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ABSTRACT

A brief but intense heat wave developed in the central and eastern United States in mid-July 1995, causing hundreds
of fatalities. The most notable feature of this event was the development of very high dewpoint temperature (T ) over
the southern Great Lakes region and the Upper Mississippi River Basin. At many locations, hourly values of T set new
records. The combination of high air and dewpoint temperatures resulted in daily average apparent temperatures exceeding 36°C over a large area on some days. A comparison with past heat waves shows that this was the most intense
short-duration heat wave in at least the last 48 years at some locations in the southern Great Lakes region and Upper
Mississippi River Basin. An analysis of historical data for Chicago, where the majority of fatalities occurred, indicates
the intensity of this heat wave was exceeded only by a few periods in the 1910s and 1930s. Impacts in the Chicago
urban center were exacerbated by an urban heat island that raised nocturnal temperatures by more than 2°C. An analysis of radiosonde data indicates that maximum daytime boundary layer mixing depths were only a few hundred meters
in the core region of the heat wave. Simulations using a single-column version of a three-dimensional mesoscale model
strongly suggest that this contributed to the very high values of T since soil moisture in the central United States was
near to above average and evapotransporation was likely high, causing a rapid moistening of the shallow boundary
layer.
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1. Introduction

An intense heat wave developed over the central
United States during mid-July 1995. Although brief,
this heat wave was of sufficient intensity to cause
hundreds of fatalities. This paper describes the 1995
heat wave, compares it with past heat waves of similar duration, and examines the weather conditions
causing the heat wave. Although fatalities were reported in 19 states, 87% occurred in the Midwest (see
Changnon et al. 1996). Consequently, the atmospheric
analysis focused on this region where the greatest
impacts were realized, and specific attention was di*Midwestern Climate Center, Illinois State Water Survey,
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rected toward conditions at Chicago, where 65% of
all heat deaths in the nation occurred.
2. Data sources and methods

Hourly surface observations at all available airport
locations in the central United States were used to
assess spatial patterns of dewpoint (7^) and apparent
temperature (7^) for mid-July 1995. Hourly values of
air temperature (TJ, T , and wind speed were used to
calculate hourly T , which were interpolated from
Table 5 in Steadman (1979a). A wind speed adjustment was obtained from Table 2 in Steadman (1979b).
Historical assessment of this heat wave and other similar heat waves was accomplished by using hourly observations in the National Climatic Data Center's
TD-3280 dataset of hourly data. Long-term digital
data are available for fewer stations than were used
in the 1995 analysis for which data were captured in
real time. The historical analysis was restricted to
those hourly stations with at least 35 years of digital
d
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data, and most of the stations used had data available
beginning in 1948. Daily average values of 7 , T , and
T were calculated for each day in the period of
record.
Because of the high number of fatalities in the
Chicago area in July 1995, a special effort was made
to extend the comparative analysis of Chicago's conditions into the early part of the century. Because of
station moves and the effects of lake breezes, two time
series of daily data were constructed. The extension
of both series back to 1901 was accomplished by using a special digital dataset developed at the Illinois
State Water Survey for 1901-1964. It included daily
maximum (Tmax) and minimum (Tmin. ) temperatures and
relative humidity values for early morning (R. ) and
late afternoon (R ) derived from hourly observations
for the official station in the Chicago area in the city's
business district (1901-1925), at the University of
Chicago (1926-1945), and at Midway Airport (19461964). By assuming° that/?pm was coincident with Tmax ,
and R am was coincident with Tmin , early morning and
afternoon values of T,a and T ap were calculated for the
1901 -1947 period. Daily values of T , T , and T were
then computed as the average of the values at these
two times. After initial analysis of the data indicated
high rankings of heat waves in June-July 1931, July
1934, and July 1936, hourly data for these months was
digitized and these hourly values were used instead
of the twice-daily values. The first time series (hereafter called "city/O'Hare" series) of daily average T ,
T and T values was constructed as a composite from
1) the twice daily values in the above special dataset
for 1901-1947, 2) the hourly values available in digital form for Midway Airport for 1948-October 1958,
and 3) the hourly values for O'Hare Airport for
November 1958-present.
Because of these station moves, the city/O'Hare
time series has some inhomogeneities due to the
location-dependent effect of lake breezes on station
air temperature conditions. The lake breeze penetrates
the downtown area and the University of Chicago stations (both close to the lake) on 36% of summer days
(Lyons 1972), reaches the Chicago Midway Airport
(13 km from the lake) on 14% of the days, and only
rarely penetrates to the Chicago O'Hare station (22 km
from the lake). Therefore, the combination of Chicago
O'Hare's record (beginning in November 1958) with
the downtown, university, and Midway sites provides
a historical record with shifts that significantly alter
the temperature continuity. This problem was addressed by creating a second time series using a longd
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term 1901-1995 record of Tmax and Tmin. available at
suburban Aurora, which is located 65 km from the
lakeshore and unaffected by lake breezes. There were
no comparable suburban measurements of humidity;
thus, the possible effects of the lake breeze on T were
not considered. The values of T,a in this second series
were the same as those in the first series. However,
in the second series, Tap and Ta were calculated by
substituting° Aurora Tmax and Tmin. data prior to 1959
instead of temperatures at the various Chicago locations. Daily T was estimated as the average of the
Aurora Tmax and Tmm. . Daily average Tap for Chicago
was calculated using the morning and afternoon values of T,a with the Aurora values of Tmin and T max for
1901-1958. This second series (hereafter called the
"Aurora/O'Hare" series) of daily data consisted of the
composite of 1) Aurora Tmax and Tmin. data combined
with Chicago city T data for 1901-1958 and
2) Chicago O'Hare hourly data for 1959-1995; neither site is significantly affected by lake breezes. The
analysis described below was performed with both
time series to assess the sensitivity of the ranking of
the 1995 heat wave to the method used for constructing the historical time series.
For the 1995 analysis, potential evapotranspiration
(PET) was estimated using hourly surface airways
observations. Cloud cover observations were used to
estimate solar radiation with the model of Meyers and
Dale (1983) as implemented by Petersen et al. (1995).
Net radiation was estimated following Weiss (1983).
Finally, PET was estimated with the PenmanMonteith formula (Monteith 1965). This formula requires the specification of aerodynamic and surface
resistances. The aerodynamic resistance (r ) was estimated assuming a logarithmic wind profile and neutral stability, as
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where U(z) is wind speed at height z\ k is von Karman
constant; and z is roughness height equal to 0.01 m,
a typical value (Rowntree 1991) for mown grass surfaces characteristic of airports where the observations
are taken. Surface resistance was set to 50 s nr , typical for freely transpiring growing crops (Rowntree
1991). The above procedure was applied to hourly
data, and daily PET was calculated as the sum of the
hourly estimates.
0
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3 . T h e J u l y 1 9 9 5 heat w a v e

An upper-level ridge developed over the southwestern United States on 7 July and resulted in rising temperatures in the Great Plains, with maximum
temperatures exceeding 35°C in some areas. By
10 July, maximum temperatures exceeded 40°C in
parts of Kansas. Over the next few days, the upperlevel ridge and accompanying heat spread northward
and eastward across the United States (Fig. 1). The
upper-level ridge, which had developed over the
southern Rocky Mountains, was centered in eastern
Kansas at 1200 UTC on 12 July (Fig. 1). By 13 July,
the ridge covered the eastern half of the United States
with a closed circulation and center located over
Illinois (Fig. 2). The center of the ridge had moved to
the East Coast by 15 July (Fig. 1). Very high temperatures during the 11-15 July period affected much of
the Great Plains and the Midwest, and by 14 July the
excessive heat had spread into the northeastern United
States. A weak cold front slowly pushed through the
Midwest during 14-17 July, gradually bringing an end
to the extreme heat.
High temperatures during this mid-July period
(Fig. 1) exceeded 38°C at many locations from the
Great Plains across the northern Midwest and also
along the northeastern U.S. coast. Temperatures at a
few locations in the Great Plains and central Wisconsin exceeded 42°C, and many daily high records were
set. Two locations (La Crosse, Wisconsin, at 42.2°C
and Flint, Michigan, at 38.3°C) tied their all-time high
temperature for any date, and Chicago's Midway Air-

FIG. 1. Extreme maximum temperature observed during 1116 July 1995. The symbol "H" shows the position of the high
pressure center at 500 hPa at 1200 UTC on 12-15 July as it
progressed eastward.

port station broke its all-time high temperature record
with a high of41.1°Con 14 July.
Heat waves in the central and eastern United States
are often accompanied by relatively high near-surface
atmospheric water vapor content. However, water
vapor content was unusually high during this heat
wave, with many locations reporting daily average
values of 7 in excess of 25°C. Figure 3 illustrates the
spatial distribution of the maximum daily average T
for the period 9-16 July. The highest daily average
values of T (> 24°C) were experienced in a region
from the southern Great Lakes extending south to the
Ohio River and also along the northeast coast. Daily
d

d

d

FIG. 3. Maximum daily average dewpoint temperature
observed during 9-16 July 1995. At most locations, this occurred
FIG. 2. Height (dam) of the 500-hPa pressure surface at on either 13 or 14 July. Station locations used in this analysis are
denoted by filled circles.
1200 UTC on 13 July 1995 (Climate Analysis Center 1995).
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average T exceeded 26°C at a few loTABLE 1. Locations and values of record-breaking or tying hourly dewpoint
cations, and hourly T values at some temperatures.
locations exceeded 27°C. In fact, recordbreaking (based on availability of
Beginning of
records in digital form, beginning in
1995 record
Old record digitally available
Location
(°C)
(°C)
period of record
most cases in 1948) hourly values were
measured at a number of locations Alpena, Ml
26.1
26.1
1959
(Table 1). The high T and T resulted in
very high apparent temperatures. Hourly Cleveland, OH
27.8
26.1
1948
Tap values exceeded 45°C at many Mid27.8
26.6
1945
western locations and were in excess of Columbia, MO
47°C at locations in southern Wisconsin, Columbus, OH
26.6
26.6
1948
northern Illinois, central Kansas, south26.6
26.1
1949
east Michigan, and along the mid- Eau Claire, WI
Atlantic coast. At Chicago's O'Hare
26.6
26.1
1948
Airport (Fig. 4), the dewpoint rose to Flint, MI
25°C around midnight on 12 July and re- Fort Wayne, IN
26.6
26.6
1948
mained near or above that value until
15 July. The combination of high values Green Bay, WI
27.2
26.6
1949
of T,a and Ta resulted in values of T ap that
27.8
27.8
1948
exceeded 30°C for 46 consecutive hours Kansas City, MO
at Chicago. Daily average T exceeded Muskegon, MI
25.6
25.6
1948
39°C on both 13 and 14 July at the
O'Hare station. It exceeded 42°C on the Moline, IL
27.8
26.6
1948
same days at Chicago's Midway Airport
27.2
26.6
1948
as a result of raised temperatures due to Madison, WI
the urban heat island (see section 5b).
Minneapolis, MN
26.6
26.6
1945
d
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4 . Historical perspective

Rockford, IL

28.3

26.6

1948

South Bend, IN

26.6

26.6

1948

A spatial analysis of maximum daily
26.1
26.1
1948
average T (for hourly reporting sta- St. Cloud, MN
tions) in the central United States for the St. Louis, MO
28.3
27.8
1945
1995 heat wave (Fig. 5) reveals that the
highest daily average values (from 38°C Toledo, OH
26.6
26.1
1946
to above 40°C) during 1995 were experienced in an area across northern
Illinois, southern Wisconsin, and eastern
Iowa. Values in excess of 36°C were centered in the when most stations experienced their highest values
Midwest and covered most of Illinois and parts of In- for that summer. The highest daily average values
diana, Iowa, Michigan, Missouri, and Wisconsin. Av- were below 36°C at all but a few locations. There was
erage dewpoint temperatures were somewhat lower no single day in the upper Midwest during that memoin the Great Plains, and thus the maximum daily av- rable summer with conditions as intense and stresserage apparent temperatures there were lower than in ful (based on T ) as in mid-July 1995.
the area centered on northern Illinois and southern
The 1995 heat wave lasted only a few days and
Wisconsin.
does not compare in length with some past multiweek
One of the hottest summers in recent history oc- heat waves, notably those in the 1930s. However, it
curred in 1988 (Kunkel and Angel 1989). Figure 5b has been observed that fatalities during heat waves rise
shows the maximum daily average T that occurred rapidly and peak during the first few days of intense
during a comparable 6-day period in mid-August 1988 heat, after which the death rate declines (Kalkstein and
ap
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FIG. 4. Time series of hourly observations of air temperature,
dewpoint temperature, and apparent temperature at Chicago
O'Hare Airport for 12-15 July 1995.

Davis 1989). The 1995 heat wave (though lasting only
a few days) was of sufficient length to create a major
impact on human health. In the locations most seriously
affected by this heat wave, the duration of intense heat
(daily average T > 30°C) was typically three to four
days. The Chicago historical analyses focused on the
4-day duration since in the 1995 event the intense heat
was of that length (12-15 July). However, for regional
comparisons of intensity described later, the 3-day
duration was used because the cold frontal passage
shortened the period of intense heat to three days in
the northern Plains and western "Corn Belt."
Both Chicago composite time series were used to
rank all 4-day periods during 1901-1995 based on the
daily average 7\ Table 2 lists the 10 periods with the
highest average T based on the Aurora/O'Hare data
composite. By this measure, the mid-July 1995 heat
wave was the third most intense 4-day heat wave in
this century, exceeded only by two heat waves during the 1930s. For the city/O'Hare data series, the
1995 value of 31.4°C ranked fifth, exceeded by the
1934 and 1936 heat waves and by heat waves in late
July 1916 (7 = 32.9°C) and early July 1911 (7
= 32.2°C). The only other 4-day periods during the
last half of the twentieth century to qualify as a top
10 heat wave occurred in early August 1988, which
a

1

FIG. 5. Maximum daily average apparent temperature observed
during the periods (a) 11-16 July 1995 and (b) 13-18 August 1988.

ranked fourth (sixth using city/O'Hare series), and
mid-August 1995, which ranked ninth (not in top 10
using city/O'Hare series). The 4-day average apparent temperature for 12-15 July 1995 was the highest
on record (second highest using the city/O'Hare series). Differences in the rank of individual heat waves
between the two time series reflect the variable influence of lake breezes on the near-shore temperature
observations and the influence of the urban heat island. For example, the high ranking of the 1916 and
1911 events in the city/O'Hare series is probably due
to the absence of significant lake-breeze cooling, perhaps due to large-scale flow with a westerly (offshore)
component, combined with urban heat island effects,
raising temperatures in the inner city compared to the
suburban Aurora station.
2

"This was either 12-14 July or 13-15 July. The exact dates var- Since possible lake effects on T are not incorporated, there is
ied from station to station. The warmest three consecutive days greater uncertainty in the value of T for heat waves during 19011958.
were used.
2
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TABLE 2.

Most intense 4-day heat waves at Chicago ranked according to air temperature.

1

Date

T
(°C)

T
(°C)

T
(°C)

Max T

Air temperature ranking
based on city/O'Hare
composite time series

11 Jul.-14 Jul. 1936

31.9

18.1

33.1

42.8

4

21 Jul.-24 Jul. 1934

31.6

19.0

34.7

45.6

2

12 Jul.-15 Jul. 1995

31.4

23.2

36.1

48.1

5

I Aug.-4 Aug. 1988

30.8

22.0

34.1

43.9

6

28 Jun.-l Jul. 1931

30.7

22.2

34.2

44.7

8

7 JuI.-lO Jul. 1936

30.4

17.5

33.1

42.6

5

27 Jul.-30 Jul. 1916

30.3

23.4

34.2

48.7

1

23 Jul.-26 Jul. 1940

30.1

19.2

32.8

46.9

10

II Aug.-14 Aug. 1995

29.8

23.0

33.6

43.9

NL

26 Jul.-29 Jul. 1941

29.7

22.4

33.7

42.2

NL

a
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'Prior to 1959, values are based on Aurora maximum/minimum air temperatures and city dewpoint temperatures estimated from
twice-daily observations of temperature and relative humidity. For 1959 and after, values are based on hourly observations at Chicago
O'Hare Airport.
Not in top 10 list for this alternate time series.

2

The comparitive historical analysis of the July
1995 heat wave was limited to the period from 1948
to the present for other locations in the central
United States. Figure 6 shows the ranking of 3-day
average air temperature T and T for the 1995 heat
wave. The 3-day T of 1995 ranked first or second
highest in a belt extending from eastern South Dakota
across northern Iowa, southern Wisconsin, northeastern Illinois, southern Michigan, northern Indiana, and
northwestern Ohio. A larger area experienced 3-day
average T with a rank of first or second, including
most of Iowa, southern Minnesota, northeastern
Missouri, most of Illinois, the northern halves of
Indiana and Ohio, southern Michigan, and southern
Wisconsin. This area roughly corresponds to the region (Fig. 5a) that experienced a daily maximum average apparent temperature in excess of 36°C.
Past heat waves have caused numerous fatalities in
the St. Louis area, but few deaths were reported in
1995 despite meteorological conditions of comparable
severity to Chicago (see Figs. 1, 3, and 5). However,
an analysis of historical temperature records for
St. Louis indicates that the maximum 4-day average
a

a
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temperature in mid-July 1995 ranks only 25th warmest since 1918. Thus, in a historical context, this heat
wave was not as unusual for St. Louis as for Chicago.
This is supported by Kalkstein and Davis (1989), who
calculated temperature thresholds where significant
heat-related mortality begins to occur. Values for
St. Louis were about 4°C higher than for Chicago.
5. Critical w e a t h e r factors

a. High dewpoint temperatures
The appearance of very high values of T , well
above 25°C in the upper Midwest beginning on
12 July, was surprising. Values of T to the southwest
and south of this region were generally in the range
of 20°-23°C in the days prior to this period. Thus, advection does not entirely explain the high T values
in the upper Midwest. We hypothesized that local
evaporation played an important role in causing these
high moisture values. The quantitative effect of local
evaporation on surface values of T is dependent on
several factors, including soil moisture availability,
d

d

d

d
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[10 July (0000 UTC 11 July) and 11 July (0000 UTC
12 July)], maximum mixing depths at Davenport were
approximately 1100 m. As the heat wave developed,
maximum mixing depths decreased to a minimum of
about 500 m on 13 July (0000 UTC 14 July). Figure 8
shows a two-dimensional (north-south/vertical) cross
section of virtual potential temperature at 0000 UTC
on 14 July when the center of the heat wave (indicated
by the minimum in height of the isentropic surfaces)
was in the Davenport-Green Bay area. The low height
and close spacing of the 316-320-K isentropic surfaces reflect the very restricted mixing depths in this
area of the Midwest. (The close spacing of the 308314-K isentropic surfaces between Green Bay and
International Falls indicates the position of the cold
front.) Maximum afternoon mixing depths for all six
locations are listed in Table 3. Mixing depths during
the most intense portions of the heat wave were considerably less than 1 km in the upper Midwest. This
effect is most noticeable at Davenport and Green Bay
on 12 and 13 July. At the other locations, farther from
the upper ridge, the maximum mixing depths are
greater.
At most stations in the Great Plains and Midwest,
PET values of 5-8 mm day were observed during
10-15 July. It is likely that actual evaporation was not
much less than the potential evaporation because of
FIG. 6. Ranking for 11-15 July 1995 of (a) maximum 3-day abundant soil moisture. Evaporation of this magniaverage air temperature and (b) maximum 3-day average apparent tude, when combined with very shallow mixing depths
temperature.
of a few hundred meters, is sufficient to cause increases in T, similar to those observed over this re-1

meteorological potential for evaporation, and depth of
boundary layer vertical mixing.
The operational soil moisture model of Kunkel
(1990) was used to estimate soil moisture in the
Midwest on 12 July. This analysis indicated that soil
moisture was near or above average throughout the
Midwest, the result of a very wet spring and early
summer. In fact, soil moisture in the lower portion of
the root zone was near field capacity during the period, indicating that there was abundant soil moisture
available for evapotranspiration.
The vertical mixing depth was estimated using radiosonde data taken at 0000 UTC (near the time of
maximum mixing depth) during the heat wave from
a north-south cross section of stations through the heat
7. Vertical profiles of virtual potential temperature at
wave area (International Falls, Green Bay, Davenport, 0000FIG.UTC
at Davenport, Iowa, for the period 1 0 - 1 5 July 1995.
Lincoln, Topeka, and Little Rock). Vertical profiles The mixed layer
is the region near the ground of nearly constant
of virtual potential temperature are illustrated in Fig. 7 virtual potential temperature and is capped at the height where
for Davenport, Iowa. Prior to the intense heat wave virtual potential temperature increases rapidly.
Bulletin of the American Meteorological Society
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FIG. 8. Approximate north-south cross section of virtual
potential temperature isentropic surfaces based on soundings at
Little Rock (1M1), Topeka (TOP), Lincoln (ILX), Davenport
(DVN), Green Bay (GRB), and International Falls (INL).

gion. For example, the integrated water vapor content
in the lowest kilometer at Davenport, as calculated
from the radiosonde profiles, was 1.4 cm at 0000 UTC
on 11 July. By 0000 UTC on 13 July, it had risen to
2.3 cm. With a mixing depth of approximately 1 km,
local evaporation of 5 mm day or more was of sufficient magnitude to have contributed substantially to
this high value. Thus, the local evaporation was likely
a significant factor in creating the high dewpoint temperatures and, in turn, the exceptionally high apparent temperatures in the northern Illinois-southern
Wisconsin area (Fig. 5a). The somewhat lower
dewpoints to the south (Fig. 3) were probably primarily the result of deeper mixing layers. For example,
the vertical profiles of virtual potential temperature
at Little Rock (Fig. 9) show mixing depths around
1 km during this period (Table 3), shallow but considerably deeper than at Green Bay and Davenport at
the height of the heat wave. Estimated PET values for
stations in the Lower Mississippi Valley and South-

FIG. 9. Same as Fig. 7 except for Little Rock, Arkansas.

ern Plains were nearly as high as in the Midwest.
However, the Crop Moisture Index on July 8 (Weekly
Weather and Crop Bulletin 1995) was in the slightly
to excessively dry categories over a sizable portion
of the lower portion of the Lower Mississippi River
Valley and Southern Plains, in contrast to the favorably to abnormally moist values reported over most
of the Midwest. Thus, actual evaporation may have
been restricted in these areas, making a secondary
contribution to the differences in dewpoints.
The vertical temperature structure and mixing
depths of the boundary layer during the 1995 heat
wave are in sharp contrast to those during the midAugust 1988 event (Fig. 3). Figure 10 shows vertical
profiles of virtual potential temperature for a 6-day
period in 1988 at Peoria, Illinois. Maximum afternoon
mixing depths were in the range of 1000-2000 m,
substantially greater than those observed during the
most intense portion of the 1995
heat wave. Also, measurements of
the surface energy budget in 1988
TABLE 3. Maximum daytime mixing depths (km) estimated from radiosonde data for indicated that surface evapotransclear sky cases for July 1995.
piration was restricted by deficient
Location
9 Jul. 10 Jul. 11 Jul. 12 Jul. 13 Jul. 14 Jul. soil moisture (Kunkel 1989). At
Chicago, the average values of
NA
1.3
International Falls, MN
1.5
1.3
1.6
1.7
r and T on the hottest day of
the
mid-August 1988 heat wave
Green Bay, W1
2.6
1.7
1.4
0.6
0.6
1.8
(17 August) were 31.2°C and
21.0°C, respectively, compared to
0.5
1.1
Davenport, IA
1.5
1.2
1.2
0.9
values of 32.9°C and 24.7°C on
1.1
1.7
Lincoln, 1L
1.6
0.9
1.1
1.4
13 July 1995 (the hottest day in
1995). A comparison of vertical
1.7
1.9
Topeka, KS
1.7
1.3
1.3
1.1
profiles (Figs. 7 and 10) illustrates
the differences in mixing depth
1.4
1.3
Little Rock, AR
2.2
1.7
1.2
0.9
(500 m at 0000 UTC on 14 July
-1
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observed 0000 UTC 13 July radiosonde profile at
Davenport. Evapotranspiration for this 12-h period
calculated by the model was 6.5 mm, comparable to
PET estimates. The model successfully reproduced
the mean mixed-layer potential temperature, along
with the high specific humidity and shallow mixed
layer that were observed (Fig. 11). The model slightly
overpredicted the boundary layer moistening (by
about 1-1.5 g kg )- To test the hypothesis that the
high values of T were promoted by the abundant soil
moisture, the simulation was redone, but with the surface cover replaced by bare soil. These extreme and
rather unrealistic conditions were imposed in order to
explore the limiting situation in which the surface
moisture availability is severely restricted. The result
was a deeper and much warmer and drier boundary
layer, with the predicted mixed-layer depth increasing to about 1800 m and the potential temperature
reaching nearly 315 K. There was a marked reduction
in the mean mixed-layer specific humidity, to about
13.5 g kg (Fig. 1 lb). Thus, it appears plausible that
the record and near-record values of 7\a observed in
the region were attributable in part to the ability of
the vegetation to extract the anomalously high rootzone soil moisture, combined with lessened dilution
of the surface moisture flux because the boundary
layer growth was inhibited by the very strong subsidence inversion.
1

d

FIG. 10. Vertical profiles of virtual potential temperature at
0000 UTC at Peoria, Illinois, for the period 14-19 August 1988.

1995 vs -2000 m at 0000 UTC on 18 August 1995).
The differences in mixing depths and soil moisture
reserves may partially account for the T differences
between these two recent heat waves.
As a test of this hypothesis, we have performed
simulations using the numerical model described by
Clark and Arritt (1995). The atmospheric part of the
model is a single-column version of the threedimensional mesoscale model developed by Arritt
(1987, 1989). This model is coupled to a land-surface
process parameterization that uses predictive equations for soil temperature and volumetric moisture
similar to those employed by McCumber and Pielke
(1981). The effects of vegetation cover on surface
sensible and latent heat fluxes are represented following Deardorff (1978), with modifications as given by
Clark and Arritt (1995).
We show as an example the evolution of the predicted daytime temperature and moisture profiles for
12 July. The model was initialized with the 1200 UTC
radiosonde profile from Davenport, which is the radiosonde location closest to Chicago. The land use in
the surrounding region consists primarily of cropland,
with the most common management practice being a
rotation of two years of maize (Zea mays L.) followed
every third year with soybeans (Glycine max L.). Land
surface properties required as model input (such as
leaf area index and above-ground biomass) were estimated from output of the CERES-Maize crop model
(Jones and Kiniry 1986). The soil moisture profile was
taken from the operational soil moisture model described previously.
The model was run for a simulated time of 12 h so
that the predicted profiles could be compared with the
d
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FIG. 11. Single-column model prediction of the evolution of
(a) potential temperature and (b) specific humidity at Davenport
on 12 July 1995. The curves are as follows: "Initial" is the
observed Davenport sounding at 1200 UTC on 12 July 1995, used
as model initial conditions; "Predicted" gives the model results
at 0000 UTC 13 July 1995 using realistic land surface properties;
"Bare" gives the model results at the same time but assuming bare
soil with volumetric moisture at the wilting point; and "Observed"
is the observed Davenport sounding at 0000 UTC 13 July 1995.
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b. Urban heat island
An important consideration in large cities during a
heat wave is the magnitude of the urban heat island
including atmospheric moisture as well as temperature conditions. The urban heat island is a welldocumented phenomenon (Oke 1973), but little
information exists about heat island conditions during extensive heat waves such as that in July 1995.
The Chicago heat island conditions in 1995 were determined as best as possible with the limited data.
Average daily maximum and daily minimum temperatures during 12-15 July 1995 for an east-west
cross section of stations from the lakefront to
Rockford are listed in Table 4. The highest T max value
was observed at Midway and was 1.6°C higher than
Tmax values observed at the suburban and rural sites
(Aurora and DeKalb). At the lakefront, the observed Tmax
value was comparable to the suburban/rural values and
significantly lower than at Midway, presumably due
to cooling from lake breezes. The highest T value
was also observed at Midway and was 2°-3°C higher
than values observed at the suburban and rural sites.
The r value at the lakefront was 1°-2°C higher than
values observed at the rural and suburban sites, reflecting the absence of lake breeze cooling at night.
Ackerman (1985) defined average heat island conditions for all months at Chicago and also measured
average moisture conditions between Chicago and an
adjacent rural station (Ackerman 1987). The differences in urban-rural temperatures during summer
were 1.7°C for Tmax and 2.7°C for T mm. . The urbanrural differences observed in the 1995 heat wave are
comparable to these average heat island conditions.
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The Chicago urban-rural data for 20-yr average
July dewpoint temperatures (Ackerman 1987) show
that during the day, when rural evapotranspiration
exceeds moisture evaporated from city surfaces, T
values in the rural area are higher by a slight 0.1° to
0.3°C. However, in the nocturnal hours, T.a values in
the city are higher by up to 0.6°C, largely a result of
a rural depletion of low-level moisture due to dew falls
(Ackerman 1987).
Dewpoint observations at Chicago Midway and
Chicago O'Hare in 1995 are listed in Table 5, along
with observations at the Rockford and Marseilles
(100 km southwest of Chicago) National Weather
Service offices. The Marseilles office is in a rural area,
while the Rockford office is just outside that city
(population of 140 000). Both are expected to mainly
reflect rural influences. Indeed, the T'a values at
Midway were lower (1.1 °-1.7°C) during the daytime
and higher (1.7°-l .8°C) at night than at the rural sites.
These urban-rural differences are similar in sign but
much greater in magnitude than those under average
summer conditions found by Ackerman (1987).
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6. S u m m a r y and conclusions

The short-lived July 1995 heat wave in the northern Midwest (notably Iowa, Wisconsin, Illinois, and
Michigan) was the most intense heat wave of the latter half of the twentieth century. In Chicago, only the
heat waves in 1911, 1916, 1934, and 1936 were of
comparable or greater intensity. Heat waves of slightly
less intensity but far greater duration have occurred
during the 1930s and 1950s.
Extremely high apparent temperatures (daily average values in excess of 38°C) during July 1995 were
TABLE 4. Average maximum and minimum temperatures one result of unusually high values of T . Since T

during 12-15 July 1995 at selected stations in northeastern
Illinois.
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T max (°C)'

T mi.n (°C)'

Chicago-Midway

38.4

26.4

Station

Early morning

Midafternoon

Chicago-O'Hare

37.7

25.6

Chicago-Midway

24.5

23.8

Aurora

36.8

24.2

Chicago-O'Hare

22.7

22.8

DeKalb

36.8

23.8

Marseilles

22.7

24.9

Rockford

35.8

22.9

Rockford

22.8

25.5

Station
Chicago-Lakefront
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TABLE 5. Average early morning (0300-0600 C S T ) and late
afternoon (1500-1800 CST) dewpoint temperatures (°C) at
selected stations during 12-15 July 1995.
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values to the south of the heat wave region were lower,
we conclude that local evaporation must have played
a significant role in increasing near-surface moisture.
Radiosonde data show that a strong low-level capping
inversion restricted vertical mixing to a very shallow
layer (< 1 km). Potential evaporation was sufficiently
large to account for the observed increases in T . These
high values of T not only contributed to the heat stress
on humans directly by restricting evaporative cooling,
but also indirectly by restricting cooling of the boundary layer at night. It raises the issue of whether accurate T forecasts with substantial lead time are possible
through application of regional-scale boundary layer
models that account for soil moisture status and evolving atmospheric stability. Operational forecasts for
Chicago in the days prior to the event anticipated the
development of a heat wave but underestimated the
severity. For example, the T forecast on 12 July for
13 July was 38°C, while the Tmin. forecast for the morningc of 14 July was 24°C. The observed Tmax and Tmin.
at the O'Hare station were 40.0°C and 28.3°C, respectively. An accurate forecast for T would have improved the T forecast. Our results, using a column
model coupled with a land-surface process parameterization, suggest that such forecasts are feasible.
The urban heat island at Chicago was pronounced
during this heat wave, and temperature differences
were comparable to those found under average summer conditions. Maximum temperatures were 1.6°C
higher in the city center (Midway) than in nearby suburban and rural areas. At night, the city center was
2.0°-2.5°C warmer. Urban-rural differences in moisture in 1995, as reflected in T , show that the city air
was drier (J difference of 1°-2°C) than nearby rural
air in the daytime and more moist in the early morning hours (J difference of 1.7°-1.8°C). These moisture differences are similar in sign to average summer
conditions but much greater in magnitude. There was
also evidence of a lake effect on daytime temperatures
near Lake Michigan. These findings suggest that forecasts of heat waves for large cities need to carefully
consider the abnormal heat island conditions that will
exist, as well as local physical influences on the heat
island. Unfortunately, available climatological data
for many cities are not adequate to define the heat
island on a 24-h basis.
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The Representation
of Cumulus Convection
in Numerical Models
Meteorological Monograph No. 4 6
Cumulus convection is perhaps the most complex and perplexing subgrid-scale process that must be
represented in numerical models of the atmosphere. It has been recognized that the water vapor
content of large parts of the atmosphere is strongly controlled by cloud microphysical processes, yet
scant attention has been paid to this problem in formulating most existing convection schemes. This
monograph is the fruit of the labors of many of the leading specialists in convection and convective
parameterization to discuss this and other issues. Its topics include: an overview of the problem; a
review of "classical" convection schemes in widespread use; the special problems associated with
the representation of convection in mesoscale and climate models; the parameterization of slantwise
convection; and some recent efforts to use explicit numerical simulations of ensembles of convective
clouds to test cumulus representations.
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