is real. The hill enhancement was 
first noted in climatic studies in which the long-
term normal precipitation for the precipitation 
stations in Illinois and the surrounding states 
were compared. The most striking difference in 
annual precipitation normals was noted between 
Anna in the hills and Cape Girardeau on the 
Mississippi River. The addition of the dense net
work of recording gages to the existing climato-
logical network revealed that the rainfall 
maximum in the hills occurred somewhat north 
of Anna on an east-west axis through the north
ern portion of the hills. 

2) Careful study of the limited 1970 rainfall events 
and the favorable (moderate-to-heavy convective 
cloud development) and nonfavorable days (little 
or no convective clouds) from July 1970 has pro
vided indications as to how the hills, on a local
ized scale, affect convective activity, clouds, and 
rainfall, at least in a typically dry summer peri
od. The results may or may not be applicable to 
wet summer periods which have been shown cli-
matologically to have the greatest maximization 
of rain over the Shawnee Hills. 

Those conditions that appear to have been con
ducive to increases in clouds and rain over the 
hills ranged from the synoptic scale down 
through the microscale as represented by the lo
cal temperature, humidity, and wind variation. 
Initially, the hill-effects occurred only in synoptic 
weather conditions that were nonfrontal but 
marginally unstable. Furthermore, the synoptic 
scale pressure conditions throughout the area 
were such that steep pressure gradients did not 
exist. Thus, light winds existed in the lower lay
ers of the atmosphere for 6 to 18 hours before 
the clouds and/or rain occurred in the hills. 
Given that these synoptic conditions exist, then 
certain local factors come into play. Apparently 
through more rapid evapotranspiration from the 
forests in the hills as compared with the plowed 
flatlands around them, the lower atmosphere 
over the hills becomes more moist at night, in 
the absence of strong winds, than that over the 
flatlands. Nocturnal cooling occurs more rapidly 
over the flatlands. Thus, with little or no noctur
nal wind or morning air movement, the surface 
air temperature and moisture content over the 
hills both become higher than those in the south
ern flatlands. By midday this temperature-mois
ture anomaly extends vertically at least 1000 feet 
above terrain, creating a more unstable low-level 
air mass over the hills than over the flatlands. Fi

nally, at the time of maximum convective activity 
(afternoon) the weak to moderate wind field and 
the unique orography of the western hills inter
act to produce upslope motions and low-level 
convergence that together increase the magni
tude and frequency of convection and presum
ably help lift the more unstable moist layer over 
the hills to the condensation level. 

3) The climatological studies revealed that the hill-
effect was most active during the heaviest rains, 
particularly those rains totaling more than 2 
inches du r ing the warm season of the year. 
Thus, the frontally associated and squall-line 
thunderstorms with southwesterly surface flow 
contribute most to the anomaly of the hill-effect 
storms. 

4) No significant difference was found in average 
storm duration between hill-centered and flat-
land-centered storms. Thunderstorms occurred 
most often with potential hill-effect storms, 
whereas rainshowers were most common with 
the flatland-centered storms. Also, severe weath
er ( thunders to rm accompanied by hail) was 
much more frequent in the hill-centered storms. 
Determination of the frequency of storm maxim
ization in the hills and flatlands showed no sig
nificant difference, and this fact provides further 
indication that the hill high in the long-term cli
matic pattern in the region of the Shawnee Hills 
is related to storm intensification rather than a 
more frequent centering of storms in the hills. 

5) The cause is not related to nuclei generated lo
cally by the forests since there seems to be no 
mechanism operative with sufficient frequency to 
raise the nuclei from the forest floor into the 
convective systems. 

6) The most prominent wind directions prior to 
and during hill-effect storms are southerly and 
southwesterly at low levels. At low wind speeds, 
southerly winds are turned by the Mississippi 
River Valley into southwesterly, while the creek 
valleys south and southeast of the highest hills 
turn the low-level winds so that they blow from 
the southeast. This flow pattern results in a con
vergence zone over the highest hills north of An
na and in the enhancement of the showers 
(usually air mass) associated with these lighter 
winds. 

Stronger winds are often associated with the 
southwesterly flow preceding thunderstorm 
squall lines and the thunderstorms in the prox
imity of cold fronts. This southwesterly flow is 
diverted by the Mississippi River Valley into 
southerly winds north of Cape Girardeau that 
converge over the western hills into a wind field 
conducive to upward motion, whereas the wind 
field over the eastern hills becomes divergent. 
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